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RESEARCH ARTICLE

Evaluation of the Genotoxic Impurities of Selpercatinib
Through HPLC and LC-MS/MS Identification of
Selpercatinib Stress Degradation Products

Bheemireddy DIVYA', ] Murali PRAKASH", Eevana Venkata CHIRANJEEVI™,

Bhaskara Rao TADIBOINA™™

Evaluation of the Genotoxic Impurities of Selpercatinib
Through HPLC and LC-MS/MS Identification of
Selpercatinib Stress Degradation Products

SUMMARY

The current investigation entails the characterization of five
degradation products (DPs) formed in different stress conditions
of selpercatinib employing liquid chromatography—tandem mass
spectrometry  (LC-MS/MS).  Additionally,  high-performance
liquid chromatographic (HPLC) method was developed for precise
quantifying genotoxic impurities of selpercatinib. To explore the
stability profile of selpercatinib, it was subjected to forced degradation
experiments including acidic, basic, oxidative, photolytic, and
thermal stress. These experiments revealed the degradation of
selpercatinib under basic, acidic, and photolytic conditions, resulting
in the formation of five distinct DPs. The chromatographic resolution
of selpercatinib and its impurities, along with DPs, was effectively
attained on a Zorbax CI8 (250 mm x 4.6 mm, 5 um) column
using aqueous ammonium acetate and methanol in 70:30 (v/v)
at pH 4.5 with 0.1% formic acid as the mobile phase, pumped
isocratically at 0.9 mL/min and 226 nm wavelength. The approach
generates a precise calibration curve that accurately fits within the
15-120 pg/mL range for selpercatinib and LOQ (0.015 pug/mL) to
0.12 pg/mL for impurities with acceptable precision, accuracy, and
recovery. The efficacy of this method was validated through LC-MS/
MS, which allowed for the verification of the chemical structures of
newly generated degradation products of selpercatinib. Hence, this
approach can be appropriate for the resolution and quantification of
genotoxic impurities in selpercatinib and can also be applicable for
the evaluation of stress degradation products.

Key Words: Selpercatinib, HPLC method development, impurities
quantification, forced degradation studies, degradation products,

structural characterization.

Selperkatinibin ~ Genotoksik  Safsizliklarinin  HPLC  ile
Degerlendirilmesi ve Selperkatinib Stres Bozulma Uriinlerinin
LC-MS/MS Tanimlamas:

0z

Mevcut arastirma, swi kromatografi-tandem kiitle spektrometrisi
kullanilarak selperkatinibin farkly stres kosullarnda olusan  bes
bozunma diriiniiniin (DPler) karakterizasyonunu icerir. Ek olarak,
selpercatinibin  genotoksik safsizliklarinin  kesin olarak dlgiilmesi
igin  yiiksek performansl swi  kromatografisi (HPLC) yintemi
gelistivilmistir.  Selperkatinibin stabilite profilini arasarmak icin
asidik, bazik, oksidatif, fotolitik ve termal stres dahil olmak iizere
zorunly bozunma deneyleri yapilmstir. Bu deneyler, selpercatinibin
bazik, asidik ve forolitik kosullar altinda bozundugunu ve bunun
sonucunda  bes farkls DPnin  olustugunu ortaya  ¢tkarmstar.
Selperkatinib ve safsizliklarinin DPlerle birlikte kromatografik
ayrimi, mobil faz olarak %0.1 formik asit, izokratik olarak 0,9
mL/dak ve 226 nm dalga boyunda pompalanmas: ile pH 4.5te
70:30 (hlh) sulu amonyum asetat ve metanol kullanilarak Zorbax
CI18 (250 mm x 4.6 mm, 5 pm) kolonunda etkin bir sekilde
saglanmagtir. Yaklagim, selperkatinib icin 15-120 pg/mL araligima
ve safsizliklar icin LOQ (0.015 pug/mL) 0.12 pg/mL araligina
kabul edilebilir hassasiyet, dogruluk ve geri kazanimla dogru bir
sekilde wyan kesin bir kalibrasyon egrisi olugturmustur. Bu yontemin
etkinligi, selpercatinibin yeni iiretilen bozunma iiriinlerinin kimyasal
yapilarmin dogrulanmasina olanak taniyan LC-MS/MS araciligryla
dogrulanmistir. Dolayisiyla bu yaklasim, selperkatinibin genotoksik
safsigliklarmin ayrimi ve miktarnn belirlenmesi icin wygun olabilir
ve aynt zsamanda stres bozunma iiviinlerinin degerlendirilmesi icin de
wygulanabilir.

Anabtar Kelimeler: Selperkatinib, HPLC yontemi gelistirme,
safsizliklarm lgiimii, zorunlu bozunma calimalari, bozunma
sirtinleri, yapisal karakterizasyon.
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INTRODUCTION

The therapeutic product includes both active
pharmaceutical ingredients (API) and excipients. The
API is responsible for pharmacological effects upon
absorption into the systemic circulation within the
living body (Gorog, 2006). However, in specific in-
stances, the active ingredient or the excipients may
not be entirely pure, potentially harboring additional
substances from various sources, such as synthesis,
excipient, residual solvent, or degradation products.
These unwanted components, distinct from the API

and excipients, are impurities (Gorog, 2018).

In a pharmaceutical product, when the occur-
rence of impurities are expected, it becomes essential
to detect and characterize them using appropriate an-
alytical methods. This systematic procedure is com-
monly known as impurity profiling. Impurity profil-
ing is a comprehensive strategy aimed at identifying
unknown impurities and elucidating their chemical
structures. This process is crucial in ensuring that im-
purities in pharmaceutical substances are identified
and quantified within acceptable limits, thus mitigat-
ing potential toxicological effects on the human body
(Nagpal et al., 2011).

Impurity profiling requires analytical techniques
that are highly sensitive, selective, and efficient in de-
tecting and quantifying trace amounts of impurities
(Murali et al., 2022). Traditional methods with lower
sensitivity and accuracy are insufficient for quanti-
fication due to the nominal quantities in which im-
purities may exist within drug substances (Patel &
Apte, 2016). Furthermore, the structural similarities
between many impurities and the parent drug mol-
ecule highlight the necessity for advanced hyphenat-
ed analytical techniques. HPLC and LC-MS/MS are
versatile methods extensively employed for evaluat-
ing trace-level impurities in pharmaceutical products
(Kiran et al., 2017).

450

Selpercatinib is a targeted cancer therapy designed
to treat specific types of cancer associated with mu-
tations in the RET gene. It belongs to the tyrosine
kinase inhibitor class and is approved for treating
advanced or metastatic non-small cell lung cancer,
medullary thyroid cancer, and other RET fusion-pos-
itive solid tumors (Li et al., 2019). RET gene muta-
tions play a role in the development and progression
of certain cancers. Selpercatinib works by specifically
inhibiting the activity of the RET protein, which helps
to slow down or stop the growth of cancer cells (Rus-
so et al., 2020). Selpercatinib can ability to cross the
blood-brain barrier, potentially making it effective
against tumors that have spread to the brain (Wirth
et al., 2020).

A review of the literature was conducted to iden-
tify various analytical methods reported for the quan-
tification of selpercatinib. One HPLC (Singamsetty et
al., 2021) was reported for evaluation of selpercatinib
in dosage forms, in contrast one HPLC-MS/MS (Gu-
likers et al., 2023) bioanalytical method was reported
for analyzing selpercatinib in combination with pra-
Isetinib, brigatinib, and lorlatinib. Existing literature
indicates a lack of reported analytical methods for
quantifying genotoxic impurities in selpercatinib, and
no author has characterized the stress degradation
compounds of selpercatinib. Therefore, this paper in-
troduces an optimized HPLC method for quantifying
genotoxic impurities of selpercatinib and LC-MS/MS
characterization of degradation products (DPs). The
study involves genotoxic impurities, namely nitroso
and N-oxide impurities based on their availability.
Figure 1 provides a comprehensive overview of selp-

ercatinib and its impurities.
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A) Selpercatinib
Systemic name: 6-(2-hydroxy-2-methylpropoxy)-4-
(6-(6-((6-methoxypyridin-3-yl)methyl)-3,6-
diazabicyclo[3.1.1]heptan-3-yl)pyridin-3- yl)
pyrazolo[1,5-a]pyridine-3-carbonitrile
Formula: C,H, N.O

2977310 773

Mass: 525.61 g/mol

O/CH3
= / N= 7 N\
(o] / \N
= 7

N = |
°§N/N \N /CHs
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B) Nitroso impurity
Systemic name: 6-((6-Methoxypyridin-3-yl)
methyl)-3-nitroso-3,6-diazabicyclo [3.1.1]heptane
Formula: C H N O

1277167 472

Mass: 248.3 g/mol

OH
H3Cz/CH3

C) N-Oxide impurity
Systemic name: 3-(5-(3-Cyano-6-(2-hydroxy-2-methylpropoxy)pyrazolo[1,5-a]pyridin-4-yl)pyridin-2-yl)-6-
((6-methoxypyridin-3-yl)methyl)-3,6-diazabicyclo[3.1.1]heptane 6-oxide
Formula: C,H, N.O

297731 7 T4

Mass: 541.6 g/mol

Figure 1. Systemic details of Selpercatinib and its impurities in the study

MATERIAL AND METHOD
Chemicals and instruments

The 98.55 % pure API of Selpercatinib, along with
nitroso impurity and N-Oxide impurity, were pro-
cured from Eli Lilly and Company (India) Private
Limited, Hyderabad. The Retevmo’ brand tablet with a
40 mg dose was obtained from the pharmacy. The wa-
ter (milli-Q’), acetonitrile (HPLC purity), and meth-
anol (HPLC purity), solvents along with filter papers
(0.2 u nylon), were brought from Merck Chemicals,
Mumbeai. Analytical reagent chemicals, i.e., potassium
dihydrogen phosphate (KH,PO,), orthophosphoric
acid (H,PO,), sodium hydroxide (NaOH), hydrogen

peroxide (H,0,), and hydrochloric acid (HCI), were
brought from Fisher Scientific, Mumbai. The HPLC
study was performed on a Waters 1100 (Japan) instru-
ment with Agilent ChemStation software whereas as
the Waters triple quadrupole LC-MS system (Japan)
with MassLynx software was utilized for the LC-MS
study.

Selpercatinib and impurity solution preparation

An accurately measured 25 mg of Selpercatinib
APT and the impurities were then individually placed
in 25 mL flasks containing pure methanol as a diluent.
Subsequently, the analytes were completely dissolved

in the solvent using a sonicator. After dissolution, the
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solutions were filtered through a 0.2pm filter. Adjust-
ments to the volume in each flask were made using
the same solvent to attain separate solutions of Selp-
ercatinib and its impurities, each with a concentration
of 1000 pg/mL. Additional dilutions were prepared
from this stock solution whenever necessary.

Formulation solution preparation

The pharmaceutical formulation under the Re-
tevmo' brand, containing 40 mg of Selpercatinib, was
employed to prepare the formulation solution. Tablets
were finely powdered, and 25 mg of pure drug equiv-
alent powder was placed in a 25 mL flask filled half-
way with methanol. The formulation analytes were
dissolved in the solvent using a sonicator, and any
undissolved formulation excipients were removed by
filtration. The final volume was adjusted to achieve a
concentration of 1000 pg/mL of Selpercatinib. Addi-
tional dilutions were made as necessary to obtain a
Selpercatinib concentration equivalent to 100% pre-
cision level, and the solutions were analysed immedi-
ately after preparation.

Method development

The method development process commenced
with the investigating of the optimal wavelength for
detecting Selpercatinib and its impurities, utilizing
a UV detector. Standard solutions, each containing
Selpercatinib and impurities at a concentration of 10
pg/mL, were individually scanned across the range
of 200 to 400 nm. Through the overlay of spectra,
an iso-absorption wavelength was identified, ensur-
ing accurate detection of both substances. Further,
various stationary phase configurations from differ-
ent manufacturers were systematically evaluated to
achieve the highest resolution of analytes. Meticulous
adjustments to the composition of the mobile phase
were made through systematic experimentation,
aiming to fine-tune the method conditions to sepa-
rate Selpercatinib and its impurities successfully. The
finalized conditions, meticulously selected to ensure
optimal resolution, were subsequently employed in
the following validation procedures, laying the foun-

dation for robust and reliable analytical methodology.
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Method Validation

The guidelines prescribed by ICH (ICH 1994; ICH
1996; ICH 2003) and authors reported in literature
were utilized for conducting validation study of the
proposed method (Varma et al., 2022; Rajesh et al.,
2022; Varma et al., 2023; & Rajesh et al., 2023).

The method sensitivity for detecting the targeted
impurities underwent rigorous assessment employing
the signal-to-noise (S/N) ratio procedure. A S/N ra-
tio of 10 and 3 was established as the quantification
limit (LOQ) and detection limit (LOD) respectively.
To construct a linear plot, each impurity’s LOQ was
considered the lower limit in the calibration curve.
Subsequently, the concentration of Selpercatinib was
meticulously adjusted to ensure that the standard
solution contained 0.1% of the impurities, facilitating
accurate quantification. Utilizing the correlation and
regression results obtained from the linear curve, the
range of analysis was derived, ensuring comprehen-

sive coverage of analyte concentrations.

Method reproducibility was meticulously con-
firmed through precision experiments, encompassing
interday (n=6), intraday (n=3 for each day), and rug-
gedness (n=3 for each analyte) assessments. In each
precision study, the area response was meticulously
recorded, and the percentage relative standard devi-
ation (%RSD) was calculated. A %RSD of less than 2
was deemed adequate, demonstrating the robustness

and reliability of the analytical methodology.

The method accuracy was rigorously evaluated
through a comprehensive recovery experiment con-
ducted at 50%, 100%, and 150% levels within the cal-
ibration range. The %RSD of the area values at each
level was meticulously assessed during each analysis.
Acceptability criteria were set for recovery results to
fall within the range of 98-102%, alongside a %RSD
of less than 2%, ensuring precise and reliable quanti-
fication. Furthermore, method reliability was system-
atically examined by varying the proposed method
conditions, and analyses were conducted under each

altered condition. Changes in the area response were
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carefully scrutinized, with a % change of less than 2
deemed acceptable, demonstrating the robustness

and consistency of the analytical methodology.
Stability studies
The stability profile of the drug was comprehen-

sively assessed under diverse conditions, encompass-
ing photolytic, dry heat, oxidative, and hydrolytic
stress. To ensure a thorough evaluation, absorbance
was recorded using an ultraviolet (UV) detector, while
the LC-MS/MS technique was utilized to characterize
DPs. In examining the effects of hydrolytic, oxidative,
and photolytic stress, a solution of Selpercatinib with
a precisely known concentration was meticulously
prepared in HPLC-grade methanol. This approach fa-
cilitated the precise control and reproducibility neces-
sary for accurately assessing the drug’s stability under

the specified conditions.

Hydrolytic degradation testing was meticulously
carried out under both acidic and basic conditions
to assess the drug’s susceptibility to hydrolytic break-
down. In this evaluation, 1 mL of the Selpercatinib
formulation solution was accurately measured and
placed into 10 mL flasks. Subsequently, 1 mL of the
respective stress-inducing solution (0.1 N NaOH or
0.1 N HCI) was added, and the flasks were left un-
disturbed for 24 hours. In addition, the samples
were subjected to accelerated degradation by placing
them in a water bath set at 70°C with the respective
stress-inducing solution for 7 hours. Following the
degradation period, the samples were neutralized,
and the volume was adjusted with the mobile phase
up to the mark. Subsequently, the samples were ana-
lyzed using appropriate analytical techniques to eval-
uate any changes or degradation products that may

have occurred under the specified conditions.

Oxidative degradation testing was meticulously
conducted using 15% hydrogen peroxide as the oxi-
dizing agent. Initially, 1 mL of the Selpercatinib for-
mulation solution was precisely measured and placed
into 10 mL flasks. Following this, 1 mL of 15% hydro-

gen peroxide was added to each flask, and the solu-
tions were allowed to stand undisturbed for 24 hours.
Additionally, accelerated degradation was induced by
subjecting the samples to a water bath maintained at
70°C for 7 hours. After the degradation period, the
samples were neutralized, and the volume was adjust-
ed with the mobile phase up to the mark. Subsequent-
ly, the samples were meticulously analyzed using
appropriate analytical techniques to assess any degra-
dation products or changes resulting from oxidative
stress. For thermal degradation testing, the samples
were exposed to a temperature of 70°C for 7 days in
an air oven. Conversely, photolytic degradation was
performed by exposing Selpercatinib powder to UV
light for 7 days within a photo-stability chamber.

The stress-induced Selpercatinib samples were
then brought to a standard concentration and as-
sessed using the proposed analytical method. This
comprehensive approach ensured a thorough evalu-
ation of the drug’s stability under various conditions,
providing valuable insights into its formulation and

storage requirements.
LC-MS characterization of DPs

DPs formed during exposure to stress conditions
were identified and characterized through analysis
utilizing LC-MS/MS. Initially, the eluents from the
column were detected using a UV detector, providing
preliminary information on the compounds present.
Subsequently, a portion of the eluents was careful-
ly directed into the mass detector to generate mass
spectra. To ensure optimal sensitivity and accuracy,
approximately 40% of the eluents were directed into
the mass detector with the assistance of a splitter. The
resulting mass spectra and fragmentation patterns
were meticulously analyzed and summarized to eval-
uate the nature and extent of degradation observed in
the DPs. This comprehensive approach facilitated a
detailed understanding of the stress-induced degra-
dation pathways and provided valuable insights into

the stability profile of the drug under investigation.
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Method applicability
The proposed analytical HPLC method under-

went thorough scrutiny to detect and quantify im-
purities present in Selpercatinib tablet formulations.
To validate the method’s efficacy, sample solutions
derived from Retevmo’ tablets were prepared and
subjected to analysis. The method’s robustness was
evaluated through direct analysis of formulation sam-
ple solutions, as well as analysis after spiking formula-
tion solution with known concentrations of the target
impurities. Subsequent examination of the resulting
chromatograms and their corresponding responses
allowed for a comprehensive assessment of the meth-
od’s applicability. The method’s accuracy, precision,
and sensitivity were thoroughly evaluated by metic-
ulously comparing the peak responses and retention
times of impurities in both the unspiked and spiked
samples, ensuring its suitability for the intended an-
alytical purpose.

RESULTS AND DISCUSSION

Due to lack of any published analytical method in

existing literature for evaluating genotoxic impurities
of Selpercatinib, this investigation aimed to develop
a straightforward HPLC technique. The purpose of
this method was facilitated with nitroso impurity and
N-Oxide impurity of Selpercatinib. To achieve the
best resolution of analytes, various optimization ex-
periments were conducted using several column con-
figurations. The optimization process also involved
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fine-tuning pH and composition. Various solvent ra-
tios were explored, including various buffer strengths,
to determine the most suitable mobile phase. This en-
abled us to effectively separate Selpercatinib and its
impurities. Consequently, a wide range of buffers with
varying pH levels was examined to achieve optimal

resolution.

Selpercatinib and its impurities were resolved effec-
tively on Zorbax C18 column (250mmx4.6mm,5um),
at 35°C Column temperature. The chromatographic
conditions involved a mobile phase of aqueous am-
monium acetate and methanol in 70:30 (v/v) at pH
4.5 with 0.1% formic acid, employing 0.9 mL/min
isocratic elution and 226 nm wavelength. The blank
and system suitability chromatogram noticed in the

developed method is presented in Figure 2.

The blank chromatogram observed while analys-
ing the diluent as sample was presented in Figure 2A,
which clearly shows no chromatographic detections
throughout the entire run time. The Selpercatinib
solution spiked with 0.1 % of each impurity was also
analysed. The chromatogram visualizes well-resolved
and retained peaks corresponding to Selpercatinib
and its impurities. The retention time (tR) was no-
ticed as 8.41 min for Selpercatinib, whereas 4.52 min
and 11.10 min respectively for the N-oxide impurity
and nitroso impurity. The chromatogram doesn’t vi-
sualize additional detections throughout the entire
run time (Figure 2B), suggesting specificity for ana-

lyzing nitroso impurities of Selpercatinib.
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Figure 2. Specificity chromatograms in the optimized method
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System suitability is a crucial aspect of the chro-
matographic method validation process, confirming
the proposed method’s capability to generate well-re-
solved peaks with high reproducibility consistently.
This test is essential for assessing the HPLC system’s
performance and the procedure’s ability to yield
high-quality data. The evaluation of system suitabil-
ity involved the assessment of several parameters,
including resolution (Rs), USP tail factor (T), theo-
retical plates (N), relative standard deviation (RSD)
of area, elution time (t,), and relative retention time
(RRT). The calculated RSD values for both t, and area

of Selpercatinib and its impurities were less than 1%,

which falls within the acceptance limit. This suggests
a high level of reproducibility of peaks representing
Selpercatinib and its impurities, with approximately
consistent area and retention time during each in-
jection at the fixed concentration. Furthermore, the
resolution (Rs) between first eluted peak and subse-
quent peaks was exceeded 2, indicating a satisfactory
resolution of the proposed method. The system suit-
ability results for Selpercatinib and its impurities were
compared against regulatory permissible levels and
were presented in Table 1. These results affirm that the

method successfully meets system suitability criteria.

Table 1. System suitability results of Selpercatinib and its impurities

Experiment results for

Parameter Acceptance criteria
Selpercatinib N-Oxide Impurity Nitroso Impurity

t, (min) 8.41 452 11.10 -

RRT -- 0.54 1.32 <2

RRF -- 0.829 0.038 --

R 7.99 - 5.73 >2

N 0.99 0.96 0.91 <2
N 7568 5234 9682 > 2000

The terms LOD and LOQ signify the method’s ca-
pacity to accurately detect the smallest analyte amount
and quantitate it, respectively. LOD of the impurities
was identified as 0.004 pg/mL, and LOQ was finalized
as 0.015 pg/mL for impurities. To assess the linearity of
the developed method, a linear curve was constructed
by plotting the area against various standard concen-
trations of Selpercatinib and its impurities separately.
The standard concentrations range from 15-120 pg/
mL for Selpercatinib and 0.015 pg/mL - 0.120 ug/mL
for its impurities. The calibration plot, depicting ana-
lyte concentration versus peak area, exhibited a linear
relationship across the specified concentration range.
This linearity was established using the linear simple
regression least square method. The regression equa-

tion for the line was tabulated in Table 2.
Precision of developed method was evaluated
through examination of parameters encompassing

both repeatability and intermediate precision. A min-

imum of six determinations were conducted daily by
injecting and analyzing freshly prepared concentra-
tions. This rigorous testing allowed us to evaluate both
the within-day (intraday) and between-day (interday)
variability, as well as ruggedness. These results indi-
cate acceptable levels of both intraday and interday
variability. The mean RSD values for the repeatability
and reproducibility study across the studied concen-
tration levels for Selpercatinib and its impurities were
found to be acceptable (Table 2), suggesting that the

method is reproducible.

To evaluate the method’s accuracy, a recovery ex-
periment was conducted. Standard concentrations
were intentionally spiked at three levels correspond-
ing to 50%, 100%, and 150% of the target concentra-
tion. These spiked samples, prepared in three rep-
licates, were analysed to quantify Selpercatinib and
its impurities. The calculated analyte concentrations

were subsequently compared to the nominal concen-
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trations, allowing us to calculate the % recovery. The
results revealed that the mean % recovery values for
all three levels, based on three replicates, comfortably
fell within the acceptance limit of 98% to 102%, as

outlined in regulatory guidelines. These findings af-

firm the method’s accuracy as it consistently delivers
results aligned with the expected analyte concentra-
tions. Table 2 presents the summarized results of this

study.

Table 2. Summary results noticed in linearity, precision, and accuracy study

Parameter Results
Selpercatinib N-oxide impurity Nitroso impurity
Linearity
Range (ug/mL) 15-120 0.015-0.120 0.015-0.120
Intercept 10310 605.54 -1231.5
Slope 13369 741571 683092
r? 0.9996 0.9996 0.9990
Precision®*
Intraday 0.43 0.61 0.58
Day 1 in interday 0.48 0.46 0.59
Day 2 in interday 0.41 0.12 0.40
Ruggedness 1.16 0.43 0.61
50 % accuracy level®
Amount prepared (ug/mL) 45 0.045 0.045
Amount recovered (ug/mL) 44.70 0.045 0.045
% Recovery 99.33 99.66 99.97
% RSD 1.81 0.58 0.16
100 % accuracy level®
Amount prepared (ug/mL) 60 0.06 0.06
Amount recovered (ug/mL) 59.13 0.060 0.060
% Recovery 98.54 100.10 100.02
% RSD 1.39 0.46 0.28
150 % accuracy level®
Amount prepared (ug/mL) 75 0.075 0.075
Amount recovered (ug/mL) 74.64 0.074 0.075
% Recovery 99.52 99.30 99.63
% RSD 0.99 0.60

n=3 for experiments marked with * whereas n = 6 for experiments marked with %

Several critical parameters were investigated to
assess the method reliability for analysing impurities
of Selpercatinib. These parameters included variations
in the pH, mobile phase composition, and detector
wavelength. The % change, shifts in retention time,
and system suitability were closely monitored as re-
sponses to the deliberate changes in method param-
eters. Pertaining to the mobile phase composition,
variations within + 5%, + 0.1 % factor variation in pH,

and + 5 nm variation in detector wavelength of the
456

specified method condition was performed. The com-
prehensive results of this study demonstrate that de-
liberate changes made within the specified parameter
ranges don’t affect the elution, retention time as well
as system suitability. The mean % change remained
stable across all conditions, exhibiting only slight vari-
ability within acceptable limits. These findings under-
score the robustness of the proposed method, affirm-
ing its reliability under variations within the specified

parameter ranges, as shown in Table 3.
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Table 3. Robustness results of Selpercatinib and its impurities

Changed Results observed
S No Parameter
condition Selpercatinib N-Oxide impurity Nitroso impurity

% change 0.93 0.95 0.73

1 MP 1 t 8.45 4.51 11.10
N 7639 5129 9871
% change -0.08 -1.26 -0.22

2 MP 2 te 8.47 4.55 11.18
N 7756 5276 9743
% change -0.25 0.65 -0.42

3 pH 1 t, 8.44 459 1113
N 7987 5502 9604
% change 0.35 -1.29 -0.15

4 pH2 te 8.49 4.56 11.16
N 8091 5678 9956
% change -0.44 -0.43 0.38

5 WL1 t 8.43 4.55 11.11
N 7566 5233 9612
% change -0.43 0.35 0.95

6 WL2 ty 8.41 4.52 11.18
N 7590 5107 9987

MP (mobile phase) 1: 75:25 (v/v) of solvent A and B; MP 2: 65:35 (v/v) of solvent A and B; WL (wavelength) 1: 231 nm;
WL 2:221 nm; pH 1: 4.4; pH 2: 4.6

Following the ICH stability guidelines, a variety of
forced conditions, namely thermal, basic, acidic, oxi-
dative, and photolytic were employed to conduct deg-
radation studies on the pharmaceutical product Selp-
ercatinib. These studies led to the identification and
characterization of five distinct degradation products,
designated as DP1 to DP5, using HPLC/MS analysis.
The outcomes of these investigations have furnished
valuable insights into the conditions that render the
drug susceptible to degradation, thus facilitating the
implementation of appropriate preventive measures
during the formulation process.

UV degradation conditions, minimal significant
degradation was observed, with an assay percentage of
95.80%. Among the various degradation conditions,
the most pronounced degradation was observed in
the acid-induced degradation study, the degradation
reached 9.51%. Figure 3A depicts the chromatogram
from this study, revealing well-separated DPs with re-
tention times of 1.59 minutes and 5.16 minutes, de-
noted as DP 1 and DP 4, respectively. Additionally,
the chromatogram revealed the presence of nitroso
impurity at a retention time of 11.10 minutes. In the

base-induced degradation study, as depicted in Figure
3B, three distinct degradation products were resolved
at retention times of 1.79 minutes, 3.79 minutes and
12.09 minutes, designated respectively as DP 1, DP
3 and DP 5. Percentage degradation under base deg-
radation conditions was measured at 8.74%. In the
peroxide degradation study, the assay percentage for
Selpercatinib was 6.33%, with a 97.25% mass balance.
Figure 3C Chromatogram for this study delineated
a single degradation product with a retention time
of 2.14 minutes, labelled DP 2. The outcomes of the
purity study, conducted using the PDA detector, pro-
vided robust validation of the purity and consistency
of the Selpercatinib peak across all stress samples un-
der examination. The mass balance for these stressed
samples was higher than 98%. These consistent results
from the peak purity tests unequivocally affirmed
the uniformity and purity of the Selpercatinib peak.
Notably, the Selpercatinib assay showed remarkable
stability, further attesting to the method’s specificity
and efficacy in detecting stability. Table 4 presents the
recovery results and Figure 3 visualize the stress study

chromatograms.
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Table 4. Stress degradation results of Selpercatinib and its impurities

% degradation’ of L.
Stress . % assay” of Selpercatinib | % Mass balance® | Remark

Selpercatinib
Acidic 9.51 90.49 98.34 DP 1 and 4 were noticed
Basic 8.74 91.26 99.16 DP 1, 3 and 5 were noticed
Peroxide 6.33 93.67 97.25 DP 2 was noticed
Thermal 5.81 94.19 98.01 DP 5 was noticed
UV light 4.2 95.8 97.63 DP 1 and DP 3 were noticed

n = 3; Ssum of Selpercatinib, impurities and DPs

A 1208.00 4
[mAU]

84
w

2 12000+ .
| ==
8 =
H |
b
953.40 - ol g
H 953.40 o
T
0|
718.80 <
718.80 -
&
47420 4 a
£ 474.20 -
o
@
)
=2 C
22960 4 e
- 229.60 4
cﬁﬂ gg Jk- - - EIN
= by 0@ @ .2
I s S S or o g,
S e e T AN AN /
000 170 340 510 630 850 1020 1180 1380 1530 17.00 B R R .
[min] 000 170 340 510 B30 850 1020 1130 1360 1530 1700
min
C 1208.00 4 - 1208.00 -
mAL on= on%
[mAU] = D [ 2=
= k=]
| E
963.40 4 = 953.40 - of
] I
| B
716.80 - 718.20 ]
&
5
474204 2 47420 4
2
&
)
s =
229604 = -
o 229,60 4 2 o
=
o= o= o8
Qf\r: Ofe
1500 - e T e T e e e e,
170 340 510 630 850 1020 11.90 1360 1530 17.00 000 170 340 S0 B80 850 1020 1180 1380 1530 1700
[min] [min]
E 1208.00 -
[maU] on=
Zl|=
|
=
g
962.40 - of
o
0]
718.50 -
&
&
47420 - E
z
=
%
Oe
229.60 4 B
[EN
aa
< T — t
SRS A T T T T T T T
000 170 340 510 680 850 1020 1180 1360

T
15.30 17.00
{min]

A) DP 1 and 4 visualized in acid degradation chromatogram; B) DP 1, 3 and 5 visualized in base degradation
chromatogram; C) DP 2 visualized in peroxide degradation chromatogram; D) DP 1 and 3 visualized in UV
degradation chromatogram; E) DP 5 visualized in thermal degradation chromatogram;

Figure 3. Forced degradation chromatograms of Selpercatinib and its impurities
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Characterization of DPs by LC-MS/MS

Stress-induced DPs of Selpercatinib were subject-
ed to characterization via LC-MS/MS analysis. The
LC method remained unchanged, and the mass op-
erating conditions were fine-tuned to maximize each
mass fragment with minimized or no noise. The col-
lision induced dissociation spectra of each DP along
with its accurate mass measurements were noted for
evaluated the structure of each DP formed in stress

study.

Figure 4 illustrates the fragmentation mechanism
of DP1, with the ESI spectrum (Figure 9A) revealing
the most intense [M+H]* ion at m/z 454 representing
the molecular mass of DP 1 as 453.49 g/mol. The MS/
MS spectrum of DP1 exhibited highly intense prod-
uct ion peaks at m/z-125 (loss of C,;H,,N,O), 161 (re-

15775
sulting by loss of C_H ‘N, O from m/z 454), and m/z
386 (loss of C HN,O from m/z 454) and the accurate
mass measurements suggest the molecular composi-
tion of these fragments. The DP 1 was identified as

chloromethyl11,17-dihydroxy-10,13-dimethyl-3-o0xo0-6,

Q@@E .

-C,H NSO,
428 (m+1)
HO N Q»
[ A //\N CH,.C4 HzNo
= N
ﬁ/! 0 -CHN; o
HyC
386 (m+1) | |NH+

NZ |
B s
= N 361 (m+1)

7,8,9,10, 11, 12, 13, 14, 15, 16, 17- dodecahydro- 3H-
cyclopenta [a] phenanthrene-17-carboxylate with mo-
lecular formula of C_H, N.O, and molecular mass of
453.49 g/mol.

Figure 5 illustrates the fragmentation mechanism
of DP 2 of Selpercatinib identified in peroxide in-
duced stress study. The fragmentation spectra (Figure
9B) of DP 2 visualizes the parent ion with m/z of 472
(m+1) confirms molecular mass of DP 2. In the frag-
mentation spectra, there were notable product ions at
m/z 139 (loss of C ;H,,N.O), 221 (resulting by loss of
C,H N,0), 191 (loss of C .H ,N,O, from parent ion),
and m/z 100 (loss of C, H \N,O, from parent ion). The
MS/MS experiments, in conjunction with accurate
mass assessments, provide strong support for the pro-
posed fragmentation scheme. The DP 2 was identified
as 17-(ethoxycarbonyloxy)-11-hydroxy-10,13-dimeth-
yl-3-0x0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahy-
dro-3H-cyclopenta[a]phenanthrene-17-carboxylic acid
with molecular formula of C, H,)N.O, and molecular

mass of 471 g/mol.
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N
/N 7\
_ / N
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N Z
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Figure 4. Fragmentation mechanism proposed for DP 1
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Figure 5. Fragmentation mechanism proposed for DP 2

Figure 6 illustrates the fragmentation mechanism
of DP 3 of Selpercatinib which was noticed in base and
UV induced stress study. The fragmentation spectra of
DP 3 (Figure 9C) visualize parent ion with m/z of 266
(m+1) confirms the molecular mass of DP 3. In the
fragmentation spectra, there were notable productions
at m/z 117 (loss of 2 different fragments i.e. -C,H,O
and -C,H,) and m/z 250 (loss of H N from parent ion).
The DP 3 was identified as I,17-dihydroxy-10,13-di-
methyl-6,7,8,9,10,11,12,13,14,15,16,17-dodecahy-
dro-3H-cyclopenta[a] phenanthren-3-one with molec-
ular formula of C,,H, N_O with 265 g/mol molecular

mass.

The fragmentation spectrum of DP 4 identified at
5.16 minutes (Figure 9D), confirms parent ion at m/z
424 [M+H]
ful for elucidating the structure of DP 4 was noticed,
notably at m/z 145 (m+1), 191 (m+1), 329 (m+1) and

109 (m+1). The pattern of fragmentation in correla-

*. The spectra show various that can help-
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tion with parent ion suggests DP 4 as ethyl 11-hy-
droxy-10,13-dimethyl-3-0x0-6,7,8,9,10,11,12,13,14,1
5,16,17-dodecahydro-3H-cyclopenta [a] phenanthren-
N.O as formula. The frag-

mentation pattern is presented in Figure 7.

17-yl carbonate, with C, H

247721

The base and thermal degradation chromato-
gram visualizes a please change as peak at 12.0 min
and was designated as DP 5 which was not detected
in other stress studied performed in the study. The
prominent parent ion at m/z 415 (m+1) identified
along with fragment ions at m/z 125 (m+1), which

result by losing C_H N,. The acquired data (Figure

147 74"
9E) proved DP 5 as chloromethyl17-(carboxyoxy)-11-
hydroxy-10,13-dimethyl-3-0x0-6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17-dodecahydro-3H-cyclopentala]phenan-
threne-17-carboxylate, possessing a molecular formula

of C_.H

,,H,,N O,. The fragmentation pattern is present-

ed in Figure 8.
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Figure 6. Fragmentation mechanism proposed for DP 3
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Figure 7. Fragmentation mechanism proposed for DP 4
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Figure 8. Fragmentation mechanism proposed for DP 5
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Figure 9. Mass spectra of DPs observed in forced degradation study

The established HPLC technique was employed to
quantify the investigated impurities in formulations.
The spiked sample analysis chromatogram visualizes
well-retained peaks representing impurities and Selp-

ercatinib (Figure 10A). Whereas direct formulation
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chromatogram doesn’t visualize any peak represent-
ing impurities (Figure 10B) suggest that the impurities
not detected in sample. This highlights that method

was adequately fit for analyzing Selpercatinib impu-

rities.
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A = spiked formulation; B = Un-spiked formulation

Figure 10. Formulation analysis chromatogram of Selpercatinib
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The findings were correlated with literature and
observed that the method reported by Singamsetty et
al., 2021 was applicable for quantification of selperca-
tinib in dosage forms whereas method published by
Gulikers et al., 2023 only applicable for quantification
of selpercatinib in biological samples. No method is
available for the quantification of process-related as
well as degradation impurities, and hence this finding
offers the best option for quantification of both pro-
cess-related and degradation impurities in bulk drug

and formulations.
CONCLUSION

This study aimed to develop a straightforward
HPLC method for evaluating genotoxic impurities
of Selpercatinib, addressing the absence of published
analytical methods in existing literature. The method
was specifically designed to target nitroso and N-ox-
ide impurities of Selpercatinib. Extensive optimization
experiments were conducted, including variations in
column configurations, pH, and mobile phase com-
position, to achieve optimal resolution of analytes.
The final method, employing a Zorbax C18 column
with a mobile phase composed of aqueous ammo-
nium acetate and methanol at a pH of 4.5, demon-
strated effective separation of Selpercatinib and its
impurities. The robustness and reliability of the meth-
od were further validated through system suitability
testing, which confirmed consistent peak resolution
and reproducibility. Additionally, the method exhib-
ited excellent sensitivity, with LOD and LOQ values
well below regulatory limits. Precision and accura-
cy assessments, including recovery experiments and
linearity studies, further demonstrated the method’s
suitability for quantitative analysis of impurities in
Selpercatinib formulations. Moreover, the method’s
reliability was confirmed through robustness testing,
showing consistent performance under deliberate
variations in method parameters. The degradation
studies conducted under various stress conditions
provided valuable insights into the drug’s stability
profile and susceptibility to degradation, further val-
idating the efficacy and specificity of the developed

method. Notably, our findings revealed that the drugs
exhibited stability under UV hydrolysis conditions
but underwent degradation in photolysis acidic and
alkaline environments. This study effectively elucidat-
ed the fragmentation pathways and characterized the
degradation products of Selpercatinib. Consequently,
this developed method can serve not only for assess-
ing the genotoxic impurities of Selpercatinib but also

for the identification of stress-induced DPs.
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The Local Anesthetic Activity of 4-(Naphthalen-1-yloxy)but-2-yn-1-yl)-
containing Piperidine Derivatives in Experimental Animal Models

SUMMARY

Piperidine derivatives are of interest to researchers considering
piperidines as an effective scaffold for the synthesis of new compounds.

This research aimed to investigate the acute toxicity and local
anesthetic activity of new synthesized 4-(Naphthalen-1-yloxy)but-2-
yn-1-yl)-containing piperidine derivatives as inclusion complexes with
B-cyclodextrin. Moreover, there was hydrogen or 3-methoxyphenyl in

position 1 of the substituent at the nitrogen atom of the piperidine
ring. The acute toxicity tests were performed on outbred laboratory
mice by subcutaneous injection of increasing concentrations of the test
solutions. The initial investigation of local anesthetic activity during
infiltration anesthesia was performed on guinea pigs using the Bulbring
& Wajda animal model. An in-depth study of the efficacy of the most
active compound was performed on a model of infiltration anesthesia
of the rabbits abdominal wall by determining the threshold of
nociception during electrical stimulation. The new studied piperidine
derivatives are low-toxic substances, which are confirmed by the results
of an acute toxicity study. At the stage of the primary study of local
anesthetic activity during infiltration anesthesia on the experimental
Bulbring and Wajda model, the LAS-251 compound showed the
greatest activity, surpassing the reference drugs in terms of anesthesia
index, duration of full anesthesia and rotal duration of action. At the
stage of in-depth study, despite a longer latency period, LAS-251 has
a local anesthetic effect longer than procaine and is slightly inferior to
lidocaine. Results of the present study are promising because complex
1-(4-(naphthalen-1-yloxy)but-2-yn-1-yl)-4-phenylpiperidine  (LAS-
251) with cyclodextrin showed high local anesthetic activity. The new
piperidine derivative is future-oriented for prospective studies of other
types of anesthesia as a potential medicinal substance for therapeutic
use in the future.

Key Words: Piperidine derivatives, local anesthetic activity, acute
toxicity, infiltration anesthesia

4-(Naftalen-1-iloksi)but-2-in-1-il)-Iceren Piperidin Tiirevlerinin
Deneysel Hayvan Modellerinde Lokal Anestezik Aktivitesi

0z

Piperidin tiirevleri, piperidinleri yeni bilesiklerin sentezi icin ethi-
li bir iskelet olarak giren arastirmacilarin ilgisini cekmektedir. Bu
aragtirma, yeni senteglenen 4-(Naftalen-1-iloksi)but-2-in-1-il) igeren
B-siklodekstrin ile inkliizyon kompleksleri halindeki piperidin tiirev-
lerinin akur toksisitesini ve lokal anestezik aktivitesini arastirmay:
amaglamaktadsr. Ayrica piperidin halkasinin azot atomundaki siibs-
titiientin 1. konumunda hidrojen veya 3-metoksifenil bulunmakta-
dur. Akeut toksisite testleri, artan konsantrasyonlarda test soliisyonlars-
nin deri altina wygulanmas: yoluyla fareler iizerinde gerceklestirildi.
Infiltrasyon anestezisi sirasinda lokal anestezike aktiviteye iliskin ilk
calisma, Bulbring & Wajda hayvan modeli kullanilarak kobaylar
iigerinde gereklestirildi. Elektriksel stimiilasyon sirasinda nosisepsiyon
esiginin belirlenmesiyle tavsanin karmn duvarina wygulanan infiltras-
yon anestezisi modelinde en aktif bilesigin etkinligine iliskin derinle-
mesine bir caligma gerceklestirildi. Incelenen yeni piperidin tiirevleri-
nin diigiik toksisiteli maddeler oldugu, bir akut toksisite ¢aligmasinin
sonuglariyla da dogruland. Deneysel Bulbring ve Wajda modelinde
infiltrasyon anestezisi srasinda lokal anestezik aktivitenin birincil ¢a-
lismasi asamasinda, LAS-251 bilesigi, anestezi indeksi, tam anestezi
siiresi ve toplam anestesi siiresi agisindan referans ilaglardan distin
olan en yiiksek aktiviteyi gosterdi. Derinlemesine ¢alisma asamasin-
da, daha uzun bir gecikme siiresine ragmen, LAS-251'in prokainden
daha uzun siireli ve lidokainden biraz daba diigiik bir lokal anestezik
aktiviteye sahip oldugu goriildii. Bu calsmanin sonuglars umut veri-
cidir, ciinkii 1-(4-( naftalen-1-iloksi)but-2-in-1-il)-4-fenilpiperidin
(LAS-251) ile siklodekstrin kompleksi yiiksek lokal anestezik aktivite
gosterdi. Bu yeni piperidin tiirevi, gelecekte terapitik kullanim icin
potansiyel bir ilag olarak diger anestezi tiirleriyle ilgili ileriye yonelik
caligmalar yapilmasi icin wumut vericidir.

Anabtar Kelimeler: Piperidin tiirevleri, lokal anestezik aktivite,
akut toksisite, infiltrasyon anestezisi
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INTRODUCTION

Every year, a large number of different surgical
interventions and procedures are performed all over
the world (Weiser et al., 2008). Thus, surgical biop-
sies, epidural anesthesia, dental procedures, blockage
of major nerves are widespread in clinical practice
(Becker et al., 2012). Pathological pain and pain are
caused by hypersensitivity, while it is a common con-
comitant symptom. Therefore, it is necessary to use
different methods of anesthesia (Woolf, 2010; Yu et
al,, 2019).

The methods of infiltration and conduction anes-
thesia are simple and safe to use, which allows them to
be used instead of general anesthesia. The local effect
is ensured due to the high concentration of the drug
at the injection site of local anesthetics (Raithel et al.,
2018). Local anesthesia methods can also be used
after various operations to ensure adequate anesthe-
sia in the postoperative period (Ma et al., 2017). The
mechanism of action of local anesthetics is associated
with a violation of the passage of Na* ions through
the ionophores of the membrane of neurons, thereby

interrupting neural conduction (Xie et al., 2022).

The use of local anesthetics avoids the occurrence
of various side effects inherent in other painkillers,
such as gastrointestinal bleeding, impaired blood
clotting, functional disorders of the liver or kidneys,
tolerance, dependence, and others. The use of modern
anesthetics also has the advantage of minimising the
risk of allergic reactions. However, the development
of hypersensitivity is directly related to the frequency
of drug use (Grzanka et al., 2016; Ilfeld et al., 2021;
Yin et al., 2021).

Another essential problem with the use of local
anesthetics is the development of local and systemic
toxicity (Tsai et al., 2021). The local toxicity is a signif-
icant obstacle in the development of new anesthetic
drugs. The majority of local anesthetics have neuro-
toxicity, chondrotoxicity, and myotoxicity observed

after intramuscular and intra-articular injections
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(Baker etal., 2012; Verlinde et al., 2016). Systemic tox-
icity develops rarely, but this complication is accom-
panied by agitation of the central nervous system, car-
diovascular disorders, in particular, there is possible
arrhythmia and methemoglobinemia. These side ef-
fects can be observed with frequent use of prilocaine,
articaine, and benzocaine (Wadlund, 2017; Johansson
et al., 2020). The anesthetics, which contain para-am-
inobenzoic acid contribute to the development of al-
lergic reactions, as well as symptoms of numbness and
paresthesia (McMahon et al., 2022).

When considering the issue of compliance of lo-
cal anesthetics with the essential requirements, where
rapid blockade of peripheral nerves, long-term effect,
and absence of local and systemic reactions are of
particular importance, it is worth noting the need to
develop new drugs that meet the needs of doctors in
modern clinical practice (Chahar et al., 2012; Chitil-
ian et al., 2013).

Considering the above, preclinical studies of
new drugs with local anesthetic activity are relevant
and practically important. From among the various
chemical structures, the piperidine ring is one of the
important components in the molecule of local an-
esthetics such as bupivacaine and ropivacaine. Fur-
thermore, piperidine and its derivatives have different
pharmacological properties (Vitaku et al., 2014; Mar-
tins et al., 2017).

The studies conducted indicate the possibility of
using piperidine molecules in various fields of medi-
cine. Because of the availability of synthesis and ease
of embedding into other structural frameworks of
various biogenic residues, piperidine derivatives are
of interest to researchers considering piperidines as
an effective scaffold for the synthesis of new com-
pounds (De et al., 2015).

Based on the description above, two new
4-(Naphthalen-1-yloxy)but-2-yn-1-yl)-containing
piperidine derivatives were synthesized in the lab-

oratory. Substituted naphthoxyamine derivatives
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belong to the class of biologically active molecules
with a broad spectrum of therapeutic effects (Zuffo
et al,, 2019; Kottapalle, Shinde, 2021). We have pre-
viously synthesized p-cyclodextrin (B-CD)com-
plex with 1-[1-(2,5-dimethoxyphenyl)-4-(naphtha-
lene-1-yloxy)but-2-ynyl]-4-methylpiperazine whose
structure is presented in Figure 1. New potentially
biologically active 4-phenylnaphthoxybutynylpiper-
idines were synthesized by reacting 1-(prop-2-yny-
loxy)naphthalene with 4-phenylpiperidine and alde-
hydes (benzaldehyde, formaldehyde and 3-methoxy-
benzaldehyde) in absolute dioxane in the presence of
catalytic amounts of copper (I) iodide at temperature
40 °C. The compound had a pronounced promoting
effect on the CD4*, CD8" and myeloid cells during
aseptic inflammation, even under the influence of
heavy metal salts (Yu et al., 2023).

B-CD O

Figure 1. Chemical structure of f-cyclodextrin com-
plex with 1-[1-(2,5-dimethoxyphenyl)-4-(naphtha-
lene-1-yloxy)but-2-ynyl]-4-methylpiperazine.

The molecule contains a fragment of 4-(naph-
thalen-1-yloxy)but-2-yn-1-yl), however, the pipera-
zine derivative group was decisive in increasing the
immune status in previous studies. Therefore, it was
exciting to study the type of biological action of sub-
strates “devoid” of a single nitrogen atom. The pur-
pose of present study was to perform experimental
animal models to investigate acute toxicity and local
anesthetic activity of new compounds, considering
that piperidine is an important structure of the mole-

cule of local anesthetics, like the objects of our study.

MATERIAL AND METHODS
Chemical research

The studied compounds that have been assigned
the laboratory cipher LAS-251, LAS-252 (local anes-
thetic substance) were synthesised for the first time
in the Laboratory of Chemistry of Synthetic and Nat-
ural Medicinal Compounds of Bekturov Institute of
Chemical Sciences (Almaty). Total starting reagents
used for the synthesis were purchased from Sigma-Al-
drich and required no additional purification. The
course of the reactions and the purity of the products
were monitored by the TLC analysis on “Silufol UV-
254” plates with the appearance of substances spots
with iodine vapor. The eluent for TLC was a mixture
acetone — hexane (1:2). The IR spectra were recorded
on a Nicolet 5700 spectrometer in KBr tablets. The 'H
and C NMR spectra of the samples were recorded
on a JNM-ECA 400 (Jeol) spectrometer with operat-
ing frequencies 400 (*H), 100 MHz (**C) in deuterated
chloroform (CDCL,).

Currently, various molecular inclusion complexes
with B-CDs are actively used in the pharmaceutical
industry. The inclusion of this natural cyclic oligosac-
charide makes it possible to convert liquid forms of
low molecular weight substances into amorphous and
crystalline powders. Also, such compounds become
more stable in water, are less susceptible to oxidation
in air, dehydration and evaporation. This method,
it should be noted, eliminates the odor and taste of
the original active substrate. The complexation of the
active substance with cyclodextrin can increase bio-
availability and reduce toxicity (Uekama, 2002; Bar-
seet al., 2003).

Synthesis 1-(4-(naphthalen-1-yloxy)but-2-yn-1-
yl)-4-phenylpiperidine (1)

To a reaction mixture heated to 40° C consisting
of 1.5 g (0.0082 mol) 1-(prop-2-iniloxy)naphthalene,
0.24 g (0.0082 mol) paraform, and 0.15 g (0.00078
mol) of copper iodide (I) in 20 ml of dioxane were

mixed with 1.32 g (0.0082 mol) of 4-phenylpiperidine
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in 10 ml of dioxane. 1-(4-(Naphthalen-1-yloxy)but-2-
yn-1-yl)-4-phenylpiperidine (1) was isolated by col-
umn chromatography on Al O, by elution with an ac-
etone mixture: hexane (1:3). The yield is 2.19 g (75%)
in the form of oil, R ,0.71.

Calculated, %: C 84.47; H 7.09; N 3.94 for C, H-
,.NO. Found, %: C 84.5% H 7.18; N 4.07

IR (KBr, v, cm™): 704, 805, 1319, 1419, 1583, 1681
(Ph), 2121 (C=C).

"H NMR (CDCL, §, ppm): 1.85, 1.83 (dd, 4H,
N-(CH,),); 2.08-2.12 (m, 4H, N-(CH,) (CH,) ); 2.56
(m, 1H, CH-piperidin); 3.39 (s 2H, CHZ-N); 4.97 (s,
2H, OCHZ); 6.99 (d, 1H, ArH?); 7.40 (t, 1H, ArH*);
7.50-7.53 (m, 3H, ArH>$7); 7.82 (d, 1H, ArH®); 8.29
(s, 1H, ArH®); 7.25 (t, 2H, Ph-piperidine); 7.33 (t, 2H,
Ph-piperidine); 7.38 (d, 1H, Ph-piperidine).

"C NMR (CDCl, 6, ppm): 33.49
(N-(CH,),(CH,),); 42.23 (CH-piperidine); 47.69 (N-
CH,); 53.24 (N-(CH,) ); 56.22 (O-CH.); 78.73, 80.08
(C=C); 153.57 (C'), 105.58 (C?), 125.46 (C%), 121.12
(CY), 126.16 (C), 125.71 (C%), 122.14 (C7), 121.31
(C), 127.58 (C%), 134.66 (C") (ArH); 126.98, 127.58,
128.58, 146.31 (Ph-piperidine).

Synthesis of Complex 1-(4-(naphthalen-1-yloxy)
but-2-yn-1-yl)-4-phenylpiperidine with  $-CD

(LAS-251)

Solutions of 1 g 1-(4-(naphthalene-1-iloxy)
but-2-inyl]-4-phenylpiperidine (1) in 20 ml of ethyl
alcohol and 1 g of B-cyclodextrin in 20 ml of distilled
water are mixed at a temperature of 45-50° C for 5
hours. After the end of the reaction, the aqueous eth-
anol solution is distilled and dried in a drying cabi-
net. The yield is 1.3 g (65%). The complex appeared
as a light yellow powder, melting with decomposition
above 240°C.

Calculated, %: C 53.99; H 6.42; N 0.94; O 38.64 for
C,H,.NO, . Found, %: C 53.83; H 6.51; N 1.09.

677795
Synthesis of 1-(1-(3-methoxyphenyl)-4-(naphtha-
len-1-yloxy)but-2-yn-1-yl)-4-phenylpiperidine (2)
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1-(1-(3-Methoxyphenyl)-4-(naphthalen-1-yloxy)
but-2-yn-1-yl)-4-phenylpiperidine (2) was synthe-
sized similarly from 1-(prop-2-ynyloxy)naphthalene
2.0 g (0.0109 mol), 3-methoxybenzaldehyde 1.49 g (
0.0109 mol) and 4-phenylpiperidine 1.76 g (0.0109
mol) in the presence of copper iodide (I) (0.15 g) in
dioxane at 40 °C. The product was isolated by column
chromatography on Al O, by elution with an acetone
mixture: hexane (1:3). Yield 2.19 g (44%) oil, R (0.69).

Calculated, %: C 83.26; H 6.77; N 3.03 for C,,H-
. NO,. Found, %: C 83.35; H 6.87; N 3.15.

IR (KBr, v, cm™): 705, 754, 1493, 1592, 1659 (Ph),
2125 (C=C).

'H NMR (CDCl,, §, ppm): 1.78-1.83 (m, 4H,
N-(CH,),); 2.08-2.15 (m, 4H, N-(CH,),(CH,) ); 2.55
(m, 1H, CH-piperidin); 3.80 (s, 3H, OCH,); 4.90 (s,
2H, OCH,); 4.97 (s, 1H, CH-N); 6.81 (d, 1H, ArH?);
6.94 (d, 1, Ph); 7.06(s, 1H, Ph); 7.17-7.20 (m, 2H,
Ph); 7.41 (t, 1H, ArH*); 7.47-7.50 (m, 3H, ArH*%7);
7.80(d, 1H, ArH%); 8.29 (s, 1H, ArH?®); 7.25 (t, 2H,
Ph-piperidine); 7.33 (t, 2H, Ph-piperidine); 7.37 (d,
1H, Ph-piperidine).

3CNMR (CDCL,,8,ppm):33.90(N-(CH,),(CH,),);
42.59 (CH-piperidine); 53.02 (N-(CH,),); 55.92
(OCH,); 56.22 (O-CH,); 61.60 (N-CH); 82.70, 84.11
(C=C); 153.64 (C), 105.52, (C?), 125.51 (C%), 121.28
(CY), 126.17 (C), 125.71 (C%), 122.22 (C7), 121.70
(C), 127.57 (C), 134.65 (C) (ArH); 126.98, 127.57,
128.47, 146.61 (Ph-piperidine); 113.42, 113.97,
129.16, 122.23, 139.66, 159.55 (Ph).

Synthesis of Complex 1-(1-(3-methoxy-
phenyl)-4-(naphthalen-1-yloxy)but-2-yn-1-yl)-4-

phenylpiperidine with p-CD (LAS-252)

Solutions of 1 g 1-(1-(3-methoxyphenyl)-4-(naph-
thalen-1-yloxy)but-2-yn-1-yl)-4-phenylpiperidine
(2) in 20 ml of ethyl alcohol and 1 B-cyclodextrin in
20 ml of distilled water are mixed at a temperature of
45-50 °C for 5 hours. After the end of the reaction,
the aqueous ethanol solution is distilled and dried in
a drying cabinet. The yield is 1.4 g (70%). The com-



FABAD ]. Pharm. Sci., 49, 3, 465-480, 2024

plex appeared as a light yellow powder, melting with
decomposition above 240 °C.

Calculated, %: C 55.67; H 6.38; N 0.88; O 37.08 for
C H,  NO,.Found, %: C 55.75; H 6.43; N 0.98.

Experimental animals and ethics approval

96 outbred laboratory male and female laboratory
mice weighing 20-25 g were used to investigate acute
toxicity. The primary study of local anesthetic activi-
ty during infiltration anesthesia was conducted on 30
mature male guinea pigs weighing 350-400 g. Mature
outbred 24 male rabbits weighing 2500-3000 g were
used in experiments to in-depth study the activity of
the compounds. The experiments were carried out
based on the Life Science laboratory of Asfendiyarov
Kazakh National Medical University (KazZNMU).
Laboratory animals were provided by the KazNMU

vivarium.

Laboratory animals were kept in specialized cag-
es with a natural 12-hour day-night light regime with
constant free access to clean water and standardized
feed. Throughout the period of observation and ex-
periments, the necessary hygienic conditions, a tem-
perature regime of 25 * 2 °C, a relative humidity of
55-60% and good air circulation were observed. Per-
manent dyes were used to label the laboratory animals

of each group.

The experiments provided for in the protocol us-
ing laboratory animals were performed in accordance
with the Order of the Minister of Health Care of the
Republic of Kazakhstan “On approval of the rules for
conducting preclinical (non-clinical) studies and re-
quirements for preclinical bases for assessing the bio-
logical effect of medical devices”. The care and main-
tenance of laboratory animals was carried out follow-
ing the Guide for the Care and Use of Laboratory An-
imals (National Research Council (US) Committee,
2011). All described manipulations and procedures
were carried out under the rules of the European
Convention for the Protection of Vertebrate Animals
and Directive 2010/63/EU. The research protocol was

approved by the Local Ethics Committee of Asfendi-
yarov Kazakh National Medical University (Decision
Number: No. 14(120) and date October 28, 2021, with
permission to extend the study - Decision Number:
No. 1(137) and date January 31, 2023).

Acute toxicity study

Acute toxicity tests were conducted following the
guidelines for preclinical studies of medicines (Miron-
ov, 2012). Experiments were performed on healthy
mature males and females of outbred laboratory mice.
Laboratory animals were randomly divided into ex-
perimental and control groups of 6 mice (3 females
and 3 males) each. The studied compounds dissolved
in sterile water for injection (Novosibkhimpharm
Company, Russia) in 3 increasing concentrations
(100-1000 mg/kg) were injected once subcutaneously
into the lateral surface of the body. Each animal in the
group had one injection of the test compound at one
concentration only. This route of administration cor-
responds to using substances as local anesthetics in
the future. After the administration of solutions, lab-
oratory animals were under constant supervision on
the first day and then for 14 days. The general condi-
tion, changes in behavioural reactions, motor activity
and metabolism, and toxic reactions from various or-
gans and systems were recorded during observation.
At the end of the experiment, the median lethal dose
- LD, was calculated for each compound, as well as

LD, and LD,,, to determine the standard error.

84>

Local anesthetic activity study

The primary study of local anesthetic activity
during infiltration anesthesia used the Bulbring and
Wajda model (Bulbring and Wajda, 1945; Kuzenba-
yeva et al., 2000). Each experimental group included
six male guinea pigs. The day before the experiment,
all animals of the studied group had their hair re-
moved in the back area. On the day of the test, 0.25
ml of 0.5% aqueous solutions were injected intrader-
mally into 4 points corresponding to the corners of a
square with a side of 3 cm. The method of administra-

tion is presented in Figure 2.
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Figure 2. Intradermal administration of a solution

(wheal method) on the back of a guinea pig accord-

ing to the Bulbring and Wajda models (photograph).

Injections of solutions of the compounds were
performed at the anterior and posterior points of the
square. The solutions of the reference drugs were in-
jected into the remaining parallel points. Following
injection, the area of papule formation was marked
with ink. The presence or absence of sensitivity at the
injection site was assessed every 5 min by applying an
irritation when touching the injection needle. The
touches were carried out in a series of 6 touches at
each point. An interval of 3-4 s was maintained be-
tween touches. In each series of experiments, the to-
tal number of needle touches that did not cause skin
twitching in the area of the studied square on the ani-
mal’s back for 30 min (anesthesia index), the duration
of full anesthesia (absence of any reactions during
exposure to an irritant) and the total duration of the
anesthetic effect (the time during which the response

reached the initial values) were recorded.

An in-depth study of the local anesthetic effect
of the most active compound was carried out on a
model of infiltration anesthesia of the abdominal wall
of rabbits by determining the nociception threshold
during electrical stimulation (Kuzenbayeva et al,
2000; Mironov, 2012). The experiments were per-
formed on non-anesthetized male rabbits. The num-
ber of animals in each group was six animals. Prior

to the start the experiment, the skin of the abdomen
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on the side surfaces at the level of the middle third
was freed from the fur of a rabbit fixed in a position
on its back. The electrodes of an electrostimulator
(Medistim Co, Russia) with moistened cotton swabs
(0.9% NaCl) were applied to the prepared skin areas.
First, we determined the threshold of pain sensitivity
by applying minimal irritation with electric current
pulses (duration 0.3 ms, frequency - 50Hz, amplitude
5-25V). The response to pain irritation was accom-
panied by a change in the rhythm and amplitude of
the animal’s breathing. These changes were recorded
on the OLV-VMI12 veterinary monitor (Zhengzhou
Olive Electronic Technology Co, Ltd, China). The
next stage of the experiment involved the injection
of 0.5% aqueous solutions (solvent - sterile water for
injection) of the studied substances intradermally in a
volume of 0.5 ml and subcutaneously in a volume of
2 ml at the site of electrode application. Further tests
were performed to determine the nociceptive reac-
tion in response to a series of electrical stimulations

after 3, 5, 10 min, etc. The process of the experiment

is shown in Figure 3.

Figure 3.The test for determining the nociceptive
reaction of a rabbit in the study of local anesthetic

activity during infiltration anesthesia (photograph).

At the end of the experiment, the time of anes-
thesia development, depth (in percent), and duration
were estimated. The assessment was performed by
changing the threshold of the reaction to electrical ir-
ritation at the site of infiltration with a solution of the
compound under study. Elimination of the response
to threshold irritation was recorded as 20% anesthe-
sia. An increase in stimulus threshold of 5 V was ad-

opted as 40% anaesthesia. If the sensitivity threshold
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was increased by 10V, the depth of anaesthesia was
estimated to reach 60% and by 20V the depth of an-

aesthesia was estimated to reach 100%.

The obtained indicators were compared with local
anesthetics widely used in clinical practice for infil-
tration anesthesia, characterized by varying degrees
of efficiency and duration of action: procaine (HIM-
PHARM JSC, Kazakhstan), lidocaine (BZMP JSC, Be-
larus), trimecaine (Zhaik-AS LLP, Kazakhstan).

Statistical analysis

The results of the current study are presented as
Means=SE or SD. The online software “Quest Graph™
LD, Calculator” was used to calculate the LD_, LD, ,
and LD,, indicators (AAT Bioquest, Inc., 19 Feb. 2023,
/https://www.aatbio.com/tools/1d50-calculator/). The
standard error was determined for LD, (Randhawa,
2009). All experimental groups were compared with
the control group. T-test and ANOVA were used to

determine the statistical significance of differences in

the compared groups. A value of p<0.05 was consid-
ered statistically significant. The statistical data anal-
ysis was performed using SPSS/27.0 software (IBM,
USA) for Windows.

RESULTS AND DISCUSSION

Results of the synthesis of the new piperidine

derivatives

Under the conditions of the Mannich reaction,
the interaction of 1-(prop-2-iniloxy)naphthalene
with heterocyclic amine (4-phenylpiperidine) and
aldehydes (formaldehyde and 3-methoxybenzalde-
hyde) in the presence of catalytic amounts of Cul
in an absolute dioxane medium at a temperature
of 40 °'C for 2 hours, 1-(4-(naphthalene-1-iloxy)
but-2-inyl)-4-phenylpiperidine (1) (yield, 75%) and
1-(1-(3-methoxyphenyl)-4-(naphthalene-1-iloxy)
but-2-inyl)-4-phenylpiperidine (2) (yield, 46%) were

obtainedand presented in Scheme 1.

H
N 7 R!
O = 0 Cul, 40°C 6 " \/\N
O 7 . 9 F
\/ * 1/&\ * Dioxane 5 0 Z
R H 10 1
4 2
3
1,2

IRI=H, 2R! =

_CH,4

Scheme 1. Synthesis scheme of novel 4-phenylnaphthoxybutynylamines (1, 2).

The structure of the synthesized compounds was
determined based on the analysis of IR spectra and
NMR spectroscopy data of 'H and "*C.

In the IR spectra of compounds 1, 2 there is no
absorption band in the 3309 cm region, characteris-
tic of the C-H terminal acetylene group of the initial
2-(prop-2-iniloxy)naphthalene, but there is a weak
band in the region of 2121 and 2125 cm’, character-
istic of a disubstituted C=C bond, which confirms the

formation of an aminomethylation product.

Signals of protons of the aminomethylene and

aminomethine groups were detected in the NMR 1H
4-phenylnaphtoxybutinylamines 1, 2 in the region of
3.39 ppm and 4.97 ppm in the spectra of NMR. The
chemical shift in the range 6 4.97 and 4.90 ppm is
attributed to protons of the O-methylene group. The
signals of the protons of the piperidine methylene
groups are at 1.83-2.56 ppm. The strong-field chemi-
cal shift (3.80 ppm) is attributed to the protons of the
methoxy group at the atom of the benzene cycle. In
the weak field area § 6.81-8.29 ppm, signals of protons
of the naphthalene nucleus and Ph rings are detectgii
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In the NMR C spectra of compounds 1, 2 in the
range of 47.69 ppm and 61.60 ppm, signals of carbon
atoms of the aminomethylene and aminomethine
groups were detected. Carbon atoms of the C=C triple
bond resonate at 78.73, 80.08 ppm, and 82.70, 84.11
ppm. The signal with a chemical shift of 56.22 ppm
is attributed to oxymethylene carbon. The signals of
the atomic carbons of the phenyl rings are in the weak
field (105.52-159.55 ppm) of the spectra. The carbon
atoms of the piperidine cycle resonate in the range §
33.49-53.24 ppm, and the signal of the OCH, group
(55.92 ppm) is present in the spectrum of compound
2.

Hydrophilic natural polymers such as cyclodex-
trin are used as a matrix to produce water-soluble su-
pramolecular complex systems. The most important
property of CD is the ability to selectively bind organ-

ic and biological molecules, forming inclusion com-

Rl
Cycl trin
O \/\ U\@ yclodextri
1,2
I, LAS251) R =H, 2, (LAS-252)R! —Q
_CH,

OH
H HO
OH R!
(0)
water-ethanol, O O /\ N 0
45-50°c  HO O O
H

plexes of the “guest-host” type to obtain water-soluble
forms. The complexes are formed by the interaction of
ethanol solutions of 4-phenylnaphtoxybutinylamines
(1,2) with an aqueous solution of B-cyclodextrin taken
in a mass ratio of 1:1, at a reaction temperature of 45-
50 ‘C and conducting the reaction for 5 hours. After
the end of the reaction, the aqueous ethanol solution
is distilled. The resulting complexes are washed with
96% ethanol and dried in a drying cabinet. As a result,
1 and 2 inclusion complexes (LAS-251 and LAS-252)
were obtained with yields of 65 and 70%, respectively
(Scheme 2.). The progress of the reactions was mon-
itored using thin-layer chromatography on silica gel
until the disappearance of the starting products (R,
0.71 and R,0.69) in an aqueous-alcohol solution. The
products were collected after the slow evaporation of
the solution by forming powder products. The com-

plexes were identified through elemental analysis.

OH

OH

OH
OH
OH OH O
OOH
HO LAS-251, LAS-252
H

Scheme 2. Synthesis of B-cyclodextrin complex with 1-(4-(naphthalen-1-yloxy)but-2-yn-1-yl)-4-phenylpiper-

idine (LAS-251) and B-cyclodextrin complex with 1-(1-(3-methoxyphenyl)-4-(naphthalen-1-yloxy)but-2-yn-
1-yl)-4-phenylpiperidine (LAS-252)

Acute toxicity assessment

Solutions of the studied compounds were admin-
istered to laboratory mice in 3 increasing concentra-

tions following body weight, in a total volume of no
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more than 1 ml. As a result of observations with the
administration of toxic doses, the clinical signs of in-
toxication of both compounds were similar. They dif-
fered in the rate of increase in symptoms of intoxica-

tion with an increase in dose.
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After subcutaneous administration of high doses
(500-700 mg/kg) of LAS-251 in the first 15 min, fad-
ing, muscle tremor with increased muscle tone, and
increased breathing were observed in animals. The
motor and research activity decreased in the follow-
ing first hours of observation. Behavioural responses
did not change, while responses to sound stimuli were
preserved. From the second day onwards, symptoms
of intoxication increased in several animals. Distur-
bances of motor activity with further developing ady-
namia and rapid breathing, lack of interest in food
and water were revealed in laboratory animals. The
animals took a lateral position, after which the death
of laboratory animals in experimental groups was

noted 2-3 days after administration.

The LAS-252 showed a variable range of symp-
toms in its poisoning pattern. The first signs of intox-

ication appeared in 2-4 min at a dose of 700 mg/kg.

Almost all animals had decreased motor and explor-
atory activity and a lack of response to sound stimuli.
One animal suffered from seizures, followed by ataxia
and subsequent death. The mortality of other animals
in the group was recorded after 1-2 days. When the
dosage was increased to 1000 mg/kg, this compound
showed pronounced neurotoxicity, which was man-
ifested by tonic-clinical seizures with a frequency of
30-40 s. The death of more than half of the mice in the
experimental group occurred already in the first 1.5-2

hours of observation.

When studying the acute toxicity of new piperi-
dine derivatives, the median lethal doses were deter-
mined. The tested compounds turned out to be less
toxic than procaine, lidocaine, and trimecaine by sub-
cutaneous administration. Considering the chemical
structure, the LD, values of LAS-251 and LAS-252
differed slightly (Table 1.).

Table 1.Values of LD, piperidine derivatives in the study of acute toxicity.

Compound, LD LD, mg/kg LD
reference drug 6 0 o
LAS-251 245.6 531.5+156.3 792.57
LAS-252 352.2 508.5+101.9* 709.2
1. Lidocaine 230+35.7
2. Procaine 480+£1.0
3. Trimecaine 375+3.1

Data were reported as means+SE (n=6). *P<0.05 compared to lidocaine (t-test). The differences in the indicators are

statistically significant (p<0.05).

The LD, of these compounds significantly ex-
ceeded those of lidocaine and trimecaine and were
approximately comparable to procaine. However, the
difference was statistically significant only in LAS-252
compared to lidocaine (p < 0.05).

Assessment of local anesthetic activity

The results of the primary study of local anesthetic
activity during infiltration anesthesia (Bulbring and

Wajda model) are presented in Figure 4.
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LAS-251 LAS-252 Procaine Lidocaine Trimecaine

Compound/
Reference drug

B full anesthesia

50 [ B total duration

Duration of anesthesia, min

LAS-251 LAS-252 Procaine Lidocaine Trimecaine

Compound/
Reference drug

Figure 4. Indicators of the local anesthetic activity (0.5% aqueous solutions). Data are reported as means+SD
(n=6), (ANOVA): A - Anesthesia index (max-36). *P<0.001 compared to procaine and lidocaine. B - Dura-
tion of anesthesia. **P<0.001 compared to all reference drugs, ***P<0.001 compared to procaine and lido-

caine,”’P<0.05 compared to trimecaine.
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Of the two compounds studied, the piperidine
derivative LAS-251 turned out to be the most active.
A comparison of the indicators of local anesthetic
activity of LAS-251 and reference drugs revealed sta-
tistically significant differences. The anesthesia index
has reached its maximum value, which indicates the
presence of pronounced local anesthetic activity su-
perior to reference drugs, especially in comparison
to procaine and lidocaine. According to the duration
of full anesthesia, the studied compound was statisti-
cally significantly superior to the reference drugs, in
particular: procaine - 2.7 times, lidocaine - 1.7 times,
and trimecaine - 1.6 times. The total duration of anes-
thesia with the administration of LAS-251 lasted 64.2
min, which is 2 times longer than with procaine and

lidocaine. The tested compound was superior to the

most active local anesthetic by 14.2 min.

LAS-252 had advantages over procaine in all pa-
rameters determined in the experiment, and in terms
of the index and duration of complete anesthesia, it
practically corresponded to those of lidocaine. The
total duration of the local anesthetic effect of LAS-252
was higher than that of procaine. However, the differ-
ences identified with the comparison drugs were not

statistically significant (p>0.05).

Considering the initial experimental results, an
in-depth study of local anaesthetic activity was car-
ried out for compound LAS-251. In the conducted ex-
periments, the rate of anesthesia onset, the duration
of full anesthesia and the total duration of effect were
determined (Table 2.).

Table 2. The local anesthetic activity of LAS-251 during the infiltration anesthesia of the abdominal wall in

a rabbit (0.5% aqueous solutions).

Compound/ Anesthesia onset rate, min Duration of full anesthesia, Total duration of anesthesia,
Reference drug min min
LAS-251 9.7+2.0* 0 40.34+2.5%%
Procaine 3.0+0 0 23.8+1.5
Lidocaine 3.0+0 47.5+1.1
Trimecaine 3.0£0 5.0£0 86.6%2.1

Data reported as means+SE (n=6).*P<0.05 compared to all reference drugs, **P<0.001 compared to procaine and

trimecaine, “P<0.05 compared to lidocaine (t-test). The differences in the indicators are statistically significant

(P<0.05).

The local anesthetic effect of LAS-251 developed
much slower, and the latency period was more than 3
times higher than the corresponding values of the ref-
erence drugs. Full anesthesia was not achieved, which
was also typical for procaine and lidocaine. The ex-
periments found that LAS-251 was significantly infe-
rior to trimecaine and to a small extent to lidocaine in
terms of total duration of infiltration anaesthesia, but
exceeded this indicator of procaine by 16.5 min. Thus,
the study confirmed the presence of local anesthetic
activity with the achievement of anesthesia depth in
laboratory animals by an average of 26.7%, with some

advantage compared to procaine.

Currently, the piperidine cycle is quite a sought-at-
ter framework in pharmaceutics for developing new
drugs. The chemical structure of piperidine can be
found in more than twenty pharmacological groups
and alkaloids (Frolov et al., 2023). A review of sci-
entific research showed that several thousand differ-
ent piperidine derivatives have been reported from
preclinical and clinical studies over the last decade
(Kallstrom et al., 2008). There are not many studies
on searching for compounds with local anesthetic ac-
tivity among them, even though the piperidine ring
is one of the components of the chemical structure of
local anesthetics (Martins et al., 2017).
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The results of our study revealed local anesthetic
activity of previously unstudied new piperidine de-
rivatives during infiltration anesthesia, expressed to
varying degrees. The primary toxicity study demon-
strated the safety of the substances in a further series
of experiments to determine their efficiency, which
also compares favorably with other studies. Another
distinctive feature is the use of an in-depth research
model, the conditions of which are as close as possible
to clinical practice, which made it possible to obtain
more reliable and expanded results. The local anes-
thetic indices presented in this article demonstrate
the presence of local anesthetic activity of the piper-
idine derivative LAS-251, which correlates with the
data of world studies. The lower activity of LAS-252
is probably due to the presence of a methoxyphenyl
fragment, which affected solubility and, consequently,
efficiency. The presence of a free hydrogen atom in the
molecule LAS-251 apparently improved the solubility
and increased its efficiency.

Earlier studies revealed local anesthetic activity
of several new phenylpiperidine derivatives exceed-
ing procaine, but the substances caused necrotic
changes and exhibited higher toxicity in the cocaine
range (Fellows et al., 1944). The findings of this re-
view confirm the results of previous studies of dif-
ferent series of substances from the group of piper-
idines with local anesthetic activity in various types
of anesthesia (Khaiitova et al., 2022). As in our study,
the experimental drug kazcaine [1-(2-ethoxyeth-
yl)-4-ethynyl-benzoyloxypiperidine hydrochloride],
has high activity in infiltration anesthesia even in
0.1% solution (Kemelbekov U et al., 2010). In con-
trast to kazcaine, LAS-251 was effective in 0.5% and
inferior in activity to lidocaine and trimecaine in a

series of in-depth tests.

Another similar study [4-(benzoyloxy)-3-butoxy-
piperidinium chloride] also showed marked activity
not only for infiltration but also for conduction anes-
thesia with the effect enhanced by combination with
epinephrine (Pichkhadze et al., 2016). The study of
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potentiation of the efficacy of the compounds of the
present research in interaction with vasoconstrictors
is of interest in further tests. The activity of piperi-
dine derivatives is also interesting in terminal anes-
thesia. In one study, the S-isomer of 2-{2-[N-(2-in-
danyl)-N-phenylamino]ethyl} piperdine was shown
to be effective in local anesthetic action when applied
to the surface of skin and mucous membranes (Gun-
nar et al., 2010).

The emergence of a new class of safer, highly ac-
tive opioid analgesics and anesthetics is associated
with the creation of several compounds containing
4-phenylpiperidine, found in morphine, in their
structure (Kudzma et al., 1989). Verification of the an-
algesic activity of the compounds studied in this arti-
cle may be a target for future studies. Considering that
analgesic effects are also present in other piperidines
with proven efficacy, such as promedol and fentanyl
(Vasilyuk et al., 2021).

A comprehensive analysis of the results present-
ed in this article allows us to conclude that the new
piperidine derivative LAS-251 should be considered
as a potential drug substance for the development
of new highly effective drugs based on it. Preclinical
studies of efficacy in other types of anesthesia, other
pharmacological effects may become the subject of

future studies.
CONCLUSION

In conclusion, it should be noted that the new
4-(Naphthalen-1-yloxy)but-2-yn-1-yl)-containing
piperidine derivatives synthesized quite simply under
the conditions of the Mannich reaction by the interac-
tion of 1-(prop-2-ynyloxy) naphthalene with 4-phen-
ylpiperidine and aromatic aldehydes in the presence
of Cul are low-toxic substances, which are confirmed
by the results of an acute toxicity tests. LAS-251 com-
pound showed the greatest activity in the initial study
of local anaesthetic activity during infiltration anaes-
thesia in the Bulbring and Wajda experimental model,
surpassing the reference drugs in terms of anesthesia

index, duration of full anesthesia and total duration



FABAD ]. Pharm. Sci., 49, 3, 465-480, 2024

of action. The stage of in-depth study showed that,
despite a longer latency period, LAS-251 has a local
anesthetic effect longer than procaine and is slightly
inferior to lidocaine. The results of the research sug-
gest that the novel piperidine derivative LAS-251 is
promising for further study in other types of anesthe-
sia as a potential medicinal substance for therapeutic

applications in the future.
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Antityrosinase Potential of Unripe Fruit of Prunus x
domestica L.

SUMMARY

Prunus x domestica L. is a valuable plant thar belongs ro the
Rosaceae family and is distributed worldwide. The aim of this study
is to investigate the biological effect of the unripe green fruits of
P domestica, which have only been studied to a limited extent so
far. The antioxidant capacity of the fruit extracts and subfractions
was investigated by DPPH, TEAC and CUPRAC assays. The
antiproliferative effect was investigated against the cell lines 1929,
CaCo-2 and PC-3. While the highest antiproliferative effect
against cancer cell lines was found in the unripe fruit ethyl acetate
subfraction, extracts and fractions showed no cytotoxic effect on the
healthy cell line L929. The fruit ethyl acetate fraction showed a
strong inhibition of the enzyme tyrosinase with an IC50: 51.83 pg/
mL compared to standard compound kojic acid (1C50: 21 pg/mL). It
was found that the methanol extract from unripe fruits as well as the
ethyl acetate and aqueous subfractions exhibited strong antioxidant
activity, showed concentration-dependent cytoroxic activity on PC-3
and CaCo-2 cells, but had no cytotoxic effect on healthy L929 cells.

The high antioxidant capacity of the fruits, their selective cytotoxic
effect on prostate and colon cancer cells and their strong tyrosinase
inhibitory activity suggest that they could be a new, safe and cost-
effective source for the pharmaceutical and cosmeceutical industries.

Key Words: Prunus domestica L., unripe fruit, antioxidant,
antiproliferative, tyrosinase inhibition.

Prunus x domestica L. Olgunlasmamss Meyvelerinin
Antioksidan, Antiproliferatif ve Antitirozinaz Potansiyellerinin
Degerlendirilmesi

0z

Prunus x domestica L., Rosacea familyasina ait olan ve diinya
capinda yaygin bulunan degerli bir bitkidir. Bu ¢aligmanin amaci;
bugiine kadar sinirly sayida ¢aligilan P domestica olgunlagmamag yesil
meyvelerinin biyolojik etkisinin incelenmesidir. Meyve ekstraktlarinin
antioksidan kapasiteleri DPPH, TEAC, CUPRAC yontemleriyle
incelendi. Antiproliferatif aktivite 1929, CaCo-2 ve PC-3 hiicre
hatlarina kars: arastirilds. Kanser hiicre hatlarna karsi en yiiksek
antiproliferatif etki meyve etilasetat alt fraksiyonunda bulunurken,
tiim ekstreler L929 saglikly hiicre hattinda sitotoksik etki gisterdi.
Meyve etilasetat fraksiyonu standart olarak kullanilan kojik asitle
(IC50: 21 pg/mL) kwyaslandiginda IC50: 51.83 ug/mL degeri
ile giichii tiroginaz enzim inhibisyonu gosterdi. Olgunlasmamas
meyve metanol ckstresi ile etilasetat ve sulu alt fraksiyonlarin giilii
antioksidan aktiviteye sahip oldugu, PC-3 ve CaCo-2 hiicreleri
iigerinde konsantrasyona bagly olarak sitotoksik aktivite gosterdigi,
ancak saglikly 1929 hiicreleri iizerinde sitotoksisite etkisi olmadigs
goriildii. Meyvelerin yitksek antioksidan kapasitesi, prostat ve kolon
kanser hiicreleri iizerindeki segici sitotoksik etkisi ve giichi tirozinaz
enzim inhibitir etkisi ile ilag ve kozmesitik endiistrisi igin yeni, toksik
olmayan ve ucuz bir kaynak olabilecegini diigiindiirmektedir.

Anabtar Kelimeler: Prunus domestica L., olgunlasmamas meyve,
antioksidan, antiproliferatif, tirozinaz inhibisyonu.
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INTRODUCTION

Nature has always been the leading supplier of
compounds, which are the leading raw materials
for medicines, important for disease prevention and
cure, and the inspiration for medical developments.
In addition to drug discovery, organic synthesis,
and biotechnological research, research into the
development of natural compounds is one of the
most important contributions to drug discovery and
is becoming increasingly important. For example,
chemotherapeutics derived from natural sources are
becoming increasingly crucial as better therapeutic
options for the cancer treatment. In addition, plants
with high antioxidant activity also show promising
results in the prevention and treatment of various
diseases. Fruit, which are mainly consumed as food,
are considered a potential source of cosmetic products
thanks to their rich content of phenolic substances
and their safe use (Kabir et al., 2021; Lu et al., 2021;
Madhuri & Pandey, 2009; Maheshwari & Sharma,
2023; Sharafan et al., 2023).

Interest in research on P. domestica fruits (plums)
has increased significantly since the 1990s due to
the high content of phenolic substances in plums,
including anthocyanin and flavonoids. Studies have
shown that plums fruits have many health benefits,
including improving bone health, boosting memory,
antioxidants, anti-inflammatory and anti-cancer
effects, and relieving constipation. These positive
effects on health can be attributed to the antioxidant
effect of plums, which is linked to their high phenol
content (Ayub et al., 2023; Igwe & Charlton, 2016).

Many epidemiological studies show that a diet rich
in vegetables and fruit can improve health and reduce
the risk of major diseases. Fruit and vegetables are
rich in vitamins, minerals and antioxidants, they are
a source of fiber and have a low energy density, which
makes them valuable for health (Angelino et al., 2019;
Ayub et al,, 2023). In this respect, the rich content
of minerals and phytochemicals of P domestica

fruits appears to be a promising species identifying
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bioactive natural products. Fruit are an essential
source of magnesium, calcium, and fiber in the daily
diet. They contain various valuable phytochemicals
such as abscisic acid, lignans anthocyanins and
flavonoids, pectins and carotenoids, glycosides,
and carbohydrates. Anthocyanins, flavonoids, and
hydroxycinnamic acid, which are abundant in plums,
are considered secondary metabolites responsible
for the antioxidant effect (Ayub et al., 2023; Shukla,
Shukla, & Singh, 2021; Usenik, 2021).

The studies carried out so far have shown that
there are mainly studies on phytochemical and
biological effects on ripe fruits, but very few studies
have been found on unripe fruits. In this study, the
antiproliferative effects of the methanol extract, ethyl
acetate and aqueous fractions obtained from the
unripe fruits of P. domestica were analyzed against
1929, PC-3, CaCo-2 and the total antioxidant activity
by DPPH, CUPRAC and TEAC methods. By studying
the tyrosinase enzyme inhibition of the extracts, their
effect on the healthy fibroblast cell line L929, and their
antioxidant activity, their safe and effective potential

cosmetic effects were investigated.
MATERIAL AND METHODS
Plant Material

The unripe green fruits of Prunus x domestica L.
were collected in April 2022 at the Sihhiye Campus
of Hacettepe University. A voucher specimen
was deposited in the Herbarium of the Faculty of
Pharmacy, Hacettepe University, Ankara, Turkey
[HUEF 22059]. The voucher specimen was identified
by Prof Dr. A. Ahmet Basaran (Department of
Pharmacognosy, Faculty of Pharmacy, Baskent
University, Ankara, Turkey).

Preparation of extract and fractions from

Prunus x domestica L.

Unripe fruits of P. domestica (20 g) were extracted
three times with methanol (200 mL) at a temperature
of not more than 40 °C. The three parts obtained

were added to each other and evaporated with the
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evaporator, yielding the main extract of methanol
(0.95 g). The extract was then suspended in water
and a liquid-liquid partitioning was performed
with petroleum ether (PE) to separate lipophilic
compounds, especially chlorophylls. The aqueous
fraction was then extracted with 2x100 mL ethyl
acetate (EtOAc), the solvents were evaporated, and
the ethyl acetate (0.11 g) and aqueous subfractions
(0.54 g) were recovered separately. These were stored

at 4 °C to be used for biological effect studies.
Mushroom tyrosinase enzyme inhibition assay

Inhibition of tyrosinase enzyme assay was
performed with some modifications to the method
developed by Kim et al.(Giiven et al., 2022; Giiven,
Saracoglu, Nagatsu, Yilmaz, & Basaran, 2023; Kim
et al,, 2017). In this method, in which L-tyrosine was
used as a substrate, the absorbance of the dopachrome
formed during the reaction between the substrate and
the enzyme was measured spectrophotometrically at
a wavelength of 475 nm and compared with the blank
value. Kojic acid was applied as a standard compound

(positive control).
DPPH radical scavenging effect
The DPPH

determined by spectroscopic evaluation of the color

radical scavenging effect was
change from purple to yellow in the reaction mixture
of methanolic 2,2-diphenyl-1-picrylhydrazyl (DPPH)
solution (Harput, Genc, & Saracoglu, 2012). All
analyses were performed in triplicate. Gallic acid was
used as a standard compound to compare the results,
and the values obtained were expressed as gallic acid

equivalents.
ABTS scavenging activity

The ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-
acid)]

extracts

6-sulfonic radical
of the

spectrophotometrically by the decolorization assay,

scavenging  activity

and fractions was evaluated
with absorbance measured at 734 nm. Trolox was used
as the standard compound, and the total antioxidant
activity was calculated as equivalent to Trolox and

expressed as mg Trolox/g extract (Re et al., 1999).

Copper
(CUPRAC)

Reducing Antioxidant Capacity

The antioxidant capacity that reduces copper ions
was determined by the method developed by Ozyiirek
et al., and the experimental results were calculated by
measuring the absorbance values at 450 nm (Ozyurek,
Bektasoglu, Guclu, & Apak, 2009). Standard curve
was prepared with different Trolox concentrations.
The unit of total antioxidant activity was expressed as

mg Trolox/g extract.
Antiproliferative activity

The effect of different extracts of P. domestica fruit,
such as methanol, ethyl acetate, and water on cell
viability was examined using Cell Viability Detection
Kit-8 (CVDKS, Ecotech Biotechnology, Erzurum,
Tiirkiye) following the manufacturer’s protocol
(Barlak et al., 2021). Cell viability was measured
every 24 hours for two days. The 1929 (CRL-2148,
ATCC), PC-3 (CRL-1435, ATCC) and CaCo-2
(HTB-37, ATCC) cells obtained from the American
Type Culture Collection (ATCC). P. domestica fruit
extracts were prepared at different concentrations
(800-400-200-100-50 pg/mL) with serum medium.
PC-3, CaCo-2, and L929 cells were treated with these
extracts for 24 and 48 hours. PC-3, CaCo-2 cells were
seeded in 96-well plate wells with 4.5 x10° cells per
well, while 1929 cells were seeded in 96-well plate wells
with 4.2x10° cells per well. They were incubated for 24
and 48 hours. At the end of the incubation period, the
medium in the wells was removed and the medium
was added to each well as a 10% CVDK-8 solution.
The cells were incubated again in the incubator for
3 hours. The viability of the cells was determined
by measuring the optical density at 450 nm using
a Benchmark Plus microplate spectrophotometer
(Biorad, Segrate-Milano, Italy). The change in cell
viability was calculated by comparing the absorbance
values of the control groups. Experiments were
performed with at least three replicates.

Statistical analysis

The data were analyzed using the Statistical
Package for Social Science (SPSS) program. The

Kolmogorov-Smirnov test was used to determine
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whether the data were normally distributed. Since
the data showed normal distribution, the results were
expressed as mean * standard deviation. One-way
analysis of variance (ANOVA) followed by Tukey’s
post hoc test was applied to the results, and the
differences were considered significant at p < 0.001.
Two-way analyses of variance (ANOVA) were used
to evaluate both factors. The results were assessed at
95% confidence interval and p<0.001 was considered

statistically significant.
RESULTS AND DISCUSSION

Evaluation of the antiproliferative potential of

the extract and fractions

The main methanol extract of P. domestica fruits,
and the remaining EtOAc and H,O subfractions were
prepared separately. To evaluate the cytotoxicity of the
obtained extracts and fractions their effects on cell
proliferation of two cancer cell lines PC-3 (human

prostate carcinoma), CaCo-2 (human colorectal

110
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% Cell viability
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0 50 100

L1929 (murine
fibroblast) cells were determined using the CVDK
method.

adenocarcinoma) and normal

The results showed a dose-dependent cytotoxicity
of the EtOAc fraction against the cell lines PC-3 and
CaCo-2 in concentration ranges of 50-800 upg/mL
(Figures 1 and 2). The ethyl acetate fraction inhibited
PC-3 cells by 41.36 % at the highest concentration
(Figure 1.). The cytotoxic effect was found to be
limited against all cell lines in the aqueous fractions.
The main fruit extract and fractions showed negligible
antiproliferative activity in the 1929 cell line (Figure
3). Cell viability was 93.84%,
concentration of the ethyl acetate fraction (800 pg/
mL) Miljic et al. tested the cytotoxic effects of fruit

even at the highest

wines obtained from three plum varieties common in
Serbia on Hep2c, RD and L2OB cancer cell lines. A
significant decrease in cell viability was observed with
an IC_ <50 ug/mL value against all three cell lines
(Milji¢ et al., 2016).

200 400 800

Concentration pg/mL

==@u= [\Viethanol extract of fruit

=@ EtOAC fraction of fruit

e=@==\Nater fraction of fruit

Figure 1. Antiproliferative activities of the P. domestica unripe fruit extract and fractions against PC-3 cell line
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Figure 2. Antiproliferative activities of the P. domestica unripe fruit extract and fractions against CaCo-2 cell line
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Figure 3. Antiproliferative activities of P. domestica unripe fruit extract and fractions against L929 cell line
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Antioxidant capacity of the extract and the

fractions

Antioxidant activity was determined using
CUPRAC, TEAC and DPPH assays. While the EtOac
fraction proved to most effective in all methods, the

aqueous fractions showed weak antioxidant activity

(Table 1). Gallic acid was used as the standard
compound to determine DPPH radical scavenging
activity and the results were expressed as equivalent to
gallic acid. For the TEAC and CUPRAC methods, the

results are expressed as Trolox equivalent.

Table 1. Antioxidant capacity of unripe fruit of P. domestica extract and fractions

DPPH* TEAC® CUPRAC®
Methanol extract of fruit }_'-01196; 1i7296186 2;22556
EtOACc fraction of fruit 11_2200674 152054: 2;11_;43
Water fraction of fruit i‘i?)g ﬁ‘é‘é 11?1721;

Data are presented as mean + SD, n=3 experiments, (p < 0.001)
a: mg gallic acid/g extract
b: mg trolox/g extract

In this study, the ethyl acetate fractions of the
unripe fruits of P domestica were the most effective
fraction according to the antioxidant capacity studies
tested. The fruit water fraction showed the least
activity. When comparing the antioxidant capacity of
the extracts and fractions, the ethyl acetate fraction
showed the highest effect for all methods, which
was 251.43 and 180.45 mg Trolox/g extract for the
CUPRAC and TEAC methods, respectively.

The antioxidant capacity and tyrosinase enzyme
inhibition results were found to be parallel. The
ethyl acetate fraction of the fruits showed the highest
tyrosinase of the enzyme tyrosinase with IC, : 51.83
pg/mL, and the antioxidant effect was also the highest
for all tested methods.

In a study, the antioxidant effects of methanol
extracts of flowers of P. domestica were analyzed by
ABTS (65 pmol TE g'), DPPH (47.50 umol TE g™)
and CUPRAC (1.04 mmol TE g™') (Dundar, Sahin,
Parlak, & Saricaoglu, 2023). The DPPH radical
scavenging activity of plum wines produced from two
varieties of P. domestica, Crvena ranka and PoZegaca,
was investigated, and the results were determined to be
0.94 and 1.33 mg Trolox L, respectively (Ljekocevic

etal., 2019).
486

There are numerous studies in the literature
comparing the antioxidant capacity of ripe and unripe
fruit (Benmohamed et al., 2023; Hwang, Kim, & Shin,
2020; Yang et al., 2024). In a study comparing the
antioxidant effect of ripe and unripe fruits of P. persica,
it was found that the antioxidant capacity of the
unripe fruits was higher (Giovanoudis et al., 2023). In
another study the change in antioxidant capacity and
chemical content of Prunus persica fruits during the
ripening period was investigated. Both ascorbic acid
and polyphenol contents and antioxidant activities
decreased significantly during the ripening period
(Liu, Cao, & Jiang, 2015).

Mushroom tyrosinase enzyme inhibition

The antityrosinase potential of the main methanol
extract of the fruit, ethyl acetate, and aqueous fractions
was investigated using L-tyrosine as a substrate.
The IC,, values of the extract, the fractions, and the
kojic acid (positive control) are shown in Table 2.
It was found that all extracts and fractions showed
very potent inhibition compared to the standard
compound. The ethyl acetate subfraction showed
higher antityrosinase effects than the others with IC :
51.83 ug/mL value.
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Table 2. Mushroom tyrosinase enyme inhibition of unripe fruit of P. domestica extract and fractions (IC, ug/mL)

Methanol extract EtOACc fraction

Water fraction Kojic acid

102.034 £1.28 51.83+0.82

121.06+1.08 21+0.28

Data are presented as mean * SD, n=3 experiments, (p < 0.001).

A study by Wahyuningsih et al. evaluated the effect
of 2% plum extract application on preventing the
expression of tyrosinase enzyme and the increase in
the amount of melanin in the skin of male guinea pigs
exposed to UV-B light. According to the results, it was
found that the expression of the enzyme tyrosinase in
the skin of guinea pigs decreased and the increase in
the amount of melanin was prevented (Wahyuningsih,
Pangkahila, & Winarti, 2023).

In another study, the effect of plum leaf extracts
on the enzyme tyrosinase was investigated. The
extracts showed weak tyrosinase inhibition (from 0.0
to 11.6%) compared to licorice extract (91.6%) and
kojic acid (78.9%), which were used as standards. The
highest activity was found in EtOAc extracts (Stierlin,
Azoulay, Massi, Fernandez, & Michel, 2018).

Mocan et al. showed that the tyrosinase enzyme
inhibition of leaf samples from different cultivars of
P. domestica between 23.07 mg KAE/g extract for
cultivar Jalomita and up to 8.90 mg KAE/g extract for
the cultivar Minerva (Mocan et al., 2018).

CONCLUSION

P. domestica is a globally widespread species that
has always been consumed as food and is characterised
by its fruits with a high nutrient content. In this study
the antiproliferative, antioxidant, and antityrosinase
effects of extracts and fractions of different polarities
of the unripe fruits of P domestica were investigated.
The extracts, which showed no significant cytotoxic
effect on healthy 1929 fibroblast cells even at high
concentrations, exhibited a cytotoxic effect on PC-3
(human prostate carcinoma) and CaCo-2 (human

colorectal adenocarcinoma) cancer cells, depending

on the concentration. Unripe fruits of P. domestica
are a natural source that has no toxic effect on normal
cells, has a selective cytotoxic effect on cancer cells,
has a strong antioxidant effect in DPPH, TEAC, and
CUPRAC methods, and has a strong antityrosinase
effect compared with kojic acid. Therefore, it can be
a safe and effective source for developing new natural
products for the cosmetics and pharmaceutical
industries. So far, studies have mainly focused on
ripe fruits, but there are few studies on unripe fruits.
Therefore, unripe fruits can be considered as a source

of bioactive natural compounds and have economic

value.
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?mTe-Labeled Microsized Liposomes
SUMMARY

Respiratory diseases can cause the death of the patient if not
diagnosed at the early stages. Imaging techniques in nuclear
medicine are frequently preferred for diagnosing of these diseases.
Radiopharmaceuticals can be used to evaluate the perfusion or
ventilation capacity of the lung. Liposomes, formed by lipid layers
and an aqueous core, are micro- or nanometer-sized vesicular
systems. They can be passively accumulated in lung capillaries
due to their surface and physicochemical properties. In light
of this information, in our study, liposome formulations with
micrometer particle sizes containing DTPA-PE chelating agent
for radiolabeling with *"Tc were designed for the imaging of
lung diseases. After the preparation of liposomes, the optimum
formulation exhibits proper particle size (-5 pm) and zeta
potential (--6 mV) values, and the vesicular integrity was imaged
with SEM in characterization studies. Liposomes were dried by
byophilization to obtain cold-kit formulations for radiolabeling.
The effect of the lyophilization process on the characterization
properties of the vesicles was evaluated. All liposome formulations
were  radiolabeled with high efficiency in the optimal
radiolabeling conditions comprising 1 mCi of radioactivity, 250
pug.ml? of stannous chloride, and 15 min incubation period. In
addition, the radiolabeled liposomes were found to be stable, with
radiolabeling efficiencies of over 90% for 6 hours. As a result, the
developed Tc-99m labeled formulation has the potential to be
used as a lung perfusion imaging agent following in vitro and in
vivo studies and clinical trials.

Key Words: Technetium-99m, liposome, lung perfusion imaging,
capillary blockade

9nTe [saretli Mikro Boyutlu Lipozomlar
0z

Solunum yolu hastaliklar: erken teshis edilmedigi takdirde hastanin
dliimiine neden olabilir. Niikleer t1p goriintiileme teknikleri bu has-
taliklarin tanisinda siklikla tercih edilmektedir. Radyofarmasitikler
akcigerin perfiizyon veya ventilasyon kapasitesinin degerlendirilme-
sinde kullanilabilmektedir. Lipid katmanlar ve sulu bir cekirdekten
olugan lipozomlar, mikro veya nanometre boyutuna sahip vezikiiler
sistemlerdir. Yiizey ve fizikokimyasal izellikleri nedeniyle akciger kil-
cal damarlarinda pasif olarak birikebilirler. Bu bilgiler 151ginda ¢alis-
mamizda, akciger hastaliklarinin gorintillenmesinde *" Tt ile rad-
yoisaretleme icin DTPA-PE selatir ajan: igeren, mikrometre partikiil
biiyiikliigiinde lipozom formiilasyonlar: tasarlanmstr. Lipozomlarin
hazirlanmasindan sonra, karakterizasyon calismalarinda, optimum
Jformiilasyon wygun partikiil boyutu (-5 pm) ve zeta potansiyeli (--6
mV) degerlerini sergilerken, vezikiiler biitiinliik SEM ile goriintiilen-
migtir. Radyoaktif isaretlemeye uygun soguk kit formiilasyonlar: elde
etmek icin lipozomlar liyofilizasyon yoluyla kurutulmus ve liyofili-
zasyon isleminin vezgikiillerin karakterizasyon dzellikleri iizerindeki
etkisi degerlendirilmistir. Tiim lipozom formiilasyonlars, 1 mCi rad-
yoaktivite, 250 pg.ml" kalay kloriir ve 15 dakikalik inkiibasyon siiresi
igeren optimal radyoaktif isaretleme kosullarinda yiiksek verimle isa-
retlenmigtir. Ayrica radyoisaretli lipozomlarn 6 saat boyunca %90
iizerinde radyoisaretleme verim degerlerine sahip olmasi nedeniyle
stabil oldugu bulunmugstur. Sonug olarak gelistirilen Tc-99m isaretli
Jformiilasyon, in vitro ve in vivo ¢alsmalar ve klinik deneylerin ar-
dindan, akciger perfiizyon icin potansiyel bir goriintiileme ajani olma
potansiyeline sahiptir.

Anabtar Kelimeler: Teknesyum-99m, lipozom, akciger perfiizyon
goriintiileme, kapiller blokaj
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INTRODUCTION

Respiration begins from the nostril, passes
through the pharynx and larynx, and continues to
the main bronchi leading to the two lungs and from
the bronchi to the bronchioles, at the ends of which
are the alveoli. Airflow through the bronchial system
is called ventilation. The blood flow in the pulmo-
nary arterial system is called pulmonary perfusion.
Respiratory diseases, the leading causes of death in
the world, comprise serious diseases such as chron-
ic obstructive pulmonary disease (COPD), pneumo-
nia, lung cancer, bronchitis, tuberculosis, or asthma
(Labaki & Han, 2020). These diseases, affecting lung
ventilation or perfusion, can cause the death of the

patient if not diagnosed at the early stages.

In routine clinics, to diagnose these diseases, lung
and respiratory system diseases can be noninvasively
imaged through radiological (chest radiography, com-
puted tomography (CT), magnetic resonance imaging
(MRI)), or nuclear medicine [Positron Emission To-
mography (PET), single-photon emission computed
tomography (SPECT)] imaging techniques (Hollings
& Shaw, 2002). Chest radiography is used to diagnose
or monitor the prognosis of the diseases affecting the

thorax.

Thorax CT is a superior imaging modality to plain
chest radiography due to its much higher contrast
resolution and ability to prevent tissue superposition.
Thorax CT examinations are performed with multi-
slice spiral CT (MDCT) systems today. Although MRI
is not a primary method of choice in the evaluation
of chest diseases, it is preferred for the assessment of
lesions in chest wall and mediastinal tumors thanks to
its main advantages such as high soft tissue contrast,
ability to perform multiplanar examination and im-
age tumors and vessels without contrast agent. Com-
pared to other methods, nuclear medicine techniques
are often preferred because they can obtain three-di-
mensional images containing metabolic information
with high precision.

492

Radiopharmaceuticals, containing pharmaceu-
tical and radionuclide parts, are used for diagnostic
or therapeutic purposes in nuclear medicine. The
pharmaceutical part is responsible for delivering the
radionuclide to the target tissue and is not responsi-
ble for any pharmacological activity. Radiopharma-
ceuticals accumulate in the desired organs or tissues
depending on the physical, chemical, and biological
properties of the pharmaceutical part. Radionuclide
part is responsible for imaging or treatment thanks to
the rays emitted by the radionuclide. Alpha- and be-
ta-emitting radionuclides are used for therapeutic ap-
plications. Radiopharmaceuticals are used in SPECT
or PET imaging depending on gamma or positron
emission. Radiopharmaceuticals can be used to de-
termine the perfusion or ventilation capacity of the
lung. Lung perfusion imaging, used in the diagnosis
of pulmonary embolism, pulmonary artery stenosis,
hepatopulmonary syndrome, is based on the capture
of particles larger than 10 um in the capillary bed of
the lung. Particles larger than 10 pm size accumulate
in capillaries during the first pass through the pulmo-
nary artery following the intravenous administration.
Radionuclide ventilation studies of the lungs can be
performed to determine any airway obstruction using
aerosols (Elgazzar, 2011). In clinics, lung capacity is
determined by performing perfusion and ventilation
imaging using radiopharmaceuticals such as *™Tc-la-
beled macroaggregate albumin particles (*™Tc-
MAA), *™Tc-labeled DTPA aerosols, ¥Ga-citrate, and
'8F-labeled 18-Fluoro-2-deoxy-D-glucose (**F-FDG).
#mTc-MAA and “™Tc-DTPA aerosols are used for
lung perfusion and ventilation imaging, respectively,
while “’Ga-citrate and "*F-FDG are used for imaging
tumor or infection in the lung (Jacobson et al., 2015;
Saha, 2018). *"Tc-MAA is one of the most frequent-
ly utilized radiopharmaceuticals in nuclear medicine
clinics. Its applications include the evaluation of lung
perfusion and the determination of patient character-
istics before the administration of selective internal
radiation therapy (Sancho et al., 2017). Nevertheless,

in certain instances, in addition to minor adverse
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effects such as hypersensitivity, dyspnea, dizziness,
and rash, various types of serious adverse events, in-
cluding angioedema, cardiac arrest, bradycardia, and
respiratory arrest, have been documented in patients
undergoing 99mTc-MAA imaging (Schreuder et
al., 2019). Therefore, the development of alternative

agents to *"Tc-MAA is a necessity.

Liposomes are spherical vesicles formed by one or
more biological membrane-like lipid layers with an
aqueous phase in between. The phospholipid mole-
cules that form liposomes are amphiphilic and con-
sisting of a hydrophilic head and hydrophobic hydro-
carbon chains. Liposomes are biocompatible, non-py-
rogenic, non-antigenic and biodegradable systems
due to their similarity to the cell membrane. They
are used in the diagnosis and/or treatment of many
diseases and offer advantages such as slow and con-
trolled drug release, entrapment of drugs with differ-
ent physicochemical properties, surface modification
and conjugation of different ligands or radioisotopes.
Liposomes can be classified as multilamellar vesicles
(MLV), small unilamellar vesicles (SUV), large unil-
amellar vesicles, and multivesicular liposomes (MVL)
depending on the number of layers and particle sizes
(Sturm & Poklar Ulrih, 2021). MVL, containing MLV
and/or SUV liposomes in its structure, have particle
sizes between 500 nm and 100 um. They have a high
encapsulation capacity due to their high water con-

tent (95%) and large particle size.

Some studies have been carried out in the liter-
ature using MVL-type liposome formulations for a
variety of diseases. Jain et al. prepared acyclovir-load-
ed MVL-type liposomes with a particle size of 7-16
um for the treatment of diseases caused by the herpes
simplex virus. They reported that the drug encapsu-
lation efficiency of MVL was 3 to 6 times higher and
the drug release lasted longer compared to MLV-type
liposomes (Jain et al., 2005). Another MVL type li-
posome formulations with particle sizes ranging from
1-10 pm were prepared and radiolabeled with ""Lu (a
beta-emitting radionuclide) by Cvjetinovic et al. for

the radiosynovectomy, which is a treatment method

applied by intra-articular injection of therapeutic ra-
diopharmaceuticals. According to the scintigraphy
images obtained from the knee joints of rats, lipo-
somes were localized in the joint until the 30" day.
Additionally, it was reported in the biodistribution
study that no free Lu-177 or Lu-177 labeled liposome
formulation was detected outside the joint tissue (Cv-

jetinovic et al., 2021).

Targeting drug delivery systems is essential to
overcome the shortcomings of conventional imag-
ing techniques and treatment methods, especially in
complex diseases such as cancer. Targeting increases
the concentration of the drug in the diseased area and
reduces the concentration of the drug in other parts
of the body. This reduces the risk of side effects on
healthy tissue and allows better pharmacological ef-
fects to be achieved with the same or lower drug con-
centration. Additionally, drug can be delivered more
effectively to intracellular areas and hard-to-reach or-
gans such as the brain. Passive targeting is achieved by
altering the particle size and/or surface properties of
liposomes. In contrast, specific ligands or polymers or
lipids that are sensitive to physical changes in the dis-
ease are used for active targeted liposomes (Karpuz et.
al, 2018). Particle size affects the biodistribution, the
half-life, the drug encapsulation efficiency, the drug
release behavior, the toxic profile, the stability prop-
erties, and the tissue to reach the formulation. After
intravenous injection, drug carrier systems with par-
ticle sizes between 5-15 um are captured by the lung’s
capillary network and distributed widely in the lung
tissue. Therefore, it is possible to passively target drug
carrier systems to the lungs by using particles of this
size (SreeHarsha et al., 2019).

In the light of the above information, in our study,
MVL-type liposome vesicles, as an alternative to the
#mTc-MAA, are designed and formulated to radio-
label with *™Tc, for the imaging of lung diseases by
gamma camera or SPECT. It is designed to passively
accumulate vesicles in the lungs thanks to their 5-15
pum particle size. After preparation, the liposomes

were lyophilized and the effect of lyophilization on
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characterization profiles of the vesicles was evaluated.
Last but not least, the optimum radiolabeling condi-
tions were determined. Our study has a novelty due
to preparation and radiolabeling of liposome vesicles
with micrometer particle size for imaging of lung dis-

eases.
MATERIALS AND METHODS
Materials

Lecithin from soybean 90 (PC) was obtained from
PanReac Applichem. Cholesterol (Chol), stannous
chloride  (SnCl)), diethylenetriaminepentaacetic
acid anhydride (DTPA), and Tris(hydroxymethyl)
aminomethane,
phosphoethanolamine (PE) to synthesize DTPA-PE
were purchased from Sigma-Aldrich.

Methods

and  1,2-Dioleoyl-sn-glycero-3-

Preparation of Liposomes

After obtaining DTPA-PE, a chelating conjugate
for radiolabeling with *™Tc, based on our previous
studies (Karpuz et al., 2024; Karpuz et al., 2020),
liposome formulations were prepared by two different
techniques (thin-film hydration and reverse-phase
evaporation). In the Bangham technique (Bangham,
Standish, & Watkins, 1965), alipid mixture containing
PC, Chol, and DTPA-PE was dissolved in chloroform.

Table 1. Liposomes and their lipid contents.

After the evaporation of organic solvent at 45°C
using vacuum and heating bath (BUCHI R100,
Switzerland), dried film was hydrated using Tris
buffer (20 mM, pH:7.4). In reverse-phase evaporation
technique (Cvjetinovi¢ et al., 2021), after the solving
of lipid phase in chloroform-methanol (4:1, v/v), Tris
buffer (20 mM, pH:7.4) was added dropwise on the
lipid-organic solvent mixture. The organic solvent was
evaporated at 80°C using a vacuum and heating bath
(BUCHI R100, Switzerland), and after evaporation
of the organic solvent, the liposome dispersion was
kept in a fume hood for 1 h at room temperature to
remove residual organic solvents. The rate for lipids
in the preparation of liposomes is given in Table 1.
After the preparation, optimum liposome dispersions
were lyophilized to obtain cold-kit formulations.
To that end, the vials were sealed with parafilm to
prevent contamination and loss of substance, and a
needle was used to puncture the parafilm to allow for
lyophilization. The formulations were subjected to a
freezing process at -80 °C for 24 hours. Subsequently,
the formulations were subjected to freeze-drying
using a Christ Alpha 1-2 LD Freeze Dryer apparatus,
with a pressure of 1 Pa maintained at -45 °C for 48
hours (Glavas-Dodov et al., 2005).

Formulations Lip (iil(\:/l(;nc' PC (% M) | Chol (% M) g:gpﬁlf F)‘ Preparation Technique Lyophilization
Lipo-1 40 80 20 5 Bangham Not implemented
Lipo-2 40 70 30 5 Bangham Not implemented
Lipo-3 40 80 20 5 Reverse phase evaporation | Not implemented
Lipo-3L 40 80 20 5 Reverse phase evaporation Implemented
Lipo-4 40 70 30 5 Reverse phase evaporation | Not implemented
Lipo-4L 40 70 30 5 Reverse phase evaporation Implemented

Imaging and Characterization of Liposomes

The mean particle size and zeta potential of
liposomes were measured by Malvern Mastersizer
and Malvern Zetasizer, respectively. According to
the particle size analysis, optimal formulations were
selected and, the morphology of optimal liposome

vesicles was imaged by scanning electron microscopy
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(ZEISS Sigma 300 VP SEM, Germany) under high
vacuum (Quorum Q150R ES, UK) after drying the
formulations in a glass lamella at 37°C.
Radiolabeling of Liposomes with *™Tc
All formulations were radiolabeled with *™Tc
using the chelating agent DTPA-PE, which provides

a stabile complex between the bilayer of the liposome
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and the radionuclide (Karpuz et al., 2020). The tin-
reduction technique was used in the radiolabeling,
and the optimum concentration of SnCl, solution
in 0.01 N HCI (10, 250, 500 pg.ml"') and incubation
time (5 and 15 min) were evaluated to obtain the
highest radiolabeling yield. For this purpose, 1
ml of formulations were radiolabeled with *™Tc
solution after the reducing of Na*"TcO, with 1 mCi
radioactivity using SnCl, solution, then this mixture
was vortexed, and incubated for different periods
at the room temperature. The radiation dose was
determined according to the previous studies in the
literature (Gharepapagh et al., 2021; Karpuz et al.,
2024; Ozgenc et al, 2022). Radiolabeled liposomes
were dialyzed by using a regenerated cellulose
membrane with a 3500-Da cut-off size for 5h at 4°C
against Tris buffer (20 mM, pH 7.4) to remove free
%mTc and hydrolyzed *™Tc, which are radiochemical
impurities for *™Tc radiopharmaceuticals (Silindir-
Gunay et al,, 2019). A control sample containing
Na”"TcO, solution was used to eliminate the decrease

of radioactivity as a function time and dilution.

Evaluation of Radiolabeling Efficiency and
Stability

For quality control of radiolabeling, the percentage
of radiolabeling efficiency (RE %) was determined by
radio-thin-layer chromatography (RTLC) through
separation of radiochemical impurities. To this end,
radiolabeled liposomes were applied to a silica gel
plate, as a stationary phase. At the end of development,
radioactivity values in the cut plates were measured
by RTLC (Bioscan AR 2000) for 6 h. Hydrolyzed
Tc-99m (R, = 1.0) and free Tc-99m (R = 1.0) were
identified as radioactive contaminants using pyridine:
acetic-acid: water (3: 5: 1.5 v/v/v) and saline mobile
phases, respectively (De Silva et al., 2019; Métayé &
Desmarquet, 2001; Métayé et al., 2001). RE % was
calculated using the following equation (Eq. 1):

RE %=100 - [Free Tc-99m (%)+Hydrolized Tc-99m (%)] (Eq. 1)
In the study of radiolabeling stability, after the

radiolabeling of liposomes using optimum conditions,

100 pL of radiolabeled liposomes were incubated in
900 uL of saline at 37°C. The stability was checked
using RTLC by calculating of RE % up to 6 h.

Statistical analysis

All measurements were performed at least in
triplicates, and the data was shown using mean
+ standard deviation (SD). Two-way analysis of
variance with Tukey’s or Sidak’s multiple comparisons
tests were used to determine whether there was a
statistical difference between the groups. Differences

were considered as significant when p < 0.05 (*).
RESULTS AND DISCUSSION

Preparation, Characterization, and SEM

Imaging of Liposomes

A literature review revealed the occurrence of
anaphylactic and allergic reactions to *™Tc-MAA
(Schreuder et al., 2019a; Schreuder et al., 2019b). Due
to their cell-membrane-like structures, liposomes
are biocompatible and non-allergic drug delivery
systems. Accordingly, the objective of this study was
to develop micro-sized liposome formulations as the
pharmaceutical component of a radiopharmaceutical
with the intention of emulating the *"Tc-MAA.

In the liposome formulations, lecithin and
cholesterol were used to obtain bilayer vesicles and to
increase the stability, respectively. In addition, DTPA-
PE, a chelating agent between radioisotope and
liposome bilayer, was added to the formulation for the
radiolabeling procedure. The preparation technique is
chosen according to the intended use of the vesicles.
In this study, it is aimed that liposomes having in the
range of 5-10 micrometer particle size are obtained
as a passively targeted formulation to lung capillaries.
Therefore, liposome formulations were successfully
prepared using lipid-hydration and reverse phase

evaporation techniques.

As shown in Table 2, liposome vesicles with the
desired particle size could not be obtained using
the Bangham technique. This finding agrees with
the literature where MLV type liposomes with a
particle size of ~1 um were obtained by the Bangham
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technique (Has & Sunthar, 2020). However, the
liposomes prepared by the reverse phase evaporation
technique showed more suitable particle sizes. MVL
type formulations in the range of 1-16 pum particle
size were prepared in the literature using a technique
similar to that used in this study (Cvjetinovic et
al., 2021; Fadel & Kassab, 2011; Jain et al., 2005).
The reverse phase evaporation technique has been
employed by various studies to formulate liposomes,
with the resulting particle size of MVL-type liposome
vesicles being found to be greater than 1 um (Chen et
al., 2014; Shi & Qi, 2018). Our findings align with this
observation. In the study performed by Ko et al., after
obtaining liposomes by reverse phase evaporation
technique, the particle size of vesicles was reduced
using extrusion (Ko & Bickel, 2012). In addition, the
histograms are given in Figure 1 to show the particle
size distribution. The SEM images and the particle
size distribution graphs agree in showing a wide
distribution of particle sizes. Liposome vesicles have
a broad particle distribution range because no process
such as extrusion or sonication has been used to reduce
the particle size and achieve uniform distribution. As
seen in Figure 2, although Lipo-3 and Lipo-4 have a
lower mean particle size than desired, the histograms
show that there are liposomes with larger particle
sizes in the formulation. Therefore, Lipo-3 and Lipo-
4 were lyophilized to not only increase the stability
of the liposomes but also to provide a ready-to-use
cold kit for radiolabeling with Tc-99m (Yu et al,
2021). After the lyophilization process, no statistically
significant change was observed in the particle size of
the Lipo-4 formulation, while the particle size of Lipo-
3 decreased. Chen et al. observed a similar decrease in
particle size of liposomes after freeze- drying process
(Chen et al, 2014). However, this difference was
not found to be statistically significant. Similarly, no
significant change in particle size of 5-fluorouracil-
loaded liposomes after lyophilization has been
reported in the literature (Glavas-Dodov et al., 2005).
Furthermore, the use of a cryoprotectant is usually

recommended to avoid potential adverse effects
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such as disruption of vesicle integrity or changes in
particle size that may occur during lyophilization
(Arshinova et al., 2012). Therefore, for further studies,
a cryoprotectant agent can be added to the liposome

formulations.

The zeta potential refers to the difference in
electrical potential between the layer and the fluid
surrounding a charged particle (Clogston & Patri,
2011). Formulations with a high zeta potential
exhibit a more stable profile due to the repulsive
forces between highly electrically charged particles,
which reduces the possibility of aggregation. The
zeta potential values are given in Table 2. Statistically
essential differences were found between the zeta
potential values of the formulations depending on
the preparation technique, as shown in Table 2 (p <
0.05). Some factors such as preparation technique,
hydration medium, lipids influence the zeta potential
of liposomes (Smith et al., 2017). In this study, the
preparation technique may be the reason for this
difference in zeta potential. Furthermore, a study
evaluated the impact of particle size on zeta potential.
It was reported that using ultrasonication and an
elevated ultrasonic probe power contributed to an
augmentation in zeta potential value, which was
attributed to a reduction in particle size (Nakatuka et
al., 2015). As the particle size of the vesicles decreases,
the probability of aggregation in liposome dispersions
decreases. Therefore, it can be said thatanother possible
reason is differences in particle size. Although Lipo-1
and Lipo-2 formulations exhibited high stability due
to zeta potential values higher than 30 mV, their small
particle sizes were less suitable for accumulation in
pulmonary capillaries. No statistically significant
alterations were observed in the zeta potential values
of the liposomes before and after the lyophilization
process. In addition, it can be said that Lipo-3 and
Lipo-3L formulations were more stable compared to
Lipo-4 and Lipo-4L formulations due to their higher
zeta potential values. Therefore, Lipo-3 and Lipo-
3L formulations were chosen for SEM imaging. The

vesicle integrity of Lipo-3 and Lipo-3L can be seen in
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Figure 2. The images of vesicles are compatible with  sensitive techniques are preferred, in some studies,
particle size results. In the present study, the vesicles =~ SEM was used for this purpose (Karpuz et al., 2024;
can be observed using the 1,000-magnification due  Lujan et al., 2019)

to their micrometer particle sizes. Although more

Table 2. Characterization properties of liposome formulations (n=6).

Formulation Particle Size (um * SD) Zeta Potential (mV * SD)
Lipo-1 1.48 + 0.49 -35.30 £ 0.62
Lipo-2 1.06 £ 0.26 -56.50 + 0.55
Lipo-3 5.00 + 1.34 -6.33 £ 0.59
Lipo-3L 331+1.13 -8.42 +1.24
Lipo-4 3.06 + 0.95 0.57 £ 0.31
Lipo-4L 3.29+1.20 0.26 +0.27
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Figure 1. Particle size distribution histograms of liposome formulations.
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Figure 2. SEM images of Lipo-3 (A) and Lipo-3L (B) formulations in 1.00 KX magnification.

Radiolabeling Efficiency and Stability

Liposomes prepared by reverse phase evaporation
technique were radiolabeled with *™Tc due to the
DTPA-PE content in the formulations. Based on
previous studies and radiation safety principles, a
radiation dose of 1 mCi was chosen (Karpuz et al.,
2023). Liposomes can be radiolabeled by different
methods including chelation. The DTPA and PE parts
of the chelator are bound to the radiometal and bilayer
of liposome vesicles, respectively (Silindir Giinay,
2020). The radiolabeling stability of this method is
higher than other techniques such as radioisotope
encapsulation or direct surface labeling (Bentivoglio
et al, 2023). In this radiolabeling procedure, an
inducing agent such as SnClz, ascorbic acid, or ferrous
ions is essential for reducing the oxidation state of
Pt to *™Tc* (Mushtaq et al,, 2021). SnCl, was

ggesd as the inducing agent, and statistically significant

differences were found among experiment groups
that used different amounts of inducing agent (p <
0.05). As given in Figure 3, the highest RE % values
were obtained when 250 ug.ml" of SnCl, was used.
All formulations were radiolabeled with higher than
85% RE at this concentration. After determining
the optimum inducing agent amount, the effect of
incubation time on RE% was evaluated. As seen in
Figure 4, statistically higher RE % values were obtained
when a 15 min incubation time was applied compared
to 5 min (p < 0.05). This finding is similar to the study
in which *™Tc-MAA was prepared (Hunt et al., 2006).
Therefore, the optimum SnCl2 concentration and
incubation time were detected as 250 pg.ml"' and 15

min, respectively, to reach the highest RE %.
In addition, for radiopharmaceuticals, the bond

between the radionuclide and the pharmaceutical

parts should be stable until the purpose of application
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in the desired area of the body is achieved. Therefore, the RE % values of all liposome formulations were
the radiolabeling stability of radiolabeled liposomes  found to be higher than 80% during 6 h thanks to the
was tested by evaluating RE % values during the use of optimal radiolabeling conditions and chelation

physical half-life of ***Tc (6 h). As seen in Figure 5, technique.

Lipo-3 Lipo-3L
100+ 100+
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80 80 Il 250 ppm
—_ —_ Il 500 ppm
& 60 2 601
g 404 5 404
20 20
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Figure 3. The effect of SnCl, concentration on RE % of liposome formulations (n=3) (ppm: parts per
million, pg.mL™").
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Figure 4. The effect of incubation time on RE % of liposome formulations (n=3). SnCl, was used at the

concentration of 250 pg.ml')
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Figure 5. Stability of in vitro radiolabeling of formulations in PBS (n=3).

CONCLUSION

Respiratory diseases such as chronic obstructive

pulmonary disease, pneumonia, lung cancer,
bronchitis, tuberculosis, or asthma are the leading
causes of death in the world. These diseases can cause
death of the patient because of their effect on lung
ventilation or perfusion. Nuclear imaging techniques
have some superiorities, such as their ability to obtain
three-dimensional images containing metabolic
information with high precision compared to
radiological ones. Liposomes are the most preferred
drug delivery system thanks to their biocompatible
profiles. They may vary in number of bilayers and
particle size due to preparation technique and lipid
content. Liposomes with particle sizes in the range of

5-15 pum can be passively targeted to the lung capillary.

In this study, micro-sized liposome formulations
were prepared using two different techniques
to radiolabel with *™Tc due to their DTPA-PE
contents. According to the results of characterization
studies, formulations prepared by the reverse phase
evaporation technique (Lipo-3 and Lipo-4) exhibit
more proper particle size distribution compared to
liposomes prepared by the Bangham technique. No
significant change in physicochemical properties was
observed in these liposomes after the lyophilization
process to obtain cold-kit formulations. In addition,
the highest values of RE % were obtained in the
radiolabeling conditions comprising 250 pg.ml* of
SnCl, concentration and 15 min of incubation time.

Also, the radiolabeling stability of formulations
500

remained for 6 h.

Therefore, it was concluded that the Lipo-3
formulation and its lyophilized form (Lipo-3L)
are more suitable as the pharmaceutical part of a
radiopharmaceutical for radiolabeling with *™Tc in
the lung perfusion imaging.
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A Novel Method for the Simultaneous Determination of
Olanzapine and Escitalopram in Artificial Saliva by High
Performance Liquid Chromatography

SUMMARY

Monitoring of the drug levels can be very important for efficient drug
treatment. For this purpose, studies on drug analysis from various
biological fluids (especially plasma) are carried out in analytical
chemistry. For many drugs, determination of drug concentration in
saliva can be used alternatively for drug level monitoring. Patients
with cognitive dysfunction have difficulty in maintaining usual
living standards and adapting to society. Individuals with such
disorders need to be treated with an appropriate medication regimen.
Generally, treatment is provided orally and the most commonly used
antipsychotic drugs are olanzapine (OLZ) and escitalopram (ESC).
Measurement of saliva drug concentration of OLZ and ESC can
be helpful for the treatment of diseases. In this study, it is aimed at
developing a novel HPLC method that will allow OLZ and ESC
to simultaneously be determined in artificial saliva. The separation
was achieved on XBridge, CI18 column with diode array detector
(DAD) (240 nm) and isocratic elution of mobile phase containing
acetonitrile and phosphate buffer mixture (20 mM NaH PO, pH
4.6) (35:65, v/v) containing mobile phase at a flow rate of 0.9 mL/
min. Drug extraction from artificial saliva was applied using a
methanol and acetonitrile (1:1; viv) mixture. The recoveries were
Jound in the range of 97.508% and 104.49% (mean) for OLZ and
ESC, respectively, from artificial saliva.

Key Words: Olanzapine, Escitalopram, Saliva, HPLC, Validation.

Olanzapin ve Essitaloprammn Yapay Tiikiiriikte Yiiksek
Performansl Stw: Kromatografisi ile Eszamanly Tayini igin Yeni
Bir Yontem

0z

Tlag seviyelerinin izlenmesi, etkili ila¢ tedavisi icin cok onemli
olabilir. Bu amagla analitik kimyada basta plazma olmak iizere
cesitli - biyolojik  swilardan ilag analizine yonelik caligmalar
yiiriitiilmektedir. Bircok ilag icin tiikiiriik, ilag konsantrasyonu
tayini, ilag seviyesi takibi icin alternatif olarak fkullanilabilir.
Biligsel islev bozuklugu olan hastalar normal yasam standartlarin
siirdiirmekte ve topluma wyum saglamakta zorluk cekerler. Bu
tiir bozukluklar: olan bireylerin wygun bir ilag rejimi ile redavi
edilmesi gevekir. Genellikle tedavi agiz yoluyla saglanir ve en yaygin
kullanilan antipsikotik ilaglar olanzapin (OLZ) ve essitalopramdir
(ESC). OLZ wve ESChnin tikiiriik ila¢ konsantrasyonunun
olgiilmesi  hastaliklarin  tedavisi  icin - yararly  olabilir.  Bu
¢alismada, OLZ ve ESC'nin yapay tiikiiriikte es zamanly olarak
belirlenmesini saglayacak yeni bir HPLC yonteminin gelistirilmesi
amaglanmigtrr. Ayirma islemi XBridge, C18 kolonunda diyot dizi
dedektir (DAD) (240 nmy) ve asetonitril ve fosfat tampon karigima
(20 mM NaH PO, pH 4.6) 35:65 (hlh) iceren mobil fazin
izokratik eliisyonu ile 0,9 mL/dak akss hizinda gerceklestirilmistir.
Yapay tiikiiriikten ilag ckstraksiyonu, metanol ve asetonitril (1:1;
v/v) karimi kullanilarak  wygulanmistr. Yapay tikiiriikten
geri kazanim degerleri OLZ ve ESC igin sirasyyla %97.508 ve
%104.49 (ortalama) araliginda bulunmugtur.
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INTRODUCTION

Cognitive dysfunction is one of the most critical
health problems that reduce the quality of life and
can affect both the individual and their environment.
Patients with cognitive dysfunction (psychotic
disorder) have difficulties living as healthy and
adapting to society, if they cannot access appropriate
treatment, the quality of life of the patient and the
patient’s environment decrease. The most essential
treatment method for psychotic disorders is the use
of antipsychotic drugs. The two most commonly used

drugs are olanzapine (OLZ) and escitalopram (ESC).

OLZ is an atypical antipsychotic drug approved
by the US Food and Drug Administration (FDA) for
the treatment of schizophrenia, and bipolar disorder.
It is also recommended for patients with anorexia
nervosa, autism spectrum disorders, Tourette
syndrome and tic disorders. OLZ is also used to
treat resistant depression and depressive episodes
in bipolar disorder (Dziurkowska et al, 2020).

Molecular formula is C_H NS and

SN, chemically

named  2-methyl-4-(4-methylpiperazin-1-yl)-10H-

thieno[2,3-b][1,5]benzodiazepine (Figure 1).
FN
NJ

Figure 1. Chemical structure of olanzapine

ESC is a widely used antidepressant approved by
the US Food and Drug Administration (FDA) in 2001
and prescribed to more than 240 million patients
to date. ESC is an oral serotonin reuptake inhibitor
(SSRI). It is effective in the treatment of moderate

to severe generalized anxiety disorder, panic attacks

506

(agoraphobia), and obsessive-compulsive disorder
and is generally well tolerated (Garnock-Jones et
al, 2010). Molecular formula is C, H, FN,O and

(1S5)-1-[3-(dimethylamino)
propyl]-1-(4-fluorophenyl)-3H-2-benzofuran-5-

chemically  named

carbonitrile (Figure 2).

/

_—N

’
NO

Figure 2. Chemical structure of escitalopram

Determination of adequate drug levels of
antipsychotic drugs plays a very important role in the
course and treatment of the diseases. For this reason,
developing methods for drug analysis in various
biological fluids is one of the most important fields of
study in analytical chemistry. Analytical methods for
the determination of antipsychotic drugs need to be
highly sensitive and selective for accurate and precise
quantification.

High-performance  liquid
(HPLC) methods are

determining of drug levels in plasma or other

chromatography

generally preferred for

biological materials as they provide sensitive and

accurate results.

With the methods developed with HPLC, it is
possible to reach the analysis result in a very short
time. In this study, it is aimed to develop a validated
HPLC method that allows simultaneous analysis of
OLZ and ESC in artificial saliva.

Few studies have been published in the literature
for the simultaneous determining of ESCand OLZ. The
method developed by Alasabashi et al. did not include
stability studies, and the analysis of ESC and OLZ in
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biological fluids was not performed (Alasabashi et
al,, 2022). A method for the simultaneous analysis of
OLZ and ESC in saliva by HPLC is not yet available.

In the studies conducted, OLZ and ESC are usually
quantified in blood. Monitoring serum and plasma
levels to determine drug concentrations and monitor
patient treatment is still one of the most commonly
used methods in routine controls. However, drug
determination methods in serum and plasma can
pose many problems in practice due to various
difficulties in the collection of diagnostic material
(Chiu & Franklin 1996; Raggi et. al., 2000; Boulton
etal,, 2001; Bhimanadhuni et al., 2012; Teichert et al.,
2020). For example, drawing blood from a patient can
have adverse effects such as fear, pain, skin irritation,
and infection. In addition, professional medical
personnel are required to obtain serum or plasma for
analytical research. For this reason, alternative sample
options are being developed to reduce the amount of
work and risk involved.

The advantage of choosing saliva as the matrix,
which can be an alternative to plasma and serum, is
related to the non-invasive nature of the collection
procedure, which requires fewer safety precautions
must be taken and the health professional gathering
the sample needs to possess less training. The amount
of drugs detected in saliva is reported to reflect the
concentration of a free, non-protein-bound drug in
plasma. Given that only the free form of the drug
exerts pharmacologic activity, the importance of
saliva analysis in pharmacokinetic studies is evident.
However, further research is needed before saliva
analysis can replace plasma analysis for each drug
(Abad 1983). For these reasons, this study aimed to
develop a sensitive, accurate, and rapid HPLC method
to determine the levels of OLZ and ESC from artificial
saliva, an easily accessible diagnostic material.

MATERIAL AND METHOD
Chemicals and reagents

Analytical standards of OLZ, % purity 99.8, and
ESC, % purity 99.7 were obtained from Ali Raif Ilag
Sanayi A.§., Quercetin (Q; internal standard, IS)

was purchased from Merck, (Darmstadt, Germany).
Acetonitrile (HPLC grade, CARLO ERBA, Italy),
methanol (HPLC grade, CARLO ERBA, Italy),
NaH PO, KCI, NaCl, NaOH, CaCl, KSCN,
NH,CONH,, and Na,S were purchased from Sigma-
Aldrich (USA). OLZ, ESC and Q stock solutions were
prepared with methanol at 1 mg/mL. The solutions to
be used in the analysis were prepared daily by diluting
the stock solutions with methanol to the desired
concentration values. Stock solutions were stored at
-20 °C for 1 week.

Instrumentation and chromatographic

conditions

The chromatographic system consisted of a
Shimadzu liquid chromatograph equipped with a
pump (LC-10AT VP), a controller (SCL-10A VP)
connected to a computer using software (Class-VP
5.03), an autosampler (SIL-10AD VP), 10 pL injection
loop and Diode Array Detector (DAD, SPD-10A
VP). The system was controlled through a system
controller (SCL-10A), a personal computer using a
CLASS-VP 5.0 workstation with a data processing
system (Shimadzu, Kyoto, Japan) installed on it.
The separation was performed on a XTerra, C, (100
x 4.6 mm i.d., 3.5 um), and XBridge, C,, (250 x 4.6
mm, particle size 5 pm) analytical columns (Waters,
Milford, MA, USA). The column temperature was
set to 24 °C. The mobile phase consisted of 20 mM
NaH PO, (pH adjusted to 4.6 with NaOH), and
acetonitrile in the ratio of 35:65 (v/v) in isocratic
mode and the DAD detector was set to the wavelength
of 240 nm. 10 pL of sample solutions was injected
into the HPLC system at the flow rate of 0.9 mL/min.
Quercetin was chosen as the internal standard as its
peak was very well resolved from two drug peaks,
showing any interfering peaks. All solutions were
prepared in type 1 water (Simplicity 185 Water System,
Millipore Corp., Bedford, MA, USA). The mobile
phase was filtered through a membrane filter with a
pore diameter of 0.45 um and kept in an ultrasonic
bath for 15 min to remove the soluble gases. At end of

the analysis, column was flushed with approximately
507
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20 times of column volume of a mixture with HPLC
grade water and methanol (50:50, v/v). Finally, the
column was stored in pure methanol. This procedure

was applied for every analysis.
Drug analysis in artificial saliva

The development of the method of simultaneous
analysis of OLZ and ESC in artificial saliva by HPLC
was carried out using the standard addition method
of active substance components into artificial saliva.
For this purpose, artificial saliva was prepared by
dissolving the components given in Table 1 in 1 L of
pure water (J Pytko-Polonczyk et al; 2017).

Artificial saliva was used to prepare solutions of
OLZ and ESC at the desired concentration values,
and Q was spiked to the concentration value of 0.5
pug/mL. 1 mL of a solution that was prepared with
artificial saliva was taken in a 2 mL Eppendorf tube,
then 0.5 mL of a mixture of methanol and acetonitrile
(1:1; v/v) was added to the solutions, and then the
solutions were mixed with a vortex mixer for 15 s
and then centrifuged at 6000 rpm for 6 min. After
centrifugation, approximately 300 upL aliquot was
taken from the top of the tube without shaking.
Aliquot was filtrated by a 0.45 um nylon injector
filter, and then 10 pL of a solution was injected into
the HPLC system. This procedure was repeated two
times for each sample. The developed method was
validated according to International Conference
on Harmonization (ICH) requirements (Validation
of Analytical Procedures: Text and Methodology
Q2 (R1), 2014; Validation of Analytical Procedures
Q2(R2), 2022).

Table 1. Artificial saliva content (for 1 L, pH=6.5)

Compound Quantity (mg)
KCl1 400
NaCl 400
NaH_PO,H,0 690
CaCl.2H,0 795
Na,S.9H,0 5

KSCN 300
CH,N,0 1000

508

Method validation

Validation studies were performed according to
ICH requirements. Within the scope of the validation
studies carried out, retention time, capacity factor,
tailing factor, and theoretical number of plates for
each drug were calculated. The system suitability test
was performed with six repeated injections of the
standard mixture solution at a concentration of 1 pg/
mL. In the method, the calibration curve was obtained
by the peak area under the analyte peak being divided
by the peak area of the IS peak area, and the obtained
values were plotted against the concentration value
of each drug. The method linearity was evaluated by
examining the correlation coefficient (r) values from
the obtained curves. The linearity was calculated using
the regression equation (y = mx + n) data, including
concentration ranges, correlation coefficients, and the
standard error of intercept. In addition, sensitivity,
selectivity, accuracy, recovery and precision studies
were performed at three different concentration
values (1, 2 and 3 pg/mL, n=6) and intra-day and
inter-day repeated analysis results were evaluated.
The limit of detection (LOD) value was taken as the
signal-to-noise (S/N) value equal to 3 for repeated
(n=6) different standard solution analyses. The limit
of quantification (LOQ) value was taken as the value
where the RSD value was less than or equal to 5% for
repeated (n=6) different solution analyses and the
signal-to-noise (S/N) value equal to 10 for repeated
(n=6) different standard solution analyses (Jenke
1996; Jenke 1996).

RESULTS AND DISCUSSION

To determine the optimum chromatographic

separation  conditions, various mobile phase
compositions and different stationary phases were
tested. For this purpose, the effect of the ratio of
organic composition as acetonitrile and methanol
in the mobile phase was investigated at different
concentrations and different elution applications. For
this purpose, XTerra, C , (250 x 4.6 mm, particle size

3.5 um) and XBridge, C , (250 x 4.6 mm, particle size
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5 um) analytical columns were tested as stationary
phase and the best separation was achieved with
XBridge, C,, column. Again, the optimization studies
of the mobile phase composition were carried out
with buffer solutions at different pH values; the effects
of pH values between 3.5 and 5.0 on the capacity
factor and peak symmetry ratios for separation were
examined. Also, the concentration of buffer solution
was investigated according to the capacity factor. The
best separation was obtained for OLZ, ESC, and Q in
isocratic elution with the mobile phase composition
of acetonitrile and phosphate buffer (20 mM, pH 4.6)

Table 2. Calibration curve parameters

35:65 (v/v) at a flow rate of 0.9 mL/min (24°C).
For validation studies, specificity, LOD, LOQ,

selectivity, linearity, accuracy, sensitivity, intra-
day and inter-day precision were investigated for

developed method.

The method was linear in the range of 0.8-3 pg/
mL for OLZ and ESC. The r? (regression coefficient)
values from the curve equations obtained were close
to 1 (Table 2). The LOD and LOQ values for OLZ and
ESC in artificial saliva were to be 0.3 pg/mL and 0.8
pg/mlL, respectively.

LOD
Dru, Slope Intercept Slope SE* Intercept SE*
8 P P P P (ng/mL)
OLZ 2.0151 0.5992 0.9981 0.084 0.093 0.3
ESC 1.4639 0.603 0.9914 0.079 0.078 0.3

SE*: Standard Error (n=6)

As a result of the studies carried out to determine
the selectivity of the method, it was determined that

there was no interference peak in the retention times

mAU
3,5-p40nm,anm)

3,0
2,5

2,0

05

of OLZ, ESC, and IS peaks caused by artificial saliva,
mobile phase, or HPLC system (Figure 3).

2
2
b §
2
u,o—*——r‘—"‘(\f—'

-0,5-]

0,0 1,0 2,0 3,0 4,0 50 6,0

T T T R e T 1
7.0 8,0 9.0 10,0 1,0 12,0 13,0 min

mAU
1,75-240nm 4nm

Figure 3. (a) Chromatogram of artificial saliva without drugs, (b) Chromatogram of artificial saliva extraction
containing 1.5 ug/mL OLZ and ESC
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Suitability parameters including retention time,
capacity factor, tailing factor, theoretical number of

plates were investigated (Table 3).
HPLC-DAD system suitability for the developed

method was evaluated based on retention time,
injection repeatability, capacity factor, tailing factor
and the theoretical number of plates. The data

obtained from 6 replicate experiments were used

Table 3. System suitability parameters

for the investigated parameters. The values obtained
(Table 3) meet the accepted conditions of capacity
factor k values for good separations, tailing factor<1.5,
and the theoretical number of plates>2000, and the
system was found to be suitable for analyzing targeted
drugs. Calculated % RSD values of retention time and
capacity factor, tailing factor parameters were also
determined (Jenke 1996; Jenke 1996).

Active ingredients Retention time* (min) Capacity factor, k* Tailing factor* rih;:: :z;;tli:;ls
OLZ 4.25+0.21 0.34 + 0.07 1.65+0.17 2742.97
ESC 8.52 £ 0.05 1.66 £ 0.02 1.21 £0.04 24545.31
IS 7.01 +£0.11 1.19 £ 0.04 1.46 £ 0.16 9618.06

*n=6, results are given by mean = relative standard deviation

Within the precision studies, intra-day, inter-
day repeated (n=6) analyses were performed at
concentrations of 1, 2 and 3 ug/mL. In the extraction
studies, the effects of methanol, acetonitrile and
extraction solutions individually or in different

mixture combinations on the analysis were examined.

The best extraction solvent mixture was selected as
a mixture of methanol and acetonitrile (1:1; v/v).
The data obtained after extraction were analyzed by
calculating the mean, relative standard deviation, and

standard deviation values (Table 4).

Table 4. Inter-day and intra-day precision and accuracy results (n=6)

Added Parameters oLz Bse
(ug/mL) Inter-day Intra-day Inter-day Intra-day
Found 0.981 0.979 1.027 1.045
Precision RSD (%) 1.282 0.430 0.982 1.363
! RE -0.509 -0.487 -0.511 -0.478
Accuracy Bias (%) -1.865 -2.130 2.684 4.490
Recovery (%) 98.135 97.870 102.684 104.490
Found 2.051 2.016 2.047 2.056
Precision RSD (%) 1.370 0.912 0.256 0.205
g RE -0.487 -0.496 -0.488 -0.486
Accuracy Bias (%) 2.536 0.815 2.331 2.802
Recovery (%) 102.536 100.815 102.331 102.802
Found 2.925 3.069 3.053 3.288
Precision RSD (%) 2.495 0.985 2.401 2.343
} RE -0.483 -0.483 -0.490 -0.388
Accuracy Bias (%) -2.492 1.778 3.339 2.019
Recovery (%) 97.508 101.778 103.33 102.019

X : Mean value, RE: Relative error, RSD: Relative Standard Deviation,

Bias: ((amount found - amount added)/amount found) x100
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The studies carried out to investigate the recovery
values of OLZ and ESC from artificial saliva (n=6),
from the data obtained, the recovery values were
found in the range of 97.508% and 104.49%.

It is crucial to establish a method for choosing
saliva as an alternative for analyzing serum and plasma
levels to ascertain drug concentrations and for patient
therapy. Saliva sample collection is more accessible
to implement as it requires fewer safety precautions
and is a non-invasive sampling procedure. The
HPLC method developed for OLZ and ESC analysis
in artificial saliva is presented as an easily applicable
method when the recovery and accuracy parameters
are examined. The developed method is sensitive,
with a LOD of 0.3 pug/mL. It has short retention times
with a separation time of approximately 10 minutes.
In addition, proposed practical extraction procedure
for drug determination can be helpful further analysis
procedures. The developed method is superior to the
existing methods in the literature regarding precision
and easy applicability.

CONCLUSION

Analyzing of drugs in biological material
is critical in determining an effective treatment
regimen. In this study, a new method for OLZ and
ESC analysis in artificial saliva was developed. Due to
ethical limitations, the study could not be performed
in patient saliva samples. OLZ and ESC analysis in
blood and saliva samples from patients may give
more precise results in terms of the usability of saliva
in determining drug levels. In addition, this can be
said in light of previous studies on the usability of
saliva as a substitute for plasma drug levels. In this
study, a novel easy, simple, selective and validated
chromatographic method was developed for OLZ and
ESC in artificial saliva allowing simultaneous analysis
in HPLC-DAD system. The developed method may
be necessary as it has not been done in the literature
and can be presented as a new and applicable
approach and method in drug treatment processes.

The developed analysis method can be applied as a

new, simple method in drug-level monitoring and
different applications.
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Does Functionality of Perivascular Adipose Tissue
Decrease in the Adult Rat Thoracic Aorta?

Gaye OZTURK', Melike Hacer OZKAN™

Does Functionality of Perivascular Adipose Tissue Decrease
in the Adult Rat Thoracic Aorta?

SUMMARY

Perivascular adipose tissue (PVAT) regulates vascular tone with
anticontractile effects by releasing paracrine factors. Aging is
considered an independent risk factor that impairs vascular function
in humans and rodents. There are limited studies examining the effects
of aging on PVAT. In this study, we investigated the contractions to
noradrenaline and the relaxations to acetylcholine in the presence and
absence of PVAT in isolated thoracic aortas of 10-12-week-old young
and 52-week-old adult Wistar rats. Noradrenaline contractions were
lower in aortas with PVAT compared to rings without PVAT in both
young and adults. The amplitude of contractions in adult rat aorta in
the absence of PVAT was significantly higher compared to young rats.
However, when PVAT was left intact, the amplitude and sensitivity
of noradrenaline contractions were low in young and adulss,
indicating continued anticontractile effect of PVAT. Noradrenaline
contractions were significantly potentiated by L-NAME, a nitric
oxide (NO) synthase inhibitor, in young rat aortas, and this increase
was lower in the presence of PVAT However, the potentiating effect
of L-NAME in the adults did not change with PVAT. Acetylcholine-
induced endothelium-dependent relaxations were reduced in the
adult rats compared with young. Acetylcholine relaxations were not
affected by PVAT in young rats, whereas the decreased acetylcholine
relaxations were fuurther reduced in the aged aortas with PVAT. As a
result, the anticontractile function of PVAT continues in adult rats
and limits the contraction with a tonic inhibitory effect. However,
PVAT does not seem to protect endothelium-dependent relaxations
that decrease with aging.

Key Words: Anticontractile, aorta, endothelium, NO, PVAT, rat.

Eriskin Sian Izole Torasik Aortunda Perivaskiiler Adipoz Doku
Fonksiyonu Azalir ma?

0z

Perivaskiiler adipoz doku (PVAD) parakrin faktorler salwererck
kastlma-karsitr etki ile damar tonusunu diizenler. Yaglanma,
insanlarda ve kemirgenlerde damar yapisini ve islevini bozan
bagimsiz bir risk faktorii olarak kabul edilir. Yaglanmanin PVAD
islevi iizerine etkilerini inceleyen sinirly sayida calisma vardsr. Biz bu
calimada, 10-12 hafialik geng ve 52 haftalik eriskin Wistar erkek
siganlarin izole torasik aortasinda PVAD varliginda ve yoklugunda
noradrenalin kasilmalarin: ve asetilkolin ile elde edilen endorele
bagls gevsemeleri inceledik. Noradrenalin  kasilmalarr hem  geng
hem de eriskin gruba ait PVAD’t saglam torasik aorta halkalarinda
PVAD's swyrilmas olanlara gore diisiiktii. PVAD yoklugunda erigkin
sigan  torasik aortunda elde edilen noradrenalin  kasilmalarinin
boyu geng sican aortuna kiyasla anlamls derecede yiiksekti. Ancak
bu arterlerde PVAD saglam birakildiginda, noradrenalin kasilma
boyu ve duyarliligs geng ve eriskin grupta benzerdi, bu da PVAD
erigkin sicanlarda kasilma-karsits iglevinin devam ettigini gosterdi.
Geng sican torasik aortunda noradrenalin kasibmalars, nitrik oksit
(NO) sentaz inhibitorii L-NAME varliginda giiclenerek arttr ve bu
artss orani PVAD varliginda daba digiiktii. Ancak, L-NAME'in
erigkin grupta noradrenalin -aracily kasilmalardaki giiclendirici etkisi
PVAD varliginda degismedi. Asetilkolin-kaynakly ve endotel-bagiml
gevsemeler eriskin grupta geng gruba kiyasla onemli élgiide azaldh.
PVAD'in saglam birakilmas: geng sican aortunda endotele baglt
gevsemeleri etkilemezken, yagly sican aortunda azalmis asetilkolin
gevsemeleri daba da azaldi. Sonu¢ olarak, PVADn kasilma-
karsitr islevinin eriskin sicanlarda devam ewtigi ve tonik inhibitor
etkiyle damardaki  kasilmay: - simirladigs  belirlenmigtiv.  Ancak
PVAD'in yaglanmayla birlikte azalan endotele bagly gevsemeleri geri
ceviremedigi soylenebilir.

Anahtar Kelimeler: Kasilma-karsiti, aorta, endotel, NO, PVAT,
sigan.
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INTRODUCTION

Perivascular adipose tissue (PVAT) covers the
outer surface of the vascular wall where it is located
without being separated by any elastic lamina
from the tunica adventitia (Siegel-Axel & Haring,
2016) (Gil-Ortega, Somoza, Huang, Gollasch, &
Fernandez-Alfonso, 2015). Previously, PVAT was
thought to be only a barrier that protects the vessel
from mechanical injury; further studies have revealed
that bioactive molecules released from PVAT can
also affect neighboring vascular smooth muscle by
endocrine and paracrine functions (Rajsheker et al.,
2010). Similarly, molecules released from the vascular
components such as endothelium can also diffuse
into PVAT and modulate its function on vascular
homeostasis (Margaritis et al., 2013). Healthy PVAT
participates in a number of modulatory processes
including  anti-inflammatory  properties, anti-
oxidative defense, vasodilation or anticontractile
action (Hu, Garcia-Barrio, Jiang, Chen, & Chang,
2021).

The anticontractile function of PVAT has been
demonstrated by its inhibiting effect on contraction
to various agonists in isolated vascular tissues
mounted to organ bath system or wire myograph
(Gao et al.,, 2005). PVAT secretes a wide range of
adipocytokines, including adipokines and cytokines,
which are involved in the regulation of vascular tone.
Adiponectin is the most abundant molecule produced
and released by PVAT (Chang, Garcia-Barrio, &
Chen, 2020). Adiponectin binds to the receptor of
the endothelial cells and leads to the phosphorylation
of AMP-activated protein kinase and then to the
activation of the endothelial NO synthase, promoting
NO production (Cheng et al., 2007). PVAT can act as
two sides of the same coin, cardiovascular risk factors
as well as vascular aging may alter the structure and
functionality of PVAT which leads to the loss of its
vascular protective properties, and the release of
contractile factors from PVAT affecting the vascular

tone (Wang et al., 2024). However, little is known
514

about the impact of age on PVAT and how PVAT

modulates the vascular reactivity in aged vasculature.

In this study, we aimed to investigate how PVAT
and its paracrine action on vascular reactivity alter
in isolated thoracic aortic rings of young and adult
rats. Contractile responses to noradrenaline, and
endothelium-dependent relaxations to acetylcholine
were evaluated in isolated thoracic aortic rings of
young (10-12-week-old) and adult (52-week-old)
Wistar albino male rats in the absence and presence
of PVAT.

MATERIAL AND METHODS

In the current study, Wistar Albino male rats
weighing 180-200 g and 8 to 10-week-old were
acquired from Kobay DHL Inc. Co. (Ankara,
Turkiye). The animals were housed in the laboratory
for two weeks to be accustomed to the laboratory
environment with unlimited access to standard food
and water under a 12-hour light/dark cycle. The rats
were included in the experiments when they were
10-12- or 52-week-old. Hacettepe University Animal
Experiments Local Ethics Committee authorized all
animal procedures (Ethics Committee No: 2022/08-
04).

On the day of the experiment, body weights (g) of
the rats were measured. After that, rats were stunned
with carbon dioxide (CO,) inhalation and decapitated
with a guillotine. Thorax was opened, thoracic aorta
was isolated and put into a petri dish containing a
cold Krebs-Henseleit Solution (KHS). One group of
the vessels isolated from young and adult rats were
left PVAT intact (PVAT+) and the other group of
the vessels were removed from PVAT (PVAT-). The
PVAT was cleaned around the thoracic aorta with
small incisions using an appropriate cataract scissor.
To ensure that the PVAT volume was the same in
all rings, a fat layer of approximately 2 mm was left
on the outer surface of the rings when preparing the
tissues (Cacanyiova et al., 2021). The volumetric ratio

between PVAT and endothelium was kept similar in
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all groups. The vessels with or without PVAT were
made into 3-4 mm ring preparations and placed
in isolated organ baths of 5 mL containing KHS,
which was continuously gassed (95% O, - 5% CO,)
at 37°C. In some experiments, the endothelium was
mechanically damaged with a sterile syringe needle
that was rubbed into the vascular lumen. Endothelial
function was assessed by relaxations to acetylcholine
(10 uM) after phenylephrine pre-contraction. Tissues
that relaxed 10% or less were considered endothelium-

removed.

At the beginning of the experiment, 2 g of basal
tension were applied to the preparations. Immediately
after, they were primed with 100 uM phenylephrine
and then washed at 15-minute intervals for 1.5 hours.
Tension changes were recorded on the computer via
the isometric force transducer using the BIOPAC
MP35 amplifier and Student Lab program (BIOPAC
MP35 Data Acquisition System, Goleta, CA, USA). In
the preliminary experiments, contraction responses
to KHS containing 80 mM KCL were obtained
twice in succession in all preparations. The second
contractions to 80 mM KCL were accepted as the
maximum contraction of each tissue. After wash out
and resting period vascular reactivity was evaluated as

mentioned below.
Experimental protocol

To demonstrate the anticontractile action of PVAT
in 10-12-week-old young and 52-week-old adult rats,
cumulative contraction responses were obtained with
a- and B-receptor agonist noradrenaline (0.1 nM-100
uM) in the thoracic aortic rings in which PVAT was
left intact or removed. After an hour of wash-out and
resting period, the same tissues were incubated for
45 minutes with NW-nitro-L-arginine methyl ester
(L-NAME; 100 uM), a NO synthase inhibitor, and
noradrenaline contractions were repeated. In this
way, it was investigated the contribution of NO to
anticontractile response of PVAT in young rats and

how this contribution changes with aging.

In another set of experiments, the possible

influence of the endothelium on the anticontractile
function of the PVAT was examined by eliciting
norepinephrine contractions in the absence of
endothelium in aortic rings with or without PVAT in

young rats.

Endothelium-dependent vasodilation was also
examined in thoracic aortic rings belong to both
age groups in the presence and absence of PVAT.
After pre-contraction with phenylephrine (0.1 or 1
uM) cumulative relaxation responses to muscarinic

agonist acetylcholine (1 nM-10 pM) were obtained.

At the end of the experiments dry tissue weights of
both PVAT-intact or -removed aortas from young and

adult rats were measured.
Statistical analysis

Data are seen as Mean + Standard Error of Mean
(SEM). In the organ bath experiments, contractions
were shown as a percentage (%) of contractions
to 80 mM KCL. Relaxations were shown as % of
precontraction induced by phenylephrine. E__ is
the maximum response (%) of an agonist-induced
concentration-dependent response. pD, (-logEC,)
is the negative logarithm of drug concentration
which constitutes half-maximum response of a
concentration-response curve. Area Under the Curve
(AUC, a.u) was calculated from each response-curve.
Analysis of two concentration-response curves was
done by 2-way ANOVA. Multiple comparisons
(for pD,, E_ and AUC values) were done by one-
way ANOVA. All analyses were conducted using
GraphPad Prism-9, and p<0.05 was considered to be
significantly different.

Chemicals and solutions
chloride, L-NAME, and L-
phenylephrine hydrochloride (Sigma Chemical Co.,

St. Louis, MO, USA) were dissolved in distilled water.
Indomethacin (Sigma Chemical Co., St. Louis, MO,

Acetylcholine

USA) was prepared in distilled water containing 0.7%
Na2CO3 (w/v). KHS had the following composition
(mM): NaCL 118.0, KCL 4.7, MgSO, 1.2, CaCL, 2.5,
KH,PO, 1.2, NaHCO; 25.0, and glucose 11.1. Eighty
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mM KCL solution was prepared by substitution of
KCL with equimolar NaCL.

RESULTS AND DISCUSSION

Body weights of the rats and dry tissue weights
of isolated thoracic aorta rings with and without
PVAT are shown in Table 1. Body weights of the adult
group and tissue weights of aortic rings having PVAT
increased significantly compared to those measured
in the young group (p<0.0001). Aortic tissue weights
without PVAT were similar in both young and adult

Table 1. Body weights (g) of 10-12-week-old young

rats (Table 1).

Contractile responses to noradrenaline (0.1 nM-
100 uM) were evaluated in PVAT-intact and PVAT-
removed aortic rings from young (10-12-week-old)
and adult (52-week-old) rats. The amplitude of
noradrenaline contractions (E__ ) in the PVAT-intact
rings was significantly lower than in PVAT-removed
rings in both young and older rats, indicating the
persistent anticontractile function of PVAT in both
aged rats (Figure 1) (Table 2).

and 52-week-old adult rats (A), and dry tissue weights

(mg/cm) of isolated thoracic aorta rings with and without PVAT in both age groups (B).

A
10-12-week-old 337.90£11.58 10

52-week-old 620.69+15.96*** 13

**p<0.0001 Student’s  test (Mean £ SEM).

YOUNG (10-12-week-old)

10-12-week-old (PVAT-) 3.17+0.19

10-12-week-old (PVAT+) 15.13+£1.07 10
52-week-old (PVAT-) 4.72%0.20 7
52-week-old (PVAT+) 28.6+2.920°* 6

#4p<0.0001 52-week-old (PVAT+) vs 12-week-old
(PVAT+) Student’s ¢ test (mean = SEM).

ADULT (52-week-old)

-8 PVAT- n=3
4 PVAT+ n=9

- FVAT- n=10
= PVAT+ n=10 ~ 1z
= _a—¥ —r— T
2 00 =
5 ot 5
8 75 E
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O 2
o4 .—J 0.
r T T T T T 1
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A Noradrenaline log(M) B
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S PR
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| e wazwPERTE =0 T
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Figure 1. Cumulative contraction responses elicited by no

1]
Noradrenaline log(M)

52w PVAT- 52w PVAT+ 10-12w PVAT-  10-12w PVAT+

radrenaline (0.1 nM-100 uM) in the presence and absence

of perivascular adipose tissue (PVAT) in isolated thoracic aortas of 10-12-week-old young (A and C) and 52-week-old
adult rats (B and C), and Area Under the Curves (AUC) of cumulative concentration-response curves of both age groups
(D). Values are expressed as a percentage of contraction with 80 mM KCL containing KHS (mean + SEM) (A and B:
*p<0.05; PVAT+ group vs. PVAT- group, two-way ANOVA; C: p*<0.05; PVAT- old group vs. PVAT- young group, two-way
ANOVA; D: *p<0.05; PVAT+ group vs. PVAT- group; one-way ANOVA).
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To evaluate smooth muscle reactivity changing with
aging, noradrenaline contractions in isolated thoracic
aortic rings were compared together in young and
adult groups. In the absence of PVAT, noradrenaline
efficacy slightly but significantly increased in
52-week-old rats compared to 10-12-week-old rats
without a significant difference in the sensitivity of

noradrenaline contractions (Figure 1 and Table 2).

Interestingly, if PVAT was left intact, both efficacy
and sensitivity of noradrenaline contractions were
similar in the young and older rats (Figure 1C) (Table
2). Contractions obtained with 80 mM KCL did not
change in two age groups regardless of the presence
of PVAT (Figure 2). These data indicate that increased
noradrenaline contractions are suppressed by the

presence of reactive PVAT in adult rats.

Table 2. Efficacy (E__ ) and pD, of noradrenaline and acetylcholine in isolated aortic rings with PVAT
(PVAT+) or without PVAT (PVAT-) of 10-12-week-old young and 52-week-old adult rats.

Young Rat ACX::: tl:at
Aorta
PVAT- (n=10) PVAT+ (n=10) Pvalue PVAT- (n=9) PVAT+ (n=9) P value
NA Emax (%) 114.124£3.13% 98.52+2.21%** *p<0.01 127.78+2.55%" 106.44+5.11%* *7p<0.05
pD2 7.55%+0.10 7.42+0.11 ns 7.21+0.15 7.16+0.12 ns
PVAT- (n=6) PVAT+ (n=5) P value PVAT- (n=7) PVAT+ (n=6) P value
+ 0
ACh E. . (%) 92.43+1.46% 85.30+2.33% ns 68.034.95% 53.26+4.50% ns
pD, 7.09+0.11 6.94+0.12 ns 7.49+0.09 7.18+0.14* * p<0.05
Young Rat Aorta Young Rat Aorta
L-NAME- PVAT- PVAT+
= - + - - - +
(n=5) L-NAME b value L-NAME L-NAME b value
(n=5) (n=5) (n=5)
NA Emax (%) 123.33+4.64% 136.63+£8.2%** p<0.01 108.49+5.29% 113.45+7.56%* p<0.05
pD, 7.56+0.06 8.12+0.13** p<0.01 7.52+0.14 8.06+0.18* p<0.05
Adult Rat Aorta Adult Rat Aorta
PVAT- PVAT+
Noradrenaline L-NAME- L-NAME+ Pvalue L-NAME- L-NAME+ Pvalue
(0.1 nM-100 pM) (n=5) (n=5) vam (n=5) (n=5) u

E . (%) 129.18+2.71% 160.19+5.34%*** ***p<0.001 114.85+3.34% 140.78+4.76% ** **p<0.01
pDZ 7.25%£0.10 7.74+0.08** *p<0.01 7.09+0.15 7.74+0.11%* **p<0.01

NA: noradrenaline, ACh: acetylcholine, PVAT: perivascular adipose tissue, Emax: maximum response, pD2: negative

logarithm of half-maximum response.

**p<0.01 PVAT+ vs PVAT- in young rat aorta; * p<0.05 PVAT+ vs PVAT- in adult rat aorta; *p<0.05 adult rat aorta vs

young rat aorta (PVAT-) (Student’s t test).
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80 mM K+

ns

Contraciton (g)

52w PVAT-

52w PVAT+

10-12w PVAT- 10-12w PVAT+

Figure 2. Contractile responses to KHS containing 80 mM KCL in the presence and absence of perivascular adipose tissue
(PVAT) in isolated thoracic aortas of 10-12-week-old young and 52-week-old adult rats (mean + SEM) (one-way ANOVA).

Noradrenaline contractions in isolated thoracic
aortas of the young and older rats were repeated after
incubation with L-NAME (100 uM), the NO synthase
inhibitor. Contractile responses to noradrenaline in
the aortas of young rats were significantly potentiated
with L-NAME in both PVAT-intact and PVAT-
removed groups (Figure 3). When AUC values
were examined, the increase rate of noradrenaline

YOUNG (10-12-week-old)

contractions with L-NAME was significantly greater
in arteries without PVAT than those with PVAT
(Figure 3 and Table 2). When the endothelium was
damaged in isolated aortic rings with intact PVAT of
young rats, the presence of L-NAME (100 uM) did not

potentiate noradrenaline contractions (Figure 3).

*kk
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e

T T
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A B
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Contraction (% K*)

Noradrenaline log(M)

Figure 3. Cumulative contraction-response curves obtained with noradrenaline (0.1 nM-100 uM) and area under
the curve (AUC) values in the presence and absence of L-NAME (100 uM) in isolated aortic rings of 10-12-week-old
young rats with or without PVAT (A and B), or in endothelium-removed rings with PVAT (C). Values are expressed as a
percentage of contraction of 80 mM KCL, and AUC’s are expressed as arbitrary units (a.u.) (mean + SEM) (A: *p<0.05,
#p<0.01, **p<0.001; ****p<0.0001 L-NAME+ vs. L-NAME-, two-way ANOVA) (B: *p<0.05, ***p<0.001 L-NAME+ vs.
L-NAME-, Student’s ¢ test).
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Noradrenaline contractions in the absence and
presence of L-NAME were also evaluated in the
52-week-old adult rats. Noradrenaline contractions in
both PVAT- and PVAT+ rings were also significantly
but similarly potentiated with L-NAME as in young

rats (Figure 4). Interestingly, when AUC values were
examined, the potentiation obtained with L-NAME
was the same in the tissues with and without PVAT
(Figure 4 and Table 2).

A
ADULT (52-week-old)
200 -B PVAT n=7
1754 <@ _PVAT-LNAME n=7
— -8 PVAT+ n=6 oy R WEEE TmE 3mm
& -B PVAT+L-NAME n=6 I T L
150 ol
o — = |
< s Y
=
.g 100
8
75
2
o) 50
O
25
0-
I T T T T T T T T T T T 1
-10 9 - -7 -6 5 4
Noradrenaline log(M)
B
*kkk A
<0.0001
<0.0001
5 600 —
5 0007 = g o
(1] — -
g 500 - 2
3 400 3 400+
[:+]
o 300
f 300 g
S 200 S 200+
5 5
= 100- g 100
g =
< g ; < - r
PVAT-  PVAT-L-NAME PVAT+ PVAT+ L-NAME

Figure 4. Cumulative contraction-response curves obtained with noradrenaline (0.1 nM-100 uM) (A) and area under
the curve (AUC) values (B) in the presence and absence of L-NAME (100 uM) in isolated aortic rings of 52-week-old adult
rats with or without PVAT. Values are expressed as a percentage of contraction of 80 mM KCL, and AUCs are expressed as

arbitrary units (a.u.) (mean + SEM) (A: **p<0.01, ***p<0.001, ****p<0.0001 L-NAME+ vs. L-NAME-, two-way ANOVA)
(B: ****p<0.0001 L-NAME+ vs. L-NAME-, Student’s ¢ test).

Endothelium-dependent vasorelaxation was also
examined in young and adult rats. Concentration-
dependent relaxation responses were obtained with
the muscarinic agonist acetylcholine (1 nM-10 pM)
after precontraction with phenylephrine (0.3 uM or

1 uM) in isolated thoracic aorta rings. Endothelium-

dependent relaxations in PVAT-removed arteries of
the adult group were significantly decreased compared
to the young group (Table 2). While the endothelium-
dependent relaxations were preserved in the presence
of PVAT in the young group, these relaxations further

decreased in the older rats (Figure 5).
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A

YOUNG (10-12-week-old)

B PVAT- n=6
4B PVAT+ n=5

Relaxation (% Phenylephrine)

-9 -8 T -6

Acetylchr;line log(M)

B

ADULT (52-week-old)

& PVAT- n=7
I & PVAT+ n=6

5= ...

Relaxation (% Phenylephrine )

-9 8 T £ -5

Acetylcht;line log(M)

Figure 5. Cumulative relaxation-response curves obtained with acetylcholine (1 nM-10 uM) in PVAT- and PVAT+

isolated thoracic aortas of 10-12-week-old young (A) and 52-week-old adult rats (B). Values are expressed as % of
phenylephrine precontraction (mean + SEM) (*p<0.05, **p<0.01, 52 week PVAT+ vs 52 week PVAT-, two-way ANOVA).

Aging is considered an independent risk factor
The

regulatory function of PVAT on the vasculature may

for cardiovascular and metabolic disorders.

be affected by the aging process, contributing to the
development of vascular dysfunction. In this study, we
examined age-related changes in the anticontractile
response of PVAT in thoracic aorta rings isolated from

young and adult Wistar Albino rats.

The anticontractile activity of PVAT has been
experimentally demonstrated in isolated thoracic
aorta rings of rats (Soltis & Cassis, 1991). In this
study, we show that vasoconstriction elicited by
noradrenaline in isolated thoracic aortas of both
10-12-week-old young and 52-week-old adult rats is
reduced in the presence of PVAT. Our data suggest
that PVAT is functional in adult rats and that its tonic
anticontractile effect contributes to the regulation of

vascular tone in this age group.

Fifty-two-week-old adult rats were included in the
study to evaluate how PVAT functionality changes
with aging. The significant increase in noradrenaline
contractions in isolated thoracic aortas of adult rats
compared to the young group in the absence of PVAT
was a suggested finding consistent with the literature.
In general, as arteries age, inflammation and oxidative
stress in the adventitia increase, leading to vascular

wall remodeling and vasoconstriction (Queiroz &
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Sena, 2020). However, noradrenaline contractions
in isolated aortas of adult rats with intact PVAT
were significantly suppressed and they reached a
similar level to those in young rat aortas with intact
PVAT, suggesting that the age-related increase in
noradrenaline sensitivity can be compensated by
PVAT.

In humans, PVAT abundance has been associated
with decreased insulin sensitivity and decreased
vascular reactivity regulation (Rittig et al., 2008). We
detected that dry tissue weight with PVAT and body
weights increased in the adult rats in comparison
to the young group. However, the phenotypic
characteristics of PVAT are also an essantial factor in
determining the modulation process of PVAT on the
vascular structure. Thoracic aorta of rats has a brown
adipose tissue phenotype whereas abdominal aorta
has mostly a white adipose tissue-like phenotype
(Kim, Shi, Winkler, Lee, & Weintraub, 2020; Li, Ma,
& Zhu, 2021). While endothelial dysfunction can be
observed with age in the isolated thoracic aorta of rats
(13-month-old), it has been reported that regional
changes in the PVAT phenotype (whitening) occur
mainly in the abdominal aorta and more dominantly
than in the thoracic aorta (Padilla, Jenkins, Vieira-
Potter, & Laughlin, 2013). In other words, although

endothelium-dependent vasodilation decreases in
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adult rats, PVAT in the thoracic region may continue
to exhibit anticontractile function with a brown
adipose tissue phenotype. However, we also obtained
experimental evidence that the cross-signaling
interaction between PVAT and endothelium may be

impaired in the advanced age group.

Endothelium and PVAT are considered vital
paracrine tissues that regulate the contractile
state of smooth muscle through the production of
diffusible mediators. Some studies have reported
that endothelium-derived NO contributes to the
anticontractile response of PVAT in rat isolated
thoracic aorta. In contrast, some others have suggested
that it is independent from the endothelium. Indeed,
agents such as adiponectin and angiotensin 1-7
released from PVAT can relax vascular smooth
muscle by direct action, while they can also stimulate
NO production when they diffuse to the endothelium
(Chen, Montagnani, Funahashi, Shimomura, &
Quon, 2003; Sampaio et al., 2007). In our study, the
anticontractile response of PVAT was preserved in
endothelium-stripped thoracic aortas isolated from
young rats, which suggests that the anticontractile
response of PVAT is independent of the endothelium.
Since PVAT in the thoracic aorta is known to
continuously express endothelial and neuronal NO
synthase, different physiological stimuli may cause
NO release from PVAT and NO-related vasorelaxation
even in the absence of endothelial contribution. In the
rat mesenteric arteries, it has been suggested that 3-
adrenoceptors in perivascular fat cells are stimulated
by noradrenaline and that NO derived from fat cells
mediates the anticontractile response of PVAT in these
arteries (Bussey et al., 2018). However, in our study,
noradrenaline contractions obtained in endothelium-
removed aortic tissues with intact PVAT were not
changed after incubation with L-NAME, indicating
that fat cell-derived relaxing factor is not a NO or NO-
related substance in rat thoracic aorta. The differential
sensitivity of anticontractile responses of PVAT to
NO synthase inhibition in different vascular beds

suggests that endothelial NO synthase expression in

perivascular fat cells varies according to the vascular
tissue or anatomical region examined (Victorio,
Fontes, Rossoni, & Davel, 2016; Barp, Bonaventura,
& Assreuy, 2021). In this study, we did not aim to
elucidate the molecular nature of the factor released
from PVAT, but evidence in the literature suggests that
PVAT-derived hydrogen peroxide (H,0,) may be one
of the candidate molecules that causes endothelium-
independent relaxation in rat isolated thoracic aorta
(Gao, Lu, Su, Sharma, & Lee, 2007). Noradrenaline
contractions in the aortic rings (with endothelium)
of young rats were increased in the presence of
L-NAME. The increase in contractions could be
explained by inhibition of basal NO release from
the endothelium. Interestingly the inhibitory effect
of L-NAME was significantly less in the tissues with
PVAT than in those without PVAT. This may be due to
PVAT acting synergistically with the endothelium to
limit vascular contraction, and the presence of PVAT
limits NO release from the endothelium. Another
possibility is that the anticontractile response of
PVAT is potentiated to compensate for the increased
noradrenaline contractions and endothelial NO
inhibition by L-NAME.

Similar to young rats, noradrenaline contractions
in isolated aortic rings with the endothelium of
52-week-old adult rats were sensitive to the inhibitory
effect of L-NAME. However, when the AUC levels were
evaluated, unlike the young group, the potentiation
detected in noradrenaline contractions in the presence
of L-NAME was independent of PVAT. This finding
indicates that the anticontractile response of PVAT
in adult rats could not compensate for the inhibitory
effect of L-NAME on endothelial NO release as in the
young group. However, the decrease in endothelium-
dependent relaxations obtained with acetylcholine in
the adult group compared to the young group means
that endothelial NO release or bioavailability also
decreases with age. Therefore, it can be speculated that
adipocyte-derived NO release is also triggered due to
the production of various adipokines in PVAT during
noradrenaline contractions in adult rats. Although
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this view can speculatively explain the increased
sensitivity of noradrenaline contractions to L-NAME
in the presence of PVAT in the adult group, the effect
of L-NAME should also be examined in endothelium-
removed tissues in adult rats to support this point of

view.

When the literature is reviewed, endothelium-
mediated acetylcholine relaxations in isolated rat
aortas are either unchanged or reduced in the presence
of PVAT (Soltis & Cassis, 1991; Lee, Chen, Tsao, &
Wu, 2014). In our study, the relaxations obtained with
acetylcholinein the young group were unaffected by the
presence of PVAT. However, in adult rats, it was found
that endothelium-dependent vasodilation in arteries
devoid of PVAT was partially reduced compared to
the young group, and interestingly, this was further
reduced when PVAT was left intact in adult rats. The
findings obtained in the young and adult groups
indicate that PVAT does not make an additional
contribution to endothelium-dependent relaxations.
In addition, the bidirectional signaling interaction
between the endothelium and PVAT may have
changed in old age. Adipokines including adiponectin
and leptin stimulate the activation of endothelial
NO synthase and then contribute to vasodilation
through the enhanced NO production in endothelial
cells. It has been previously shown that perivascular-
derived adiponectin partly compensates for age-
related decline in NO-mediated vasodilation in rat
isolated thoracic aorta (Juttner et al., 2024). However,
PVAT also produces PVAT-derived contracting
factors, including superoxide anion, prostaglandins,
angiotensin II, and resistin, which contribute to
counteract the effects of perivascular-derived relaxing
factors, primarily reducing NO bioavailability and
thus inducing endothelial dysfunction (Cheng, Bakar,
Gollasch, & Huang, 2018). Although we did not
aim to examine cellular pathways of PVAT-derived
molecules affecting endothelial function, any of these
contractile agents could be responsible for decreased
endothelium-dependent vasorelaxations in adult rats
in the presence of PVAT.
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The biological age of 52-week-old rats corresponds
to the average age range of a human adult (30-35
years) (Sengupta, 2013). Therefore, structural and
phenotypic changes associated with cardiovascular
aging in 52-week-old rats (such as inflammation,
oxidative stress, smooth muscle cell proliferation, loss
of elasticity and endothelial dysfunction) may not be
fully reflected in vascular function. However, age-
related endothelial dysfunction has been previously
reported in 52-week-old mice or 59-week-old
Sprague-Dawley rats (Nakladal et al., 2022). Although
the findings obtained in this study are valuable
regarding the regulatory role of PVAT on vascular
tone in adult rats, repeating similar experiments in
18-24-month-old rats to make inferences about aging
and changes in PVAT function is among our future
research goals.

CONCLUSION

These data suggest that the anticontractile
function of PVAT persists in adult rats and limits
vascular contractions through its tonic inhibitory
effect. However, PVAT does not protect endothelium-
dependent relaxations that decrease with aging.
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Evaluation of Antioxidant, Cytotoxic Effects and
Phytochemical Profiles of Galls Caused by Eriophyidae mite
in Juglans regia Leaves

SUMMARY

This research presents the first study findings on the phytochemical
contents and anticancer and antioxidant activities of galls caused
by Eriophyidae mites on the leaves of Juglans regia L. Gall extracts
collected from different localities in Turkey and prepared with
solvents of different polarity were investigated for both antioxidant
and cytotoxic activity. Cytotoxic activity studies showed that MCF-7
cancer cells were more sensitive to WLAA extract at a concentration
of 100 pg/mL compared to healthy HUVEC cell lines. LC-QTOF-
MS analysis results showed that all extracts contain chlorogenic
acid, quercetin 4-O-glucosidelquercetin 3-O-galactoside, quercetin
7-xylosidelquercetin 3-O-arabinoside, quercetin 7-O-rhamnoside,
kaempferol  3-O-xylosidelkaempferol ~ 3-O-arabinoside, — and
kaempferol derivatives. It was concluded that polyphenolic extracts
obtained from galls formed in ]. regia leaves can be considered as
a new potential natural source for drug development studies due to
their antioxidant and cytotoxic effects.

Key Words: Antioxidant, cytotoxicity, ~ galls,  Juglans regia,
phyrochemical profile

Juglans regia Yapraklarinda Eriophyidae Akarinin Neden
Oldugu Gallerin Antioksidan, Sitotoksik Etkileri ve Fitokimyasal
Profillerinin Degerlendirilmesi

0z

Bu arastirma Juglans regia L. yapraklarinda Eriophyidae akarlarmin
neden oldugu gallerin fitokimyasal icerikleri ile antikanser ve
antioksidan aktivitelerine iliskin ilk calsma bulgularing sunmaktadsr.
Tiirkiyenin farkls bolgelerinden toplanan ve farkly polaritedeki
¢oziiciiler ile hazirlanan gal ekstrelerinin hem antioksidan hem de
sitotoksik aktiviteleri arastiribmigtir. Sitotoksik aktivite calismalars,
MCF-7 kanser hiicrelerinin, saghkli HUVEC hiicre hatlarma
kiyasla 100 pg/mL  konsantrasyondaki WLAA ekstresine daha
duyarly oldugunu  gostermigtir. LC-QTOF-MS  analiz sonuglar:
tiim  ekstrelerin  klorojenik  asit, kersetin 4 -O-glukozit/kersetin
3-O-galaktozit, kersetin 7-ksilozit/kersetin 3-O-arabinozit, kersetin
7-O-ramnozit, kemferol 3-O-ksilozit/kemferol 3-O-arabinozit ve
kemferol tiirevleri icerdigini gostermistir. J. regia yapraklarinda olusan
gallerden elde edilen polifenolik ekstrelerin, antioksidan ve sitoroksik
etkileri nedeniyle ilag gelistirme ¢alsmalar: icin yeni bir potansiyel
dogal kaynak olarak degerlendirilebilecegi sonucuna varilmigtir.

Anabtar Kelimeler: Antioksidan, sitotoksisite, galler, Juglans
regia, fitokimyasal profil
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INTRODUCTION

Cancer is a disease that occurs when normal cells
in the body transform into tumor cells in a multi-
stage process and multiply uncontrollably. In the
next stage, these cells, which multiply uncontrollably,
can spread to the surrounding and distant organs.
Authorities reported that 9.6 million people died from
cancer worldwide in 2018. Lung, breast, stomach,
prostate, colorectal, liver, and cervical cancers are
common today (WHO, 2024). The majority (90-
95%) of all cancer cases are related to environmental
factors, while a small amount (5-10%) is related to
genetic causes (Anand et al.,, 2008). Approximately
33.3% of cancer deaths are due to behavioral and
nutritional risk factors. These risk factors include
obesity, insufficient physical activity, and tobacco use
(Republic of Tiirkiye Ministry of Health, 2024).

Antioxidants interact with free radicals by
eliminating free radicals in the body and reduce
oxidative stress. In addition, they prevent cancer
development by stopping uncontrolled cell division.
Therefore, endogenous and exogenous antioxidants
are important in cancer prevention. Medicinal plants
and foods are among the sources of exogenous
antioxidants (Alzeer et al., 2017). Numerous studies
have shown that natural polyphenols (apigenin,
luteolin, quercetin, kaempferol, resveratrol, etc.) can
be used for the prevention and treatment of cancer
through their antioxidant and anti-inflammatory
effects (Zhou et al,, 2016). The main methods used
in cancer treatment today are radiotherapy, surgery,
and chemotherapy. Chemotherapy has unpleasant
side effects such as vomiting, nausea, diarrhea, hair
loss, loss of appetite, fever, constipation, pain, fatigue,
mouth sores, the formation of bruises on the skin, and
bleeding. Medicinal plants, traditional folk medicines,
and natural compounds are being evaluated for new
opportunities in cancer prophylaxis and treatment
(Greenwell & Rahman 2015; Altun & Sonkaya 2018).

Juglans regia L., a species belonging to the

Juglandaceae family, is known as walnut in Anatolia.
526

It is a tree that naturally spreads throughout the world
from the Balkans to the Himalayas and Southwest
China. Its fruits are a strong source of nutrients owing
to their high amount of fixed fat, as well as protein,
carbohydrate, and mineral content. On the other
hand, leaves of the plant contain carbohydrates, fatty
acids, naphthalene derivatives (juglone), tannin,
phenolic compounds, and ascorbic acid (Delaviz et
al., 2017). It has been determined by researchers that
J. regia leaf extracts show strong cytotoxic activities
in colon, lung, breast adenocarcinoma, prostate, and
human oral cancer cells (Salimi et al., 2012; Delaviz et
al., 2017; Ara et al., 2023).

Pests that infest trees such as walnuts, pears,
pistachios, almonds, and figs can have negative effects
on the fruit shape, fruit productivity, and leaves
of these species. Agricultural control methods are
applied against this type of pest. The Eriophyidae
mites, which infest walnut leaves and fruits, feed
by sucking the sap of these parts, and the harmful
substances they secrete during this time cause
deterioration in the plant tissues and the formation
of blisters. These blisters formed on the leaf are light
green at first, then gradually become darker, turning
from red to brown and finally to black. These blisters
are known as galls. This pathological formation
causes early shedding of leaves and deformation of
fruits. Research should be carried out for the use of
these galls in the development of some products with
added value (medicine, cosmetics, etc.) (Denizhan
& Cobanoglu 2009; T.C. Gida Tarim ve Hayvancilik
Bakanligi, 2017). Based on traditional knowledge,
the ideas that form the basis for discovering
pharmaceutical raw materials have emerged from the
principles of sometimes similarities and sometimes
contrasts. Semi-parasitic plants such as Viscum album
L. (European mistletoe) damage the tree by absorbing
all the minerals and water of the host tree with their
haustorium. In this way, the tree, which dries up day
by day, is likened to the spread of cancer in the human
body. For this reason, European mistletoe has been

included in cancer research for many years. Today,
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fermented extracts of European mistletoe are used
as an anticancer drug in anthroposophical medicine
(Davis, 1982; Tennakoon & Pate 1996; Deliorman et
al., 2000; Dela et al., 2015; Delebinski et al., 2015).

With the same approach, the polyphenolic
extracts prepared from these pathological structures
(gall) formed by Eriophyidae mites from the leaves
of walnut trees in two different localities (Sinop and
Ankara) in Turkey were investigated for cytotoxic
activity in MCF-7 and HUVEC cell lines in this
study. In addition to antioxidant activities of these
polyphenolic extracts, analyses of polyphenolic
substances were carried out by LC-QTOF/MS. The
current research is original as it is the first report of
phytochemical analysis and activity screening studies

on galls caused by Eriophyidae mites on walnut leaves.
MATERIAL AND METHODS
Plant material

Walnut leaves were collected from Boyabat,
Sinop, Turkey and Cankaya, Ankara, Turkey in July
and August 2019. The plant materials were identified
by Giilsen Kendir (Department of Pharmaceutical
Botany, Suleyman Demirel University, Isparta,
Turkey). Voucher specimens were stored in the GUL
Herbarium, Suleyman Demirel University (GUL

111/1/1-2 and GUL 111/1/1-3).
Extraction

The galls on the walnut leaves were carefully
removed with a scalpel and dried at 25°C. 50 mL of
80% acetone (WLSA) and 80% ethanol (WLSET)
were added to the separately weighed two gall samples
(1.32 g and 1.37 g, respectively) collected from Sinop
and macerated at room temperature. 50 mL of 80%
acetone (WLAA) was added to 0.51 g of gall sample
collected from Ankara. Since the sample amount
was insuffcient, an 80% ethanol extract could not be
prepared. These samples were extracted for 14-18
hours on a shaker at 25°C, and then the extracts were
filtered. The same procedures were repeated three
times by adding solvents again. All solvents were

evaporated using a rotary evaporator.

Chemical composition analysis of plant extracts
Total phenolic content

Folin-Ciocalteu reagent (10% v/v) was first added
to the 20 pL extracts and kept at 25°C for 5 minutes.
Then sodium carbonate (Na,COs) solution (7.5%
w/v) was mixed to the extract-folin mixture. The
absorbance of the resulting mixture was measured at
a wavelength of 735 nm. Total phenolic content was
shown as gallic acid equivalent (GAE) mg/g extract
(Zongo et al., 2010). The calibration equation was
found as y = 6.1419x and calculated as r* = 0.9982.

Analysis of phenolic compounds by LC-QTOF-
MS method

LC-QTOF-MS was used for qualitative analysis.
Analyses were performed on Agilent 1260 series
HPLC system and Agilent 6550 iFunnel High
Resolution Mass Spectrometer device connected to
this system. Analyses were made in negative mode.
MS operating mode is 2 GHz Extended Dynamic
Range. Agilent Zorbax Extend C-18 column was
used in the analysis. Agilent MassHunter Software
B06.00 and Metlin Metabolite database were used for
analysis and data evaluation. LC-QTOF-MS analysis
parameters of phenolic compounds: Column: Agilent
Zorbax Extend C-18 (4.6 mm x 150 mm x 3.5 pum);
Column oven: 35°C; Injection volume: 5 uL; Analysis
Time: 25 min.; Mobile phase A: water-acetic acid
(0.1%); Mobile phase B: Acetonitrile; Flow: 0.65
mL/min; Method; At the beginning of the analysis,
the ratio of solvent B was 5% and isocratic flow was
applied for one minute. Between 1-4 minutes, the
solvent B rate has a 10% gradient flow. Between 4-10
minutes, solvent B 70% gradient flow was reached.
Solvent B 90% gradient flow was applied between 10-
11 minutes. 90% isocratic flow was applied between
11-16 minutes. Solvent B was decreased gradually to
5% between 16-16.1 minutes. Solvent B reached 55%
with gradient flow between 16.1-20 minutes.

Antioxidant activity

In antioxidant activity studies, extracts and
reference compounds in all methods were dissolved

in methanol.
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DPPH radical scavenging activity

The mechanism of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity method is based
on the hydrogen atom and electron donating capacity
of the extract to bleach the purple color of DPPH
solution (Orhan et al., 2011). DPPH solution (1 mM)
was added to the 80 uL extracts. The resulting mixture
was left for 30 minutes. The absorbance values of
the extracts and ascorbic acid were measured at 520
nm. The standard compound in the experiment was

ascorbic acid (Jung et al., 2011).
Metal chelating capacity

The mechanism of action of metal chelating
capacity is based on the inhibition of Fe**-ferrozine
complex formation after reaction of the extracts with
Fe>* (Giilgin, 2010). The first FeCl, solution (2 mM)
was added to the extracts, then ferrozine solution
(5 mM) was added. The experiment was performed
with a final volume of 130 uL. After this process, the
absorbance of the extracts at 562 nm wavelength was
measured with a microplate reader. Ethylene diamine
tetra acetic acid (EDTA) was used as the standard

compound in the experiment (Dinis et al., 1994).
Ferric-reducing antioxidant power

The mechanism of action of the reducing power
of the extracts is based primarily on the reduction of
Fe**(CN)® to Fe?*(CN)° and then on the absorbance
measurement of the blue-colored complex formed
after the addition of excess Fe** (Giilgin, 2010). All
test samples (50 uL) and quercetin (50 uL) were mixed
with sodium phosphate buffer (pH = 7.2, 0.1 mol/L).
Then, potassium ferricyanide solution (1% w/v) was
added to the mixtures and the microplate was placed
in an oven at 37°C. Then, trichloroacetic acid solution
(10% w/v) was added to the mixture. The experiment
was performed with a final volume of 210 uL. Results
were measured at a wavelength of 700 nm. FeCl, (0.1%
w/v) was added to the mixture, and the wavelength

was measured again (Orhan et al., 2017).
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Cytotoxic Activity
Cell culture

Breast cancer cells (MCF-7) and human umbilical
vein endothelial cells (HUVEC) were cultured in an
incubator in Dulbeccos Modified Eagles medium
(DMEM) containing 10% fetal bovine serum and 100
U/mL penicillin/streptomycin. Incubation conditions
are set at 37 °C, with 5% CO,. The extracts were
dissolved in dimethyl sulfoxide (DMSO) and applied
to the cells in increasing logarithmic concentrations
(18, 30, 56, 100, and 180 pg/mL). Cells were treated
with 0.2% DMSO.

Cytotoxic activity

The cytotoxic activity of the extracts was
determined against MCF-7 cancer cells and HUVEC
cell lines using the MTT assay. 10000 MCF-7 and
HUVEC cells were transferred to each well of 96-
well plates. The next day, cells were replaced with
fresh medium in DMEM without phenol red (200
uL), and then extracts were added. After 72 hours of
incubation, media containing 0.5 g/l MTT 50 uL (Life
Technologies) was added to each well. Subsequently,
formazan crystals were dissolved with DMSO (160
pL). Absorbances were measured at a wavelength
of 570 nm. The cell viability (CV) percentage was
calculated as follows (Ozdemir et al., 2017). CV% =
(Absorbance of extract group/absorbance of control

group) x 100.
Statistical analysis

In cytotoxic activity studies, all values were
evaluated using a one-way analysis of variance
(ANOVA), followed by the Tukey post hoc test to
analyze multi-group comparisons. The GraphPad
Software Instat program was used to calculate the

standard errors from the values found in other studies.
RESULTS AND DISCUSSION
The yields of acetone and ethanol extracts prepared

from galls in walnut leaves collected from two

different localities (Sinop and Ankara) in Turkey are
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given in Table 1. Since the amount of gall formed on
the walnut tree grown in Ankara is low and acetone is
the solvent that can extract polyphenolic compounds
from plants, especially tannins, only acetone extract
was prepared from this plant sample. The extract
yields of all three extracts were found to be quite
close to each other. The chemical profile of the tested

extracts was analyzed by the Folin-Ciocalteu method
and LC-QTOEF-MS methods. According to the results
of the total phenol content determination using UV
spectroscopy, it was determined that the acetone
extract (WLSA; 177.31 + 6.99 GAE mg/g extract) of
the sample collected from Sinop had the highest total
phenol content (Table 1).

Table 1. Yields and total phenolic contents of extracts

Extracts Yield% Total phenol content (GAE) mg/g extract + SD*
WLSA® 14.67 177.31 £ 6.99

WLAA® 14.82 109.47 £ 1.24

WLSET* 15.29 157.12 + 13.14

*WLSA: walnut leaves acetone Sinop, "WLAA: walnut leaves acetone Ankara,
‘WLSET: walnut leaves ethyl alcohol Sinop, 4SD: Standard deviation

The extracts were analyzed by LC-QTOF-MS in the negative mode. Total ion chromatograms of the extracts

are given in Figure 1.
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Figure 1. Total ion chromatograms of the extracts

Compounds with molecular weights of the
chlorogenicacid 354.09508; - Quercetin4‘-O-glucoside
/ Quercetin 3-O-galactoside 464.09548; - Quercetin
7-xyloside / quercetin 3-O-arabinoside 434.08491; -
Quercetin 7-O-rhamnoside 448.10056; - Kaempferol
3-O-xyloside/Kaempferol 3-O-arabinoside418.09000;

- Kaempferol derivative 578.14243 and - Kaempferol
derivative 578.14243 of phenolic compounds with
retention times of 9.85, 11.06, 11.33, 11.46, 11.73,
13.05 and 13.20 minutes in the chromatogram of the
three extracts (Table 2, Figure 2).
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Figure 2. RP-HPLC chromatogram connected to LC-QTOF (260 nm) of the extracts and solvent. (Solvent

and sample signals overlapped)

In addition, when the fragment ions of the
compounds thought to have this molecular weight
and the fragment ions belonging to the peaks
thought to belong to these compounds in the
extracts were compared, it was predicted that these
compounds could be chlorogenic acid, quercetin
4-O-glucoside/quercetin 3-O-galactoside, quercetin
7-xyloside/quercetin ~ 3-O-arabinoside, — quercetin

3-O-xyloside/
and  kaempferol

7-O-rhamnoside, kaempferol

kaempferol ~ 3-O-arabinoside,
derivatives, respectively.
Interestingly, in the DPPH free radical scavenging
activity method, it was observed that the effect
was stronger in all extracts with decreasing doses.
Similarly, in a different study, J. regia dichloramethane
leaf extract showed stronger DPPH radical scavenging
activity at 0.5 mg/mL concentration compared to 1
mg/mL (Erdogan Orhan et al., 2011). In another study,
DPPH radical scavenging activity increased as the
concentration of leaf essential oil of J. regia increased,
but B-pinene, the major constituent of the essential
oil, showed higher activity at 80 pg/mL concentration
than at 100 pg/mL concentration (Rather et al., 2012).
In this respect, there are differences in the literature,
and our research results are similar to those of Erdogan
Orhan et al. WLSA, WLAA and WLSET extracts at
0.5 mg/mL concentration (85.90 + 0.62, 86.95 + 0.77
and 87.76 + 0.21%, respectively) showed as potent
radical scavenging effects as the reference compound
ascorbic acid (91.80 + 0.31%). The ferric reducing
power was 2.517 + 0.090, 1.925 + 0.010 and 1.969 +
0.070 in the extracts respectively, at a concentration of
2 mg/mL, with an absorbance value of 1.874 + 0.030
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for the reference compound quercetin. In the ferric
reducing power test, on the contrary to the extracts,
a decrease was observed in the absorbance values of
the reference compound quercetin, on the contrary
to the increase in the dose. It was determined that
only WLAA extract had a very high metal chelating
capacity (74.17 = 11.06%) at 2 mg/mL concentration.
On the other hand, the metal binding capacity of
EDTA used as a reference at 2 mg/mL was found to be
100 +£0.00% (Table 3).

MCEF-7 and HUVEC cell lines were used to test
the cytotoxic activities of the extracts. The extracts
were incubated with the cells for 72 hours. As a
result of subsequent colorimetric assays, none of the
WLSET and WLSA extracts changed the viability of
MCEF-7 cancer cells, while WLAA extracts reduced
cell viability at concentrations of 100 and 180 pg/mL
compared to the control group. WLAA extract reduced
cell viability to 83.66 + 3.84% at a concentration of 100
pg/mL, and the same extract reduced cell viability to
81.45+2.75% (p < 0.05) at a concentration of 180 ug/
mL (Table 4, Figure 3).

In order to understand whether the induced
cytotoxic effect is specific to cancer cells, the effects
of the extracts on the healthy cell line HUVEC were
also evaluated. It was determined that only WLSET
and WLSA extracts cause a significant cytotoxic effect
on HUVEC cell lines at a concentration of 180 ug/mL
(Figure 4).

All these results showed that MCEF-7 cancer
cells were more sensitive to WLAA extract at a
concentration of 100 pg/mL compared to healthy
HUVEC cell lines.
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Table 4. Cytotoxic activity of the extracts

Cell Line Concentration (ug/mL) Cell viability% + SEM
WLSET WLSA WLAA
MCE- 7 18 94.41+1.29 99.94+3.08 95.64+2.79
30 98.48 +2.53 104.40+2.00 100.20+2.36
56 96.68+1.03 100.50+2.21 89.32+0.95
100 97.76£1.33 106.40+1.77 83.66+3.84*
180 108.30+2.97 112.40+6.14 81.45+2.75*
HUVEC 18 99.05 £ 5.90 98.27+2.95 103.40+2.12
30 106.80+3.01 100.70£2.94 103.60+2.51
56 94.95+1.58 99.29+1.83 95.69+3.21
100 97.76%2.21 102.60+1.60 97.46+1.99
180 64.11£1.65* 84.23£1.19* 92.81+£3.43
n =4;* p < 0.05; SEM: Standard error meaning
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Figure 3. Cytotoxic effects of WLSET, WLAA, and WLSA extracts in MCE- 7 cell lines (n = 4 tested, One-
Way ANOVA, * p < 0.05 vs. control DMSO)
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Figure 4. Cytotoxic effects of WLSET, WLAA, and WLSA extracts in HUVEC cell lines (n= 4 tested, One-
Way ANOVA, * p < 0.05 vs. control DMSO).

One of the cells in the cancer microenvironment is
the endothelial cell and endothelium plays important
roles in cancer diseases (Sobierajska et al., 2020). Thus
we also evaluated the cytotoxic effects of walnut leaves
extracts on endothelial cells. Among the extracts
examined in this study, it was determined that only
WLAA extract exerted cytotoxic activity in MCF-7
cancer cell lines, on the other hand, it did not show
any cytotoxic effect on healthy cell lines. A compound
and/or extract evaluated for cytotoxic effect should
not be cytotoxic to healthy cell lines. In addition, it
is important that the extract is effective in terms of
both cytotoxic and antioxidant effects, and when the
WLAA extract is evaluated from this point of view, it

is considered extremely promising.

Due to of the differences in the phenolic
content of the extracts and LC-QTOF-MS analyses

were performed to determine the phenolic

content of the extracts. In LC-QTOF-MS analysis,
fragmentation ions belonging to molecules thought
to be derivatives of chlorogenic acid, quercetin
4-O-glucoside/quercetin 3-O-galactoside, quercetin
7-xyloside/quercetin ~ 3-O-arabinoside,  quercetin
3-O-xyloside/

and  kaempferol

7-O-rhamnoside, kaempferol

kaempferol ~ 3-O-arabinoside,
derivatives were detected in all extracts. As seen in
the chromatograms, it was not determined which
phenolic compounds belonged to the main peaks
observed at the 15th and 16th minutes in the WLAA

extract, which was thought to be particularly effective.

As a result of our literature survey, it was
concluded that scientific studies were also carried
out on the galls formed in different plants. Gall,
which is formed by an insect named Adleria gallae
tinctoria on the branches, leaves, and buds of Quercus
species (Oak), contains secondary metabolites in
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tannin, phenolic acid, flavonoid, triterpenoid, and
steroid structure, and depending on these contents,
cholinesterase and monoamine oxidase inhibitor,
antitumor, antihypertensive has been determined that
they show antioxidant, antimicrobial, insecticidal,
anti-inflammatory, and antiparasitic effects (Mirpour
et al., 2015; Arina & Harisun 2019; Mahboubi 2020;
Sukor et al., 2020; Elham et al., 2021).

Similarly, in the galls formed by a Pemphigus
insect on the leaves and petioles of Pistacia integerrima
Stewart from the Anacardiacae family; it has been
reported that flavonoids, monoterpene, triterpenoid,
sterol, triterpenic acid, fatty esters, ketoalcohol
structured compounds, and dihydromalvalic acid are
present. Scientific studies have also been published on
the fact that the extracts obtained from these galls have
antihyperalgesic, anti-inflammatory, antidepressant,
and antihyperuricemic effects (Ahmad et al., 2010;
Rauf et al., 2016).

It has been reported that the galls formed by the
aphid Schlechtendalia chinensis on the leaves of Rhus
chinensis Mill. are also rich in hydrolyzed tannins and
gallotannins and display alpha glucosidase enzyme
inhibitory, anticancer, antiviral, antimicrobial, and
anti-inflammatory activities (Shim et al., 2003; Liu et
al., 2014; Kwak et al., 2014).

In a study on oak galls caused by Eriophyidae, galls
parts of the plant were found to be rich in gallotanene
and gallic acid (Patni et al., 2012). In this context, it is
thought that the biological activities of galls belonging
to different plant species with different phytochemical

content may also be different.

As a result of our literature studies, no
phytochemical or activity studies were found on galls
caused by Eriophyidae mites on J. regia leaves. For
the first time in this study, the chemical compositions
of polyphenol extracts obtained from galls were
analyzed, and their antioxidant and cytotoxic

activities were investigated.

Hakimuddin et al,, evaluated the cytotoxic effects

of the flavonoid fraction obtained from red wine on
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MCE-7 cell lines. Due to the strong selective cytotoxic
effect of the fractions, the effects of some flavonoids
(catechin, quercetin, and naringenin) in these
fractions were tested again in the same cell line. All
three flavonoids showed dose-dependent cytotoxic
effects on the proliferation of MCF-7 cells. The IC,
values of quercetin, naringenin and catechin are listed
as follows; 13, 51, and 150 pg/mL (Hakimuddin et
al., 2004). In a study by Silva et al., it was reported
that the ethanol extract of Mimosa caesalpiniifolia
leaves had a cytotoxic effect on MCF-7 cell lines and
that this extract was rich in flavonoids (Silva et al,,
2014). These literature data showed that the cytotoxic
effect of WLAA extract on MCF-7 cells may be due
to the fact that it contains more catechins than other
extracts. On the other hand, it can be predicted that
the identified/unidentified phenolic compounds in
this extract may also cause synergistic effects in both
antioxidant and cytotoxic activities. LC-QTOF-MS
analyses showed that some secondary metabolites
in walnut leaves are also present in galls, and some
compounds identified in galls have not been identified
in walnut leaves so far. In other words, these findings
suggest that walnut leaves contain some phenolic
compounds (quercetin 4’-O-glucoside, quercetin
7-xyloside, quercetin 7-O-rhamnoside, kaempherol
3-O-xyloside, and kaempherol 3-O-arabinoside) that
have not been detected until now.

CONCLUSIONS

In this report, the phytochemical contents,
antioxidant and anticancer effect potentials of galls
caused by Eriophyidae mites on J. regia leaves were
investigated for the first time. While eight phenolic
compounds were defined by LC-QTOF-MS. While
it was observed that MCF-7 breast cancer cell lines
were more sensitive to the polyphenolic extract of
galls collected from the Ankara region, it was also
concluded that this extract had a high antioxidant
potential. When approached from a different
perspective, the galls formed on the leaves of the trees
both damage the trees and cause negative economic

effects in terms of affecting fruit productivity.



FABAD J. Pharm. Sci., 49, 3, 525-538, 2024

Therefore, the results obtained in this study showed
that these galls are worth examining in terms of
anticancer, antioxidant, and many other activities,
and in this way, a pathogenic condition for the tree
can be a source for the discovery of new and natural
drug raw materials. Future studies will continue to
test the cytotoxic activities of the fractions obtained
from the polyphenolic extracts of these galls formed
on walnut leaves in different cancer cell lines and to

determine the active compound or compounds.
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A (hetero)arylidene-(4-substituted-thiazol-2-yl)
hydrazine As New Potential MAO-B inhibitors.
Computational Study and In-Silico Prediction

Moulay Ahfid El ALAOUY', Marwa ALAQARBEH™", Abdelouahid SBAI™,
Hamid MAGHAT ", Tahar LAKHLIFI", Mohammed BOUACHRINE ™"

A (betero)arylidene-(4-substituted-thiazol-2-yl) hydrazine
As New Potential MAO-B inhibitors. Computational Study
and In-Silico Prediction

SUMMARY

The inhibitory effect of 44 hydrazine derivatives (4-substituted-
thiazole-2-yl) compounds against hMAO-B was evaluated to
understand the structure-activity-relationship. The results show that
the CoMFA/SE model has high stability and predictability (Q2 =
0.608; R2 = 0.933; R2 Test = 0.70). Contour maps derived from
the CoMFA/SE vacuum field and the electrostatic field provide more
information about the modulation of these inhibirors.

The interactions were investigated by molecular docking and showed
a conventional hydrogen bond with residues Ile14, Serl5, Gln206,
Mer436, Tyr435, Tyr60, and Ser59, which play essential roles in
the biological field. The MD binding free energies for compound 26
and proposed compound M1 with hMAO-B of -134.288 kJ/mol and
-150.506 kj/mol, respectively, were -134.288 kJ/mol and -150.506
kJ/mol, respectively. Therefore, compound MI is more active than
compound 26 at the active site of the hMAO-B receptor.

Key Words: ADMET, 3D-QSAR, Molecular Docking, Molecular
Dynamics, hMAO-B.

Yeni Bir Potansiyel MAO-B Inbibitorii Olarak Bir (betero)
ariliden-(4-siibstitiie-tiyazol-2-il)  hidrazin.  Hesaplamal
Calisma and in-Silico Tahmin

0z

Yapi-aktivite-iliskisini anlamak amacyla 44 hidrazin tiirevi
(4-siibstitiie-tiyazol-2-il)  bilesigin hMAO-Bye kars: inhibitor
etkisi degerlendirilmistir. Sonuglar CoMFA/SE modelinin yiiksek
kararliliga and tahmin edilebilirlige sahip oldugunu gostermektedir
(Q2 = 0.608; R2 = 0.933; R2 Test = 0.70). CoMFA/SE vakum
alant and elektrostatik alandan elde edilen sinir haritalars, bu
inhibitorlerin modiilasyonu hakkinda daha fazla bilgi saglar.
Etkilesimler molekiiler yerlestirme yontemi ile incelenmis and
biyolojik alanda onemli roller oynayan Ilel4, Serl5, Gln206,
Mer436, Tyr435, Tyr60 and Ser59 kalimtilaryla geleneksel bir
hidrojen baginin varligi gosterilmigtir. Bilesik 26 and onerilen
bilesit M1'in hMAO-B ile MD baglanma serbest enerjileri
srastyla -134.288 kf/mol and -150.506 kJ/mol'diir. Bu nedenle,
M1 bilesigi hMAO-B reseptiriiniin aktif bolgesinde bilesik 26 dan
daha aktiftir.

Anabhtar Kelimeler: ADMET, 3D-QSAR, Molekiiler Yerlestirme,
Molekiiler Dinamik, hMAO-B
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INTRODUCTION

Monoamine oxidase (MAQO) is an oxidoreductase
enzyme that catalyze monoamine neurotransmitters,
and they belong to flavin adenine dinucleotide
(FAD)-dependent protein (Yang et al., 2017). The
deamination of neurotransmitters and biogenic
amines is catalyzed by the flavoproteins MAO(Yiicel
and Ozdemir, 2023), which has two distinct isoforms,
A and B (MAO A and MAO B) (Chimenti et al.,
2007). MAO-A metabolizes the ample endogenous
amine serotonin, while MAO-B metabolizes small
amines such as phenylethylamine, the precursor
of dopamine and norepinephrine, a precursor to
dopamine and norepinephrine. As a result, human
MAQO inhibitors (hMAO-Is) play a significant role
in managing neurological and psychiatric illnesses.
In particular, hMAO-A inhibitors are employed as
antidepressants and anxiolytics, whereas hMAO-B
inhibitors are adjuncts in treating PD (Secci et al,,
2012a). MAO-B kinetics gets stronger with age in
the brain, along with the increase of the catalytic
process of oxidative deamination, which produces
aldehydes and hydrogen peroxide as by-products
(Lu et al., 2018)nanostructured NS. Since oxidative
stress and the development of neuronal damage
are linked, inhibition of MAO-B will likely prevent
the brain from metabolizing monoamines, thereby
counteracting  the
(Vicente-Zurdo et al., 2023). The hMAO-B inhibitors

are helpful and successful in reducing motor

degenerative  consequences

fluctuations in people with early and advanced
Parkinson’s disease (PD) by improving dopamine
levels and reducing the side effects of PD treatments
(Kondeva-Burdina et al., 2022a). In this regard, using
specific h(MAO-B inhibitors to treat PD is warranted
because oxidative deamination of the primary
monoamine by hMAO produces toxic NH,, aldehyde,
and H,O, agents(Dhiman, Malik, Sobarzo-Sénchez,
Uriarte and Khatkar, 2019). Because of the increase in
hMAO activity and the consequent increase in H,O,
production by hMAO-B, age-related degenerative
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disease processes, Parkinson’s may also be related to
oxidative stress. Therefore, inhibitors of hMAO-B
could work by reducing free radical production and
increasing monoamine levels in the brain (Kondeva-
Burdina et al, 2022b). In treating PD, MAO-B
inhibitors play a crucial role in preserving dopamine
levels in the brain and alleviating the symptoms of the
disease (Bozbey, Taskor Onel, Tiirkmenoglu, Giirsoy
and Dilek, 2022). Several heterocyclic compounds
have been studied to investigate the potential MAO-B
enzyme inhibition activity. 4-substituted thiazol-
2-yl hydrazines belong to thiazole heterocyclic
derivative and have been shown to bind to MAO-B
enzyme and block its activity, thus helping preserve
dopamine levels (Anastassova et al., 2022; Chimenti
et al,, 2010). Also, benzimidazoles and isoquinolines,
other heterocyclic compounds, have interesting
therapeutic targets for treating Parkinson’s disease
(Anastassova et al,, 2022; Nagatsu, 1997). Further
research has examined MAO-B inhibitors such as
selegiline and rasagiline for their neuroprotective
effects in PD by preserving dopamine levels (Fiddian-
Green and Silen, 1975). Discovering and designing
new MAO-B inhibitors as potential drugs to treat
Parkinson’s disease using computer-aided methods
such as three-dimensional quantitative structure-
activity relationship (3D-QSAR), molecular docking,
ADMET predictions, and molecular dynamics (MD)
simulations have been used to design potential
candidate drugs (Aanouz et al., 2021). In this work,
comparative molecular domain analysis (CoMFA)
was performed on 44 hydrazine (4-substituted-
thiazole-2-yl) derivatives synthesised by Daniela
Secci et al. to relate the characteristic structure to the
inhibitory activity of the hMAO-B enzyme (Secci et
al., 2012). Molecular docking and ADMET studies
facilitate the identification of new drug candidates.
Finally, molecular dynamics simulation at 100 ns
was performed to estimate the binding stability of 44
candidates within the target protein to confirm the

docking results.
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MATERIALS AND METHODS
Data collection

This study investigated 44 (hetero)arylidene-
(4-substituted-thiazol-2-yl)

synthesised by Secci et al. were investigated as

hydrazine derivatives
potential selective inhibitors of human MAO-B
inhibitors. (Secci et al., 2012). The inhibitory activities
of compounds IC,, (M) values were changed to
a logarithmic scale (pIC,, = -log IC,)), as shown

in (Table 1) and (Figure 1.). 35 compounds were used

Cy

%m{/
S

as a training set, and the remaining 9 inhibitors were
used to validate the developed model. 3D-QSAR
modeling was performed using Sybyl software, and the
Gasteiger-Huckel method was used to add the partial
atomic charges after the Tribe force field lowered the
resulting energy. The convergence value of the Powell
gradient energy was set to 0.005 kcal/mol A, and the
maximum number of iterations was 1000 to produce
an efficient 3D-QSAR model (Fiddian-Green and
Silen, 1975).

Figure 1. The chemical formula of the studied compounds.

Table 1. Activities and structures of (hetero) arylidene-(4-substituted-thiazol-2-yl) derivatives.

- pIC,,
No Cy R R1 IC, hMAO-B | | & &
o
—
1 / H 4-CN 1.49pM 5.827
S
—
2 / H 4-CN 152.86nM 6.815
S
3 / CH, 4-CN 3.11 M 5.507
S
4 ‘ />— CH, 4-CN 2.00 uM 8.699
N
5 ‘ CH, 4-CN 995.94 nM 6.001
N
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6 ‘ H 4CN 946.62 nM 6.023
N
7 ‘ CH, 4CN 2.09 nM 8.68
N
8 ‘ X H 4CN 6.75 uM 5.17
N
9* ‘ X CH, 4CN 43591 nM 6.36
N
10 “ H 4CN 1.10 uM 5.958
11 \ H 4-CN 762.370M 6.118
N
H
(0]
12 H 4-CN 301.10 nM 6.521
O
O
13 M CH, 4NO, 3.59 uM 5.445
S
14 @7 CH, 4-NO, 297.91 nM 6.526
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S
15 ‘ / CH, 4-NO 366.21 nM 6.436
N
16* ‘ CH, 4-NO 26.67 nM 7.574
N
17+ ‘ X CH, 4-NO 13.12nM 7.882
N
(0]
—
18 ‘ / H 4-F 652.80 nM 6.185
o
_—
19 / CH, 4-F 319.82 nM 6.495
S
—
20 / H 4-F 338.35nM 6.47
S
—
21 / CH, 4-F 15.49 nM 7.81
S
—
22% ‘ / CH, 4-F 1.21 uM 5917
\ N
23 ‘ CH, 4-F 350.70 nM 6.455
244 [j\ CH, 4-F 2431 nM 7.614
N
25 H 4-F 482.16 nM 6.316
N
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26 CH, 4-F 1.70 nM 8.769
N
27 ‘ X é H 4F 12.82 M 4.892
28 (j H 4-F 112.36 nM 6.95
N
29 \ H 4-F 577.99 nM 6.238
N
H
O
30 H 4-F 1.08 uM 5.966
0
(0]
_—
31* ‘ / H 2,4-F 216.58 nM 6.664
0
_—
32 / CH, 2,4-F 40.08 nM 7.397
S
_—
33 / H 2,4-F 16.58 nM 7.78
S
_—
34 / CH, 2,4-F 3.01 nM 8.521
S
_—
35 ‘ / CH, 2,4-F 12.96 nM 7.887
\ N
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36 ©/ CH, 2,4-F 90.26 nM 7.044
37% ‘ H 2,4-F 198.50 nM 6.702
AN
38 ‘ CH, 24-F 18.40 nM 7.735
N
39 ‘ X H 24-F 548.85 nM 6.26
=
N
40 ‘ X CH, 2,4-F 16.68 nM 7.777
N/
41 ©ij H 2,4-F 137 .6 nM 6.861
42 @ig H 24-F 529.48 nM 6.276
N
H
O
43 H 24-F 1.17 uM 5.931
O
(0] (6]
44 ©i;/< CH, 24-F 1.42 uM 5.847
* Test set
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Alignment of the inhibitors

One of the most critical aspects of the structural
alignment of target compounds significantly impacts
the predictive ability and accuracy of 3D QSAR
models and the reliability of contour maps. In this

paper, the least energetic conformation of the most

Aligned compounds

active compound 26 has been considered as the
superposition model (Stamm, Latscha, Janecek and
Campana, 1976). The other inhibitors were aligned
with the common backbone, and the alignment

results are shown in (Figure 2).

core

Figure 2. Overlay and alignment of the 44 molecules using Molecule 26 as a model.

Generation of 3 D-QSAR models

CoMFA and CoMSIA are three-dimensional
quantitative relationship
(3D-QSAR) methods used to describe the properties

of receptor interactions and chemical bonds. Carbon

structure-activity

sp3 with a charge of +1 was used as a probe with a
van der Waals radius of 1.52 and default energy cut-
off values of over 30 kcal mol’ to determine field
energies.
were calculated. COMFA and CoMSIA fields were
automatically calculated using the standard Sybyl

In addition, Gasteiger-Huckel charges

method for each molecule, using the Tripos force field

in a cubic grid in all directions.
Partial least square (PLS) statistical analysis

The PLS approach was employed to construct the
CoMFA and CoMSIA models, with the activity of the
35 molecules in the training set used as the dependent
variable for pattern matching and the pattern
descriptors as the independent variables(Sener, Ekici,
Goniilalan and Bodur, 2024). Regression analysis
using PLS created accurate and focused models. The
sp3 carbon with a charge of +1.0 was used to generate

all the required fields. Initially, the cross-validated
546

determination coeflicient q* and the optimal number
of components (ONC) were determined using a
cross-validation analysis approach with a Leave-One-
Out (LOO) technique. Subsequently, the model was
evaluated using a cross-validated analysis based on
the determination coefficient (R?), the standard error
of estimation (SEE), and the F-value (Lipscomb, Scott
and Schulman, 2010).

ADMET Prediction

The physicochemical and biological properties of
small molecules are essential to determine the utility
of drug candidates by integrating Lipinskis rules
and ADMET predictions using the Swiss-ADMET
web server (Daina, Michielin and Zoete, 2017). This
resource is freely available. The six designed molecules
(M1-M6) and compound 26 were submitted in silico
using the five Lipinski rules (Pires, Blundell and
Ascher, 2015) molecular weight (MW) <500, log
p<5, hydrogen bond donors (HBD)< 5, number of
hydrogen bond acceptors (HBA ) < 10, and rotational
bonds (nrotb) < 10, and additionally topological polar
area (TPS)< 140 Water solubility, human intestinal

absorption, Molar refractoriness should be between
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40 and 130, metabolism, Cytochrome P450 enzymes,
synthetic accessibility score and toxicity (Boutalaka et
al., 2023).

Molecular docking

Prediction of binding patterns of ligands with
target proteins has long been achieved through
molecular docking method. Many research and
commercial tools are currently available for protein
docking. This study used a new molecular docking
tool called CB-Dock, identifying binding sites, size,
and position of protein and target molecules. The
appropriate docking size is based on the query links
and performs molecular docking using AutoDock
(Kahn, Bosch, Levitt and Goldstein, 1975)the
increment in Na ad Cl reabsorbed beyond the
proximal tubule. The administration of these agents
resulted in an increase in fractional sodium excretion
(CNa/GFR). The server collaborates with AutoDock
Vina and has undergone extensive optimization to
increase the success rate of the created models. In this
study, the researchers used the web server http://cao.
labshare.cn/cb-dock/(Liu et al., 2020). The data entry
includes ligand files in MOL2, MOL, or SDF format
for compound 26 and the proposed compounds (M1,
M2, M3, M4, M5, and M6.), which were selected
as new candidates due to their pharmacokinetic
properties (Stitou et al, 2021). In addition, the
enzyme (hMAO-B) was also downloaded in PDB
format from www.rcsb.org (PDB: 2V60) (Shaukat
and Hussain, 2022). Crystallized water molecules,
heteroatoms, etc., were automatically removed from
the protein when uploaded to the CB-Dock web
server. After uploading, CB-Dock uses OpenBabel to
read the input files and convert them to pdbqt format
(Cao and Li, 2014).

Molecular Dynamics Simulations

The CHARMM-GUI solution builder consists of
five steps for setting up a simulation system. In the
third step, Periodic Boundary Conditions (PBC) are
established by replicating a unit cell in all directions

to approximate a larger system. The simulation

is then conducted solely for the atoms within the
PBC box. Additionally, any unfavorable contacts
between atoms are eliminated by performing a short
minimization during this step. The fourth and fifth
steps involve the equilibration and production phases
of the simulation. Equilibration is achieved through
two phases: the NVT ensemble (constant number
of particles, volume, and temperature) and the NPT
ensemble (constant number of particles, pressure,
and temperature) (Kahn et al., 1975) the increment
in Na ad Cl reabsorbed beyond the proximal tubule.
The administration of these agents resulted in an
increase in fractional sodium excretion (CNa/
GFR). These phases ensure that the system reaches
the desired temperature and pressure equilibrium.
Input files for equilibration and production, along
with anticipated modifications such as the molecular
dynamics (MD) run duration and the frequency of
energy calculations, are downloaded. GROMACS
2020. 2, a software widely used for MD simulations,
was employed for both eqration and production
runs in all MD calculations. The simulation setup
involved the imposition of PBC considering the shape
and size of the system. Non-bonded interactions
were handled with a cutoff distance of 12 A, and the
neighbor searching list was buffered using the Verlet
cutoff scheme. Long-range electrostatic interactions
were treated using the particle mesh Ewald (PME)
method. The CHARMMS36 force field was applied to
the protein-ligand complex. PriorBeforeproduction
simulation, an energy minimization step using the
steepest descent algorithm was performed with 5000
steps to reduce the system’s energy. To stabilize the
complex, an equilibration process was conducted
(Pajzderska and Gonzalez, 2023). The complex was
subjected to an NVT ensemble and an NPT ensemble
for duration of 125 ps at a temperature of 300.15
K. Positional restraints of 400 k] mol™ nm™ and
40 kJ mol™ nm™ was applied to the backbone and
side chains, respectively. Following equilibration, a
production simulation was conducted for 100 ns in
an NPT ensemble at 300.15 K and 1 bar pressure. A
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nose-hoover thermostat was employed to maintain a
constant temperatured, while a Parrinello-Rahman
barostat was used to control the pressure. The LINCS
algorithm was utilized to constrain hydrogen bonds
based on the inputs provided by CHARMM-GUI. The
V-rescale thermostat at 300 K with a coupling constant
of 1 ps was employed. Trajectories were stored every
2 ps. The production stage involved performing
100 ns simulations in an NPT assembly(Kidder and
Montgomery, 1975).

Binding Energy Calculations

The Poisson-Boltzmann method or the Born
MM/PBSA series continuous soluble surfactant is
a commonly used and widely accepted method for
calculating the binding free energy of a protein-
ligand complex. Calculations of the binding free
energy and the energy contribution of individual
residues were used to estimate the inhibitory affinity
of ACHE quantitatively(Fiddian-Green and Silen,
1975). The “g_mmpbsa, a GROMACS tool” was
used with default parameters to calculate molecular
mechanics potential energy (electrostatic van der

Waals interactions) and insoluble energy (non-polar

Table 2. S E results.

solubility energies)(Lévéque-Simon et al., 2023).

The binding free energy can be expressed using

the following equation:

AGbinding = AGcomplex - (AGprotein + A(;ligand )
where, complex i the total free energy of

the protein-ligand complex, and are the total free
energies of the isolated protein and ligand in the

solvent, respectively(Zwahlen, 2023).
RESULTS AND DISCUSSION
CoMFA analysis

The statistical results of the CoMFA/SE model
are listed in (Table 2), where PLS analysis of COMFA/
SE model reveals that 9 was the ideal number of
components. Q*value was 0.608 (>0.5), the correlation
coeflicient (R?) was 0.933, the F value was 38.555, and
the standard error (SEE) was 0.307. R? test value of
0.70 reflects that molecules in the test set agree with
the CoOMFA model. Also, it demonstrates the strong
predictive ability of the CoMFA/SE model. The
contribution of the steric field was 47.4%, which was
slightly lower than the contribution of the electrostatic
field, which was 52.6%.

Q N SEE R? F R*Test
S+E 0.608 9 0.307 0.933 38.555 0.70
CoMSIA analysis was then validated with the test set, producing an

During the CoMSIA analysis, 9 models were built
based on the statistical parameter values. The results
of these models, using different combinations of five
variables, are presented in (Table 3). Among these
models, the combined model (CoMSIA/S+E+A+H)
showed the best performance with Q* = 0.53, R* =
0.88, F =20.463, SEE = 0.41, and ONC = 4. The model
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Rtest value of 0.79, indicating its effectiveness and
predictive ability compared to other models. Notably,
the CoMFA (S+E) model presented higher Q* and
R? values than the (CoMSIA/S+E+A+H) model,
making it the most appropriate choice to provide
better statistical information in this research(El Bahi,
Boutalaka, El Alaouy, et al., 2023).
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Table 3. Possibilities of combining (COMSIA) fields.

Q N SEE R? F R*Test

H 0.527 9 0.417 0.87 19.64 0.673
S+H 0.53 9 0.412 0.879 20.18 0.77
S+E+A+H 0.53 4 0.41 0.88 20.463 0.79
S+E+D+A+H 0.516 5 0.408 0.881 20.637 0.79
D+A+E+H 0.52 5 0.414 0.878 20.028 0.78

S+D+H 0.463 9 0.439 0.863 17.49

E+H+S 0.45 7 0.43 0.868 18.28 0.47
H+D 0.40 9 0.426 0.871 18.72 0.53
E+H 0.48 7 0.434 0.866 17.941 044

The actual and predicted activity results of the CoMFA/S+E and COMSIA/S+E+A+H models for hMAO-B

inhibitors are presented in (Table 4).

Table 4. Experimental and predicted pIC, of the CoOMFA/S+E and COMSIA/S+E+A+H models

N pIC,, (M) (CoMFA/SE)/(Predicted  residuals) (COMSIA/SEAH)/(Predicted  Residuals)
1 5.827 5.942 -0.115 5.861 -0.034
2 6.815 7.011 -0.196 7.021 -0.206
3* 5.507 8.274 -2.767 8.079 -2.572
4 8.699 8.602 0.097 8.165 0.534
5 6.001 6.028 -0.027 6.036 -0.035
6 6.023 6.18 -0.157 6.316 -0.293
7 8.68 8.287 0.393 8.215 0.465
8 5.17 5.302 -0.132 5.689 -0.519
9* 6.36 7.059 -0.699 7.401 -1.041
10 5.958 5.849 0.109 5.935 0.023
11 6.117 6.192 -0.075 6.149 -0.032
12 6.521 6.468 0.053 6.455 0.066
13 5.445 5.541 -0.096 5.424 0.021
14 6.526 6.692 -0.166 6.5 0.026
15 6.436 6.32 0.116 6.418 0.018

16* 7.574 5.928 1.646 6.38 1.194
17% 7.882 5.807 2.075 5.162 2.72

18 6.185 6.076 0.109 5.704 0.481
19 6.495 6.356 0.139 6.871 -0.376
20 6.47 6.517 -0.047 6.725 -0.255
21 7.81 7.712 0.098 7.995 -0.185
22% 5917 7.734 -1.817 7.698 -1.781
23 6.455 6.601 -0.146 6.335 0.12

24% 7.614 5.615 1.999 5.625 1.989
25 6.316 5.993 0.323 6.045 0.271
26 8.769 8.413 0.356 8.16 0.609
27* 6.949 4.867 2.082 5.344 1.605
28 4.892 5.328 -0.436 5.601 -0.709
29 6.238 6.324 -0.086 6.17 0.068
30 5.966 5.865 0.101 6.112 -0.146
31* 6.664 7.196 -0.532 6.865 -0.201
32 7.397 7.433 -0.036 7.52 -0.123
33 7.78 7.446 0.334 7.312 0.468
34 8.521 8.315 0.206 8.515 0.006
35 7.887 8.126 -0.239 8.53 -0.643
36 7.044 7.047 -0.003 6.928 0.116
37* 6.702 6.803 -0.101 6.526 0.176
38 7.735 8.782 -1.047 8.497 -0.762
39 6.26 6.102 0.158 5.981 0.279
40 7.777 7.701 0.076 7.698 0.079
41 6.861 6.435 0.426 6.194 0.667
42 6.276 6.34 -0.064 6.08 0.196
43 5.931 5.924 0.007 6.008 -0.077
44 5.847 5.879 -0.032 5.966 -0.119

* Test set
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External validation

In order to assess the predictive capacity of the best

CoMFA models developed, external validation was

carried out on nine compounds. These compounds
were randomly selected and excluded from the initial

study.

Table 5. The results of tests carried out by Golbraikh and Tropsha

Parameter Equation COMFA COMSIA Vahfiatl.on
Criteria
_ 2
R? (test) Rt = 1- M 0.70 0.79 >0.60
Z (Yobs(les() - Yobs(lesﬂ)
Z (ansqpre:u = kYtesl(pred))z
g 2 = 1 - ot T Tstora)_ , . .
o T Ve~ Voton)? 0.997 0.999 >0.50
ry ré=1- %?:(7";)) 0.736 0.703 >0.50
Ary |- r'é| 0.260 0.296 <030
Ll (rord) -0.428 -0.257 <0.10
(r-ré (Cor) -0.0547 0.115 <0.10
Yoo X Vo)
K k= Z(zb(Y e ) 0.991 0.997 0.85<K<1.15
pred
K o = 2o X Vo) %TYX \;";") 0.943 0.939 085<K <115
obs,

The statistical results show that the CoMFA and
CoMSIA/SEHA models have a good predictive quality,
corroborated by the coefficients of determination
obtained in the non-cross-validation and cross-
validation and the predictive ability demonstrated in
the external validation. The robustness of the proposed
model was assessed using Tropsha and Golbraikh’s
external validation criteria. The results obtained in the

external validation test for the CoMFA and CoMSIA/

SEHA models are presented in (Table 5).
Y-randomization test of model
The quality of the QSAR model was tested by
running ten tests with randomized methods, as shown
in (Table 6). The results of the Y randomization test
showed lower Q? and R? values than the model in the
current study, indicating that the CoMFA/SE model

was not obtained in a systematically randomized

manner.
Table 6. R’ and Q*LOO values after the Y-randomization experiments.
Model R R? Q
Random 1 0.137 0.018 -0.102
Random 2 0.202 0.041 -0.106
Random 3 0.259 0.067 -0.039
Random 4 0.048 0.002 -0.095
Random 5 0.245 0.06 -0.05
Random 6 0.022 0.0004 -0.128
Random 7 0.07 0.005 -0.15
Random 8 0.0013 0.000 -0.085
Random 9 0.025 0.0006 -0.098
Random 10 0.156 0.024 -0.105
Random Models Parameters
0.116 0.022 -0.096
Average
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Interpretation of model CoMFA contour.

To provide us with clues about the change in
chemical composition, a detailed study of the graphical
contour maps was performed. Figure 3 shows the
contour maps of the selected CoMFA/SE model. The
green contours indicate regions favorable for large
clustering to increase the activity of the molecule,
while the yellow contours indicate regions unfavorable
for large clustering to increase the activity (Figure 3A).
A medium-sized green contour surrounds a region
close to the variant R, indicating that the addition of a

large cluster favors better activity. It explained by the

A

fact that compound 9 (pIC, = 6.36), which contains a
-CH, radical in R, has higher activity than compound
8 (pIC,, = 5.17), which contains a hydrogen H in the
same radical, and the same is true for compounds
21 (pIC,, = 7.81) and 20 (pIC, = 6.47). The blue
and red color curves, respectively, show the areas
where electropositive and electronegative groups are
beneficial for activity (Figure 3B). A small red spot
near the R1 substituent in the para position of the
molecule shows that adding attractive mesomeric

groups or strongly electronegative atoms at this

location makes inhibition stronger.

Figure 3. Contour map results of the best developed CoOMFA/SE model: (A) Steric field and (B) electrostatic field.

Newly designed compounds

The initial factors affecting the inhibitory activity
were identified based on the chemical structures of the

proposed (4-alt-thiazole-2-yl) hydrazine derivatives,

where the substitutes fitted in appropriate positions
utilizing contour maps by using the best COMFA/SE
model that predicts the activity of newly designed
candidates, and the data tabulated in (Table 7).
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Table 7. Anticipate new designs with their activities and docking score with the CoMFA/SE model.

R R,
——N N
e
S
Predicted Total
No Structure pIC,, Score
CoMFA
Cy R R1 (SE)
Comp26 ‘ CH3 4-F 8.458 10.5
N
S (0]
| o)
N / (e}
Ml BN—NH P \H 10.4 11.6
4 F
CHj
Hj
S (0]
| o
N / o]
M2 HN——NH - \CH3 9.73 11.2
4-
CH, F
H,;C
S O
| /o CH, o
N /
M3 HN——NH 9.72 10.2
Hy 4-
CHj OH
Hj
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YS (0]
N| / CH,
M4 HN——NH )<CH3 4-F 9.5 09.7
CH3 \O CHj;
H3
YS (6]
I
M5 HN——NH NN 4-F 9.024 10.8
0 CH,
CH,
H3
\rs (6]
N| / o o
M6 HN——NH e \CH )J\ 8.087 113
3 CH,
4-
CHs o
H,C

ADME-Tox prediction Drug similarity analysis

The prediction of ADMET characteristics is an
essential step to reduce potential subsequent problems
in clinical therapies. Therefore, pkCSM (Balerna,
Fosset, Chicheportiche, Romey and Lazdunski, 1975)
and SwissADME (Parr, Mulley and Rye, 1979) were
adopted to predict the ADMET properties of the
(hetero)arylidene- (4-substituted-thiazol-2-yl)
hydrazines. (Table 8) shows the Lipinski property

new

profile of the proposed new molecules, while (Table
9) reveals the in silico ADMET properties of the
new compounds M1, M2, M3, M4, M5, M6, and
26. For a given compound with logP less than 5,
molecular weight (MW) (<500Da), hydrogen bond
acceptors (HBAs) less than 10, and hydrogen bond
donors (HBDs) less than 5, are considered the best-
adsorbed drugs (Base the Lipinski Five). (Table
8) shows that molecules M1, M2, M3, M4, M5, M6,
and 26 have logP less than 5, MW less than 500 Da,
HBA less than 10 and HBD less than 5, In addition,
the total polar area (TPSA) is less than 140 uM, and

the ring bonds (NROTB) are less than 10, indicating
that these compounds have better adsorption and
bioavailability(Jain, Guin, De and Singh, 2022).

A compound with an intestinal absorption value
greater than 30% is also considered resorbable. As
shown in (Table 9), all compounds have a value
between 50.56% and 92.30%, indicating a good level
of intestinal absorption. Cytochrome P450 is an
essential enzyme system for drug metabolism in the
liver. CYP3A4 is a major variant of cytochrome P450.
All proposed molecules are inhibitors and substrates
of CYP3A4. In addition, it is important to know the
toxicity of the compounds, as an effective drug does
not have to be toxic. To this end, the toxicity of the
compounds was examined using the Ames test. The
results showed that all the newly designed particles
were non-toxic, except for the reference compound
26, which remains toxic. For all predicted compounds,
the synthetic accessibility score was between 2.95 and

4.36, indicating that they are easily synthesized.
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Table 8. Lipinski properties of the new M1-M6 compounds and the reference compound 26.

26 M1 M2 M3 M4 M5 Mé
Lipinski YES YES YES YES YES YES YES
Log kp (cm/s) -5.49 -6.09 -5.94 -4.10 -5.25 -5.51 -6.11
Log$ -4.49 -5.04 -5.25 -7.48 -6.02 -5.51 -6.11
Log P 4.18 3.35 343 3.8 4.63 3.85 3.11
nHBD 1 4 3 4 3 3 3
nHBA 4 8 8 8 7 8 8
TPSA 78.41 185.08 174.08 194.31 157.01 157.01 183.31
Nrotb 4 9 10 11 9 9 11
MR 87.59 113.12 117.44 128.58 126.42 116.77 123.28
MW 312.36 448.49 462.52 488.58 476.60 448.549 340.42

Table 9. In silico ADMET properties of the proposed new compounds and reference compound 26.

Intestinal absorption | CYP1A2 | CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4 AMES Synthetic
Comp (human) Numeric (% | inhibitor | inhibitor | inhibitor | inhibitor | inhibitor toxicity | Accessibility
Absorbed)
26 92.304 YES YES YES NO YES YES 2.95
M1 85.11 YES NO YES NO YES NO 3.89
M2 78.66 YES NO YES NO YES NO 4.03
M3 50 .56 NO NO NO NO YES NO 4.32
M4 83.12 NO YES YES NO YES NO 4.36
M5 88.18 YES NO YES NO YES NO 4.13
M6 68.50 NO NO YES NO YES NO 4.17

Docking results

To understand the quantitative link between
structure and activity provided by the 3D-QSAR
model, it is necessary to understand the method of
ligand-receptor binding, which is typically studied
by molecular docking. Using the online web service
Atlas of Protein Communications, we identified the
amino acids of interest, evaluated their chemical
characteristics, and examined the important residues
in the active site prior to docking (http://www.mrc-
Imb.cam.ac.uk/pca/). The asteroid diagram, a new

method of interaction analysis, uses a multilayer
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representation of non-covalent interactions. The
Protein Contact Atlas was used to create asteroid
diagrams of these protein structures (Figure 4A) (El
Bahi, Boutalaka, Alaqarbeh, et al., 2023). For amino
acids that form strong contacts with the first shell
amino acids, Arg42, Glu34, Glu58, Met436, Tyr398,
Tyr435, Tyr60, and Arg4l, all have significant affinity
for hMAO-B. The number of atomic connections is
also indicated by the thickness of the blue matrices in
(Figure 4B). These results provided us with the crucial
data we needed to evaluate the response patterns of

the chemicals studied.
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Figure 4. Asteroid graph and network view of protein-ligand interactions.

In order to validate the 3D QSAR method, this section
focuses on the molecular docking methodology
to obtain data on the structural basis and likely
interaction between the ligand variants and the
receptor. (Figure 4 and 5) illustrate the molecular
docking interactions between the most active
molecule 26, the recommended compound M1,
and the hMAO-B receptor (PDB: 2V60). As shown
in (Figure 5), compound 26 exhibits conventional
hydrogen bonding interactions with residues Ilel4,
Serl5, and Gly434. A stacked Pi-pi interaction with
residues Tyr398, Tyr435. a Pi-sulfur interaction with
residue Cys397. Pi-alkyl interactions with residues
Ala439, Arg42, Met436, Tyr398. and a Pi-sigma
interaction with residue Tyr435. The presence of these
interactions increases their biochemical efficiency as
hMAO-B inhibitors. Using CB-DOCK software, the
docking score was -10.5 kcal/mol. The interactions
of the complex (compound MI- hMAO-B) were
presented as shown in (Figure 6), which shows a Pi-
pi interaction stacked with residue Tyr435. a Pi-alkyl
interaction with residues Ala439, Arg42, and Met436,

In addition(Moulay Ahfid El Alaouy et al., 2021). a
Pi-sulfur interaction with residues Cys397 and Tyr60.
a hydrogen-carbon bond interaction with residue
Gly13 and Glu58. And a stacked Pi-amide interaction
with residue Tyr435. Similarly, for hydrogen bonding,
classical hydrogen bonding type interactions are
observed with residues Ile14, Serl5, GIn206, Met436,
Tyr435, Tyr60, and Ser59. This binding plays a major
role in the stability of the molecules. Due to the higher
contacts of compound M1 with hMAO-B enzyme
residues, the docking score was -11 kcal/mol, which
is better than that of compound 26. The key residues
obtained in the docking results presented above
corresponded to the critical residues in the large circles
of the AChE main chain. The type and number of
interactions indicate that the M1 molecule has strong
inhibitory activity against the hMAO-B enzyme. In
addition, the results showed that the recommended
chemical compound M1 has higher stability for the
active site of hAMAO-B enzyme. At the same time, the
3D-QSAR and docking results were consistent.
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Stability of protein-bond interactions in MD
simulations

The binding stability of the two best compounds,
hMAO-B-26and hMAO-B-M1, was investigated using
simulated MD calculations for 100 ns at typical room
temperature settings. After simulation, visualization
of the tracks indicated that all ligands remained bound
to the protein pocket via the ligand-binding groove.

To test the stability of each structure, RMSD, RMSE,
556

radius of rotation, hydrogen bonding, mean center of
mass (COM) between protein and linker, and binding
free energy calculations (MMPBSA) were performed
to assess the stability of each structure (El Alaouy et
al,, 2023).

RMSD graphs in (Figure 7A) show the complex,
protein backbone and ligand RMSD for each structure.
Complex and Backbone RMSD show an increasing

and fluctuating pattern for both complexes until it
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stabilizes at 70ns for Comp26 and 50ns for M1 with
average values of 3.8A and 4A, respectively. The radius
of gyration analysis (Figure 7C) is also consistent with
RMSD results for the complexes, showing very little
fluctuations for both compounds (less than 1 A) with
values between 23.5 and 24. A for Comp26 and 23.3
and 23.9 A for M1 throughout the whole simulation,
which indicates the compactness and the stability of

the protein-ligand system (EI Alaouy et al., 2023).
Using the GROMACS software, the RMSF of

the protein complex was determined based on the
“C-alpha” atoms. In general, the fluctuation intensity
remains below 2.0 for all compounds, except for a few
residues that are loops or spins in the protein (Figure
7B).

(Figure 8A), shows the total number of hydrogen
bonds created between the ligand and the protein
during the 100 ns of the simulation. Both ligands
maintained at least one hydrogen bond with the
protein during the whole simulation time. (Figure
8B) shows the average distance of the center of mass
between the ligand and the protein during 100 ns
of simulation time. Both ligands maintain a stable
COM distance from the protein within 2 A or less
of fluctuations. Using the contact Freq.tcl module in
VMD and a threshold of 4 A, a contact frequency
(CF) study was performed to better assess the binding
between the [protein] and the ligands tested. The
residues with higher CF% are shown in (Figure 9).
The residues with the highest contact frequency
in all simulations were ILE14, ARG42, GLY5S,
TYR60, LEU171, CYS172, PHE343, TYR398, THR4,

GLY434, TYR435, MET436 and ALA439. Principal
Component Analysis (PCA) of the complexes was
performed using the Bio3D program in R, and the
results are depicted in (Figure 10 A). Additionally,
the program was used to calculate the dynamic cross-
correlated motions (DCCM) of protein residues. The
DCCM analysis assigns colors ranging from red to
white to blue, indicating the intensity of correlated
motion between residues. Blue colors represent
negative correlation, white indicates no correlation,
and red color signifies positive correlation in the

motions between residues. (Figure 10 B).

MM/PBSA  (Molecular

Boltzmann Surface Area) method is a fast force

Mechanics/Poisson

field-based approach for calculating bond free
energies. The G-mmpbsa software was utilized in
this study to compute the MM/PBSA values. The
calculated binding free energy values are presented
in (Table 10). In conclusion, compounds M1 and 26
exhibited remarkable stability throughout the 100
ns MD simulation based on analyses of RMSD, Rg,
RMSE, SASA, and hydrogen bonding between the
protein and ligand. Additionally, the average distance
between the ligand and protein complexes remained
consistent. However, pathway analysis and MM/
PBSA measurements of binding free energy revealed
that compound 26 exhibited the highest binding free
energy, while compound M1 exhibited the lowest
binding free energy. Therefore, compound M1l
demonstrated higher activity as an enzyme inhibitor

compared to compound 26.

Table 10. Calculated binding free energies of tested compounds [k]J/mol]

Complex AG Van der Waal Energy | Electrostatic energy | Polar solvation energy SASA energy
Comp26 -134.288 +/- -199.514 +/- -94.064 +/- 178.053 +/- -18.764 +/-
p 15.082 kJ/mol 8.970 kJ/mol 14.525 kJ/mol 10.415 kJ/mol 0.576 kJ/mol

Mi -150.506 +/- 281.052 +/- 63.585 +/- 219.398 +/- -25.267 +/-
12.354 kJ/mol 7.595 kJ/mol 12.016 kJ/mol 14.268 kJ/mol 0.887 kJ/mol
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the complexes during 100ns MD simulation. Compounds Comp26 (top) and M1 (bottom)
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CONCLUSION

Monoamine oxidase B (hMAO-B) is an attractive
target for drug design because its inhibition regulates
the levels of various neurotransmitters in the central
nervous system. Molecules that act selectively on
one of the hMAO-B isoforms have been widely
studied. In this manuscript, 3D-QSAR models were
developed using CoMFA/SE, and the excellent
statistical results (Q? = 0.608; R* = 0.933; R?Test =
0.7) indicate that the CoMFA/SE model has excellent
predictive capabilities. Furthermore, the contour
maps generated by the best COMFA/SE model were
used to develop new derivatives with increased
activity. Furthermore, the docking simulations were
confirmed by highlighting the potential interactions
of the proposed compound M1 and the reference
compound 26 with the crystal structure of hMAO-B.
Molecular docking between the proposed Ml
complex and the protein crystal structure (PDB:
2V60) showed that it underwent a classical hydrogen-
bonding type interaction with the major and non-
key residues Ilel4, Serl5, GIn206, Met436, Tyr435,
Tyr60, and Ser59 as well as other interactions more
important than complex 26, where hydrogen bonds
are responsible for the inhibitory activity(Hirenallure
Maheshwarappa et al., 2022). Thus, the proposed M2
complex is more stable towards the selected protein
than the reference complex 26. In addition, the MD
simulation results show that both studied compounds
are well stable based on the analyses of (RMSD,
RMSE RG, Contact frequency analysis, hydrogen
bonding (protein-ligand) and the average distance
between the bond and the protein complexes during
100 ns. Furthermore, compound 26 and the proposed
compound M1 showed hMAO-B binding free energies
of -134.288 kJ/mol and -150.506 kJ/mol, respectively.
Thus, it can be said that compound M1 is more
active than compound 26. For these newly designed
molecules, prediction of Lipinski’s rule and ADMET
properties is essential, and similarities were observed
in their pharmacokinetics. The compounds generally
have good absorption, distribution and metabolism
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properties and are non-toxic, except for the reference
compound 26 which remains toxic. The results
obtained in this work clearly indicate that compound
MI has a strong potential to become promising in the
treatment of several neurodegenerative diseases, such
as Parkinson’s diseases.
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Innovative Approaches in Mirtazapine Delivery: Pharmacokinetic

Simulations, Immediate Release to Controlled-Release Tablets,

Formulation Optimization via D-optimal Mixture Design
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Innovative Approaches in Mirtazapine Delivery:
Pharmacokinetic Simulations, Immediate Release to
Controlled-Release Tablets, Formulation Optimization via
D-optimal Mixture Design

SUMMARY

This research study describes the formulation and evaluation
of Mirtazapine Controlled-Release (CR) Tablets, intended to
improve therapeutic efficacy and patient compliance. Utilizing
pharmacokinetic data from the USFDA-approved Remeron
Immediate-Release (IR) Tablets, we constructed a plasma profile
curve and calculated the following pharmacokinetic parameters
Cmax, T max, AUC, Vd, and Ke. The principle of superposition
method was employed to simulate steady-state plasma concentrations
(Css), establishing targer Css max and Css min values. These targets
guided the development of our controlled-release formulation,
which was designed to achieve a zero-order release mechanism.
The dose and release rate of the proposed controlled-release rablets
were precisely adjusted to meet the targeted Css max and Css
min concentrations. Our formulation strategy utilized different
hydrophilic polymers such as HPMC, Carbopol, and Polyethylene
oxide to create a robust ER matrix, we employed D Optimal
Mixture Design to Zptimize the concentration of these three critical
Jformulation variables. Dissolution studies were conducted in
different media such as 0.01 N HC|, pH 4.5 Acetate buffer, and
pH 6.8 Phosphate buffer for 14 hours to evaluate the rate, extent,
and drug release kinetics. The successful simulation of plasma
concentrations, followed by adjustments of dose, release rate, and
subsequent optimization of formulation variables using the Design
of experiments yielded a CR tablet that meets the pharmacokinetic
endpoints set by the IR reference. This innovative approach to
Mirtazapine CR tablet formulation could significantly enhance
patient compliance by providing a more consistent and controlled
drug delivery system.

Key Words: Pharmacokinetic Simulations, Principle of superposition,
Zero-Order release and absorption model. IR to CR conversions,
Fluctuation index, Steady-state plasma concentration prediction.

Mirtazapin Dagitrminda Yenilikei Yaklasimlar: Farmakokinetik
Simiilasyonlar, Hizlr Salimdan Kontrollii Salvm Tabletlerine,

D-Optimal  Karigm  Tasarsm:  Yoluyla  Formiilasyon
Optimizasyonu
0z

Bu ¢algma, terapitik etkinligi ve hasta uywmunu iyilestirmeyi
amaglayan  Mirtazapin ~ Kontrollii  Salim ~ (CR)  Tabletlerinin
ﬁrmii/ajisyanunu ve degerlendirilmesini agiklamaktadyr. USFDA
onaylt  Remeron Hizli Salimli  (IR) Tabledlerden elde edilen
Jfarmakokinetik verileri kullanarak bir plazma profil egrisi olusturduk
ve farmakokinetik parametreleri Cmax, Tmax, AUC, Vd ve Ke
olarak hesapladik. Kararly durum plazma konsantrasyonlarini (Css)
simiile etmek icin siiperpozisyon yontemi prensibi kullanildy ve hedef
Cssmax ve Cssmin degerleri belirlendi. Bu hedefler, sifir-dereceli bir
salim mekanizmas: elde etmek iizere tasarlanan kontrollii salim
Jformiilasyonunun  gelistirilmesine  rehberlik  etmistir.  Onerilen
kontrollii salim saglayan tabletlerin dozu ve salim hizi, hedeflenen
Css max ve Css min konsantrasyonlarin: karsilayacak sekilde hassas
bir sekilde ayarlanmigtr. Formiilasyon stratejimiz dogrultusunda,
saglam bir ER matrisi olugturmak icin HPMC, Karbopol ve
Polietilen oksir gibi farkly hidrofilik polimerleri kullandik; bu ¢
kritik formiilasyon degiskeninin konsantrasyonunu optimize etmek
igin D Optimal Kargim Tasarimins kullandsk. Ilag salim hizini,
miktariny ve ilag salim kinetigini degerlendirmek amactyla 0.01 N
HC, pH 4.5 Asetat tamponu ve pH 6.8 Fosfat tamponu gibi farkl:
ortamlarda 14 saat siireyle ¢oziinme hizi ¢alismalar: yapilds. Plazma
konsantrasyonlarinin basarily bir sekilde simiilasyonu, ardindan doz
ve salim hizinin ayarlanmasi ve ardindan deney tasarimi kullanilarak
Jormiilasyon degiskenlerinin optimizasyonu sonucunda IR referans:
tarafindan belirlenen farmakokinetik u¢ noktalar: karsilayan bir CR
tableti elde edilmistir. Mirtazapin CR tablet formiilasyonuna yonelik
bu yenilikgi yaklasim, daha tutarly ve kontrollii bir ilag iletim sistemi
saglayarak, hasta wyumunu dnemli olciide artirabilir.

Anabtar Kelimeler: Farmakokinetik Simiilasyonlar, Siiperpozisyon
prensibi, Sfir-dereceli salim ve absorpsiyon modeli, IR-CR déniigiimleri,
Dalgalanma indeksi, Kararls durum plazma konsantrasyonu tahmin.
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INTRODUCTION

Mirtazapine (Jilani et al,, 2023) is an atypical
antidepressant, indicated for the treatment of a major
depressive disorder. Mirtazapine belongs to the group
of tetracyclic antidepressants. Mirtazapine exhibits
an absolute bioavailability of approximately 50% due
to extensive first-pass metabolism in the gut wall. It
demonstrates linear pharmacokinetics within the
15-45 mg dose range. The time to reach maximum
plasma concentration (T_ ) is around 2 hours, and
its plasma protein binding is approximately 85%
(Timmer et al., 2000). The conventional immediate-
release (IR) formulations of Mirtazapine, showed a
wider fluctuation index (FI) due to a sharp rise and
drop in plasma concentrations, to address these
challenges, the development of a controlled-release
(CR) formulation is a logical progression in the
evolution of Mirtazapine’s clinical application.

The objective of this study was to formulate
Mirtazapine CR tablets that could maintain steady-state
plasma concentrations within therapeutic windows
over a prolonged period, and potentially enhance
patient compliance. This was achieved by referencing
pharmacokinetic (PK) data of the IR formulation from
the US FDA’s chemistry and pharmacokinetic review
sections (U.S. Food and Drug Administration. Drugs@
FDA: FDA-Approved Drugs).

A plasma concentration profile curve was
precisely plotted from the data of Remeron IR Tablets,
and PK parameters were calculated to simulate the
steady-state plasma concentrations. In this study,
Microsoft Excel (Microsoft Corporation) was utilized
to calculate the PK parameters, including steady-
state plasma concentrations, as well as to analyze the
zero-order release kinetics of the drug. The software’s
built-in functions and data analysis tools enabled
precise and efficient data processing. The principle
of superposition (Ritschel et al, 1989) served as
an important step in this process, enabling the
determination of target C_"* and C ™" values that
would guide the formulation of the CR tablets (Geraili
etal., 2021).
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A zero-order absorption model (Shargel L. et al.,
2012) was used to simulate the plasma concentrations
of the CR tablets for both the single and multiple doses
to meet the targeted C ">, and C ™ concentrations
set by the IR tablets of 15 and 45 mg. The dose and
zero-order release rate of the proposed CR tablets
were determined and adjusted further to meet the
established C ", and C_ ™" concentrations, ensuring
that the final formulation would meet the desired
pharmacokinetic targets.

The formulation strategy was centered around
the use of HPMC, Carbopol, and Polyethylene oxide
polymers (Draganoiu et al., 2005, Ganesh et al., 2008,
Sunil et al., 2008) to prepare a matrix-type controlled-
release system. These polymers were chosen for their
proven ability to control drug release rate and maintain
tablet matrix for a prolonged period. D Optimal
Mixture Design (Anderson et al., 2023, Sagiraju et al.,
2024) was employed to optimize the concentration of
these three formulation variables to get the desired
drug release. Dissolution studies were performed
to determine the rate, extent, and release kinetics of
the proposed CR formulation. D-Optimal Mixture
Design is a statistical approach used to optimize the
formulation of mixtures; this design is particularly
useful for determining the ideal proportions of
different components to achieve a desired outcome.
In the current research study, D-Optimal Mixture
Design was applied to optimize the composition of
three polymers HPMC, Carbopol, and Polyethylene
Oxide in

tablets. This design helps in efficiently exploring the

the formulation of Mirtazapine-CR

combination of these components to achieve a tablet
with the desired release profile, ensuring the drug is
released at a controlled and sustained rate.

MATERIALS AND METHODS

1. Pharmacokinetic data collection: PK data
from Remeron® 15 and 45 mg IR Tablets available on
the US FDA website has been collected and used as
the starting point for this study.

2. Plotting plasma concentration curve of IR

tablets: Application of PK parameters to plot plasma
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concentration-time curves of IR tablets of 15 and 45
mg doses.

3. Simulation of steady-state plasma concen-
trations: Employing the principle of superposition
method to simulate the multiple dose plasma profile
and determining the steady-state plasma concentra-
tions C_"*, and C " for IR tablets 15, and 45 mg.

4. Simulation of Zero-Order in vivo absorption
model: Simulation of zero-order absorption model
for single dose and multiple doses. Adjusting the
dose size and zero-order release rate of the proposed
CR formulation to meet the desired steady-state
concentrations which are finalized from the IR 15 mg
and 45 mg tablets simulated profiles.

5. In vitro Zero-Order release rate calculation:
Calculation of zero-order in vitro release rate as
a target dissolution profile for the proposed CR
formulation to meet the desired in vivo absorption
of single dose and subsequent multiple doses for
attaining the steady-state plasma concentrations.

6. Formulation optimization: The concentration
of critical formulation variables a) HPMC K100 MCR,
b) Carbopol 974P, and c) Polyethylene oxide WSR
303, have been optimized using D Optimal Mixture
Design.

(API) is
Biotechnology, Avicel is supplied by Dow Chemicals,
Polyethylene oxide WSR 303 is supplied by Dow
Chemicals, Methocel K100 MCR, is supplied by
Colorcon, and Carbopol 974P, is supplied by Lubrizol.

Mirtazapine supplied by Zhiyu

7. Dissolution testing: Conducting dissolution
profile of the Mirtazapine CR tablets in 900 mL of
multimedia, (0.01 N HCI, pH 4.5 acetate buffer, and
pH 6.8 phosphate buffer) using USP II (paddle)
apparatus at a rotation speed of 50 rpm.

Research Methodology

The research methodology involves a step-by-step
approach such as simulation of the pharmacokinetic
(PK) profile of Mirtazapine CR tablets with a thorough
analysis of the PK data of the IR tablets for establishing
the dose size and release rate for the CR formulation

followed by formulation optimization using design

of experiments. PK simulations were performed to
adjust the dose and release rate, ensuring that the
target C_"*and C _ " concentrations were achieved.
The formulation development involves the selection
and optimization of suitable hydrophilic polymers to
achieve the desired release profile. These experiments
were planned using a D-Optimal Mixture Design to
optimize these formulation variables and to achieve
the desired release profile. The CR formulation was
designed to reduce the FI and incidence of side effects
commonly associated with peak plasma levels.

Step 1. Pharmacokinetic data of Remeron® IR
Tablets available on the USFDA website has been
collected from the below path.

Drugs@FDA > FDA Approved Drugs > Mirtazapine
> Teva> Review

The collection of pharmacokinetic data for Rem-
eron® IR Tablets from the USFDA website is a critical
step in understanding the drug’s absorption, distri-
bution, metabolism, and excretion characteristics.
This activity involves navigating through the Drugs@
FDA portal to access the FDA Approved Drugs sec-
tion, where Mirtazpine’s approval history is available.
By reviewing the drug approval package, specifically
the chemistry review and clinical pharmacology and
biopharmaceutical review sections, we collected this
data. This data includes detailed analyses and evalua-
tions conducted by the FDA, providing insights into
the drug’s behavior in the body and its interaction
with biological systems. Such information is crucial
for developing new formulations like the CR tablet,
as it lays the groundwork for simulation studies and
informs decisions regarding dosing regimens and re-
lease mechanisms. The thorough examination of this
data ensures that the new formulation adheres to es-
tablished safety and efficacy standards while aiming
to enhance patient compliance and therapeutic out-
comes.

Step 2. Construction of plasma profile curve
Mirtazapine IR tablets

Utilizing the pharmacokinetic data from the US
FDA Website, a detailed construction of the plasma
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profiles for both 15 mg and 45 mg doses of Remeron®
IR Tablets was undertaken as shown in Figure 1.
This step is pivotal in the development of the CR
formulation as it provides a clear picture of the drug’s
concentration in the bloodstream over time. By
plotting the concentration of the drug against time, the
plasma profiles for the two doses were meticulously
mapped out. This allowed for the observation of the
peak plasma concentrations (C__ ), the time to reach

these peaks (T ), and the overall exposure to the

drug (area under the curve, AUC). These profiles are
instrumental in predicting the onset, duration, and
intensity of the drug’s therapeutic effect, as well as its
safety margin. The construction of these profiles is not
only a technical task requiring precision and attention
to detail but also a foundational one, as it directly
informs the dosing strategy and release kinetics of
the new CR formulation, ensuring that it delivers the
desired therapeutic effect while minimizing potential

side effects.

Plasma Profile of
Mirtazapine® Immediate Release tablets 15 mgand 45 mg

70.0

60.0

50.0

40.0

30.0

20.0

Concentration (ng/mL)

10.0

—a—Cp(45 mg) ng/ml

—+—(Cp(15 mg) ng/ml

0.0

60 80
Time (h)

100 120

Figure 1. PK Profile of Mirtazapine 15 and 45 mg tablets plotted from the data of FDA Database

In the pharmacokinetic analysis of our study,
we precisely calculated a comprehensive set of
parameters from the plasma concentration profiles.
These parameters are pivotal in understanding the

drug’s behavior within the body. The formulas used
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to derive each PK parameter and calculated values for
each parameter were systematically presented in
Table 1 to ensure clarity and reproducibility of our
methods, providing a clear and quantifiable overview
of the drug’s kinetics (Ducharme et al., 2022)
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Table 1. The formula used for calculating the PK parameters from plasma profile (n=39)

Parameter Formula in PK Simulations 45 mg 15 mg units
Kel ! = -slope {(In(C2:C1)),(t2:t1)} 0.0272 0.0272 /h
AUC, ? = % Z (o +e)(to-1)] 899.71 299.90 ng.h/mL
AUC, = |c/k, 20.15 6.72 ng.h/mL
AUC, . = | AUC, +AUC, 919.86 306.62 ng.h/mL
v,’ = dose/(AUC )(k,) 1798.52 1798.52 L

(o = Co.ekelt Showed in Figure 2

t,’ = | 0.639/K, 25.48 25.48 h

FI¢ = (ij;,x -Ce, )/( Cie) Refer Table 2

Clg7 = | ED/Vz.Kel. 7¢ Refer Table 2

Cmax”? = | Max {plasma concentration} 61.13 20.38 ng/mL

t max "’ = | Time corresponding to C max 2.33 2.33 h

1. Elimination Rate Constant; 2. Area under the curve;

4. Concentration at time t 5. Elimination Half-life;
7. Steady-state Concentration

10. Time for achieving C max

Step 3. The steady-state plasma concentrations
of IR tablets with dosages of 15 mg and 45 mg were
determined using the principle of superposition.
This principle postulates that the concentration-time
profile of multiple doses can be predicted by summing
the profiles of individual doses. To achieve this, we
first established the elimination curve for a single
dose administered on Day -1. We employed a first-
order elimination rate, which assumes that the rate of
drug elimination is directly proportional to the drug
concentration in the plasma.

The concentration remaining at any time (t) after
administration was calculated using the formula:

Ct= Co.e*!

Where:

Ct s the plasma concentration at time (t); C, is the
initial concentration

(e) is the base of the natural logarithm; K is the

8. F: Fraction absorbed, D: Dose, t: Dosing Frequency

3. Volume of Distribution;
6. Fluctuation Index;

9. Peak plasma concentration

first-order elimination rate constant

(t) is the time elapsed since the drug administration

By extrapolating the elimination curve until the
plasma concentration approached nearly baseline, we
could determine the residual concentration after the
effect of the single dose diminished. For subsequent
doses, we added the calculated concentrations at
corresponding times to the baseline profile as shown
in Figure 2, thus constructing a composite curve that
represents the cumulative effect of multiple doses.
This approach allowed us to accurately model the
pharmacokinetics of the IR tablets at steady-state,
providing valuableinsightsinto the dosingregimen and
its potential therapeutic outcomes. The extrapolated
elimination curve serves as a crucial component in
predicting the drug’s behavior over extended dosing
periods and is instrumental in optimizing dosage for

maximum efficacy with minimal side effects.
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Steady-state Plasma concentrations prediction using Principle of super
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position method for Mirtazapine 15 and 45 mg IR tablets
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—— Mulitple Dose Plasma Profile of Mirtazapine IR tablets 45 mg

—s=— Mulitple Dose Plasma Profile of Mirtazapine IR tablets 15 mg

Figure 2. Simulated Steady-State Plasma Profile of Mirtazapine 15 and 45 mg IR Tablets using multiple

doses with the Principle of Superposition

The FI was calculated from the steady-state
plasma concentrations in Table 2. The FI, a measure
of the extent to which plasma drug levels oscillate
over a dosing interval at steady-state, was determined
to be 1.56. This index is derived by dividing the
range of concentration fluctuations specifically,
the difference between the peak (C_ ) and trough
(C,_,) concentrations by the mean concentration
(C,,) within the dosing period. The resulting
value is indicative of the relative variability in drug

exposure between doses. A FI of 1.56 suggests that

there is a 156% fluctuation in the mean plasma
concentration, which has critical implications for
both the therapeutic efficacy and safety profile of
the pharmacological intervention (Wakamatsu et al.,
2013). Such a substantial fluctuation could potentially
lead to periods of subtherapeutic exposure, as well as
peaks that may approach toxic levels. Therefore, the
FI (Sheehan et al, 2012) is an essential parameter
for optimizing dosage regimens to balance efficacy
and minimize adverse effects, ensuring a therapeutic

window that maximizes patient outcomes.

Table 2. PK parameters calculated from the steady-state plasma profile

PK Parameter 45 mg 15 mg units
He, me 80.7 26.9 ng/mL
zC_m 20.8 6.9 ng/mL
C 38.32 12.78 ng/mL
Fluctuation Index 1.56 1.56 -

11. steady-state maximum concentration
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12. steady-state minimum concentration
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Desired steady-state plasma concentrations for
the proposed CR tablets of Mirtazapine tablets have
been fixed based on the steady-state concentration of
IR tablets as 26.9 ng/ml and 20.8 ng/ml. The C_ ">
of 15 mg and C_ " of 45 mg observed in IR tablets
were selected as target plasma concentrations for
the proposed CR dosage forms. These targets ensure
that the plasma concentrations remain consistently
within the therapeutic window, thereby delivering the
desired therapeutic effect to the patient throughout
the treatment duration.

Step 4. In the pharmacokinetic simulation for the
CR formulation of Mirtazapine tablets, we employed
a zero-order absorption model to predict the drug
release and absorption kinetics. This model assumes
that the drug is released at a constant rate, regardless

of the concentration, which is characteristic of many

CR formulations. The simulation involved calculating
key PK parameters, as mentioned in Table 4. These
parameters are crucial for designing a CR tablet that
can maintain therapeutic drug levels over an extended
period without the peaks and troughs associated
with IR formulations. The T, and T .~ aclvery AT€
particularly important for ensuring that the drug
is released not only at a constant rate but also for a
duration that aligns with the drug’s elimination half-
life, thereby maintaining steady-state conditions. The

DCR and R’

Preliminary

orciminary 37€ Used to fine-tune the
dosage form to ensure that the desired drug release
profile is achieved, which is essential for optimizing
the therapeutic efficacy and minimizing side effects.
This detailed simulation approach allows for the
precise tailoring of the CR tablet’s pharmacokinetic

profile to meet specific clinical needs.

Table 3. Formula for simulating the plasma profile of proposed Mirtazapine CR tablets (preliminary)

Parameter Formula in PK CR Simulations Results
13 T i — (ln(Cﬁ}i?”””) _ ln(cg;s’jln)exired)) 9.45 ]’l
K.

T . = |t-T, 14.55h
"D, = | 45mg
"Dy brtiminary = | Dyx0.693x1)/t, 29.38 mg
I7R0pfflim = | Dypuin X EXp/ T, 2.02 mg/h
18 (' Prelim Zero Sim - (Rﬁwhm x ( 1- (erlf‘,xr) )

0-tmax Apem - - A3)
19 CI‘IP;:;AII-”; bZ”ero Sim = | Cinax.e*ketdel)

13. T for elimination T

elm’

: The time required for the drug to be eliminated from the body after it has been completely absorbed.

14. T for delivery of dose in zero-order T, : The duration over which the drug is released from the CR tablet at a constant rate.

15. Immediate - release tablets dose
16. CR preliminary dose (D

CR Preliminary-
17. CR preliminary release rate (R

preliminary

18. Simulated plasma concentrations for the CR tablets from 0-t

19. Simulated plasma concentrations for the CR tablets from t__ -

): The initial dose of the CR formulation to achieve the desired plasma concentration profile.
): The rate at which the drug is released from the CR tablet into the systemic circulation.

ax

inf
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Using the above formulae the calculations
have been done for the determination of essential
parameters needed for the simulations i.e. T elm,
T delivery of the dose (for determining the dissolution
time point for the CR dosage form), Dose for the
proposed CR dosage form (preliminary dose) D, ..

and Preliminary release rate R of the proposed

0 Prelim
CR dosage form , and presented in Table 3. Plasma
concentrations for a single dose have been calculated

until

0-t max

using the above formula of C prelim zero-order
t max and the elimination curve is constructed post
tmax by calculating the decay concentrations using the

formula C prelim zero-order Plasma concentrations of

tmax-tinf
multiple dosing of the proposed CR formulation have
been calculated using the principle of superposition
which is similar to the one used for IR formulations.
In the graphical representation of PK data shown
below, the delineation of plasma concentration

profiles following both single and multiple dosing

regimens provides critical insights into the drug’s
absorption, distribution, metabolism, and excretion
characteristics. The multiple dose profile, in particular,
elucidates the time course to reach steady-state
concentrations, a pivotal milestone in therapeutic
drug monitoring.

The graph shown in Figure 3, indicates that steady-
state conditions are attained after approximately
10 days of repeated dosing. This temporal aspect
is reflective of the drug’s PK properties, such as its
half-life and accumulation factor. Achieving steady-
state concentrations depends on both the drugs
elimination rate constant and the dosing interval. At
this point the input (dose rate) and output (clearance
rate) of the drug reach an equilibrium, resulting
in consistent plasma levels that are conducive to

sustained therapeutic effect.

CR Preliminary Day 01 vs Steady-state
30 Concentrations_Simulated

25

20

15

10

—— Day 01- CR Prelim-Simul

Multiple Dose_ 5SS Cp-CR Prelim_Simul

Plasma Concentration(ng/ml)

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Time(h)

Figure 3. Simulated Steady-State plasma profile of Mirtazapine 29.38 mg CR tablets with R - 2.02 mg/h

(preliminary) using multiple doses with the principle of superposition

According to the simulated plasma profile
provided, it is determined that the maximum steady-
state plasma concentration (C_ "*) is 28.15 ng/ml,
while the minimum steady-state plasma concentration
(C, ™) is 21.77 ng/ml. However, the steady-state
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plasma concentrations indicated in Table 4 are slightly
lower than the observed values, indicating the need
for further reduction in both dose and release rate to
meet the desired targets for the proposed CR dosage

form.
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Table 4. Steady-State plasma concentrations of CR preliminary dose and release rate - Mirtazapine CR

tablets (Preliminary)

Parameter value units

C, "™ desired 26.9 ng/ml

C ™" desired 20.8 ng/ml

C, " achieved 28.15 ng/ml

C " achieved 21.77 ng/ml
Fluctuation Index 0.255 -

The proposed adjustment needs a precise approach
for reducing the dose, based on the difference between
the existing and targeted plasma concentrations.
Additionally, a careful modulation of the release rate
is advocated as shown in Table 5 to reduce the peak

plasma levels and improve consistency between doses.

This strategic optimization is anticipated to
improve the therapeutic index of the CR formulation,
ensuring efficacious drug delivery within the optimal
therapeutic window, while avoiding the potential for

adverse drug reactions.

Table 5. Formula for simulating the plasma profile of proposed Mirtazapine CR tablets (Final)

Parameter Formula in PK CR Simulations Results
Ry
Cinax desired (\RG/MI
D, CR final = :1 e ( g ) X Der Preliminanary 28 mg
Cmax achievend (I’Zg/ml)
”Ranm,/ = | D /[nal/ Laer 1.93 mg/hr

20. CR Final dose (D

crna): The final dose of the CR formulation to achieve the desired plasma concentration profile.

21. CR preliminary release rate (R* ;. ): The final rate at which the drug is released from the CR tablet into the systemic circulation.

The initial dose was set at 29.38 mg with a
zero-order release rate of 2.02 mg/h. Subsequent
adjustments entailed a reduction in both the dose
and the release rate to achieve correspondence with
the desired steady-state concentrations. The revised
dosing parameters presented in Table 5, now set at 28

mg for the dose and 1.93 mg/h for the release rate,

have successfully yielded steady-state concentrations
that align precisely with the target values of 26.9 ng/
ml C_ " and 20.8 ng/ml C_ ™.

These findings underscore the significance of dose
optimization in CR formulations to ensure therapeutic

efficacy and minimize the potential for adverse effects.

CR Final Day 01 vs Steady-state

30 Concentrations_Simulated
£
% 25
=
S 20
®
=15 —— Day 01- CR Prelim-Simul
b —=— Multi Dose_ CR Prelim_ S5 Cp_Simul
s 10 ——Day 01- CR Final-Simul
< 5 Multi Dose _CR Final SS_ Cp Simul
=
[1+]
a 0

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360

Time(h)

Figure 4. Simulated Steady-State plasma profile of Mirtazapine 28 mg CR tablets with R - 1.93 mg/h

(Final) using multiple doses with the principle of superposition
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In Figure 4, the anticipated steady-state plasma
concentrations, C_"*, and C ™" resulting from the
simulations mentioned above were determined to be
26.9 and 20.8 ng/mL, respectively, aligning with the

desired concentrations for the suggested CR dosage

forms. As a result, the dosage for the proposed CR
formulation and the in-vivo absorption rate constant
in zero-order have been finalized at 28 mg and 1.93

mg/h, respectively, and are detailed in Table 6.

Table 6. Steady-State plasma concentrations of CR final dose and release rate - Mirtazapine CR tablets (final)

Parameter value units
Css max desired 26.9 ng/ml
Css min desired 20.8 ng/ml

Css max achieved 26.9 ng/ml
Css min achieved 20.8 ng/ml
Fluctuation Index 0.255 -

Step 5. Based on the above two parameters, the

in-vitro release rate was determined using the below

formula
X X ()\
Y%drugrelase = % = 6.88 %/h
RESULTS AND DISCUSSION

Step 6. In this study, D-optimal Mixture Design
(Bodea et al., 1997, Jin et al., 2008, Habib et al., 2022)
Table 7 was employed to optimize the formulation
variables of Hydroxypropyl Methylcellulose (HPMC)
K100 MCR, Polyethylene Oxide (Polyox) WSR 303,and
Carbopol 974P for achieving Zero-Order Controlled-
Release. Dissolution at 6 hours (h) and 12 hours (h)
in pH 6.8 buffer were selected as responses to assess
the rate and extent of formulations and 14 h is the last
time point as per the T Del determined in Table 3.
Design-Expert software (version 13) from State Ease®
was employed to design the experiments, analyze the

data, and optimize the formulation components. This
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software facilitated the systematic exploration and
identification of optimal conditions, ensuring efficient
and reliable formulation development.

Factor A, B, and C are selected as HPMC K100
MCR at 0-60 mg/tablet, PEO WSR 303 at 0-60
mg/tablet, and Carbopol 974 P at 0-60 mg/tablet
respectively, the mixture total (A+B+C) was fixed as
80 mg/tablet.

Two models, namely the linear model and
the Special cubic model, were evaluated for their
suitability in predicting dissolution profiles at 6 hours
and 12 hours. While both models demonstrated alias-
free behavior and statistically significant p-values (<
0.05), the Special cubic model exhibited a negative
Predicted R square. Consequently, the linear model
was chosen for its superior predictive performance,
offering valuable insights into optimizing formulation

variables for controlled-release applications.
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Table 7. D-optimal Mixture Design for composition optimization of formulation variables of Mirtazapine

CR tablets (n=10 runs)

Components Response:
Run % Drug Release
A: HPMC K100 MCR (mg) B: PEO WSR 303 (mg) C: Carbopol 974P (mg) 6h 12h
1 25.2 29.8 25.0 12 25
2 60.0 10.8 9.2 25 49
3 0.0 60.0 20.0 15 36
4 43.8 6.4 29.8 30 58
5 0.0 20.0 60.0 42 87
6 28.9 0.0 51.1 38 78
7 60.0 10.8 9.2 23 45
8 20.0 60.0 0.0 15 37
9 20.0 60.0 0.0 12 28
10 2.5 38.5 39.0 37 68

The above experimental design layout consisted
of a systematic arrangement to investigate the effects
of three formulation factors on two responses,
dissolution at 6 hours and 12 hours. With a total
of 10 experiments conducted, the design aimed
to comprehensively the influence of
Hydroxypropyl Methylcellulose (HPMC) K100
MCR, Polyethylene Oxide (Polyox) WSR 303, and
Carbopol 974P on the controlled-release kinetics

explore

of the formulation. Each experiment represented a
unique combination of factor levels, facilitating the
assessment of their individual and combined effects
on the desired dissolution profiles.

In the Design of Experiments (DoE) for tablet
formulation, the above three critical factors were
selected for investigation. The formulation process
utilized a wet granulation method, with the following

excipients kept constant across all DoE runs, 2% PVP

K30 as a binder, dissolved in ethanol, Avicel PH101 as
a diluent to ensure the proper tablet weight and
consistency, 1% colloidal silicon dioxide as an anti-
adherent to prevent sticking during processing, 1%
magnesium stearate as a lubricant to facilitate tablet
ejection from the dies.

The total weight of each tablet was maintained
at 300 mg. The process began with the precise
weighing of all excipients, followed by sifting through
a screen to ensure uniform particle size. Subsequently,
the PVP ethanol solution was added to the mix. After
thorough blending, the wet mass was dried and milled
to achieve the desired granule size. The granules were
then blended with colloidal silicon dioxide to enhance
flow properties. Finally, magnesium stearate was
incorporated as a lubricant. The resulting blend
was compressed into tablets using 9.5 mm standard

punches to ensure uniformity in size and weight.

Table 8. ANOVA Table for Response 1-dissolution at 6 h time point in pH 6.8 phosphate buffer

S Sum of df Mean F p-value Remarks
Squares Square Value Prob > F

Model 888.71 2 | 444.36 11.10 0.0067 significant
Linear Mixture 888.71 2 | 444.36 11.10 0.0067

Residual 280.19 7 | 40.03

Lack of Fit 273.69 5| 54.74 16.84 0.0570 not significant

Pure Error 6.5 2325

Cor Total 1168.9 9
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The ANOVA Table 8 for the first response reveals
the significance of the model, with an F value of 11.10
and a corresponding p-value of 0.0067, indicating
statistical significance. There is only a 0.67% chance
that a “Model F Value” this large could occur due to
noise. Values of “Prob > F” less than 0.05 indicate

model terms are significant. Moreover, the lack of fit is

Design-Expert® Software
6h. Relesae in pH 6.8 buffer
# Design Points

42

12

X1 =A: HPMC K100 MCR
X2 = B: PEO WSR 303
X3 = C: Carbopol 974P

not deemed significant, affirming the adequacy of the
suggested model. The “Lack of Fit F-value” of 16.84
implies there is a 5.70% chance that a “Lack of Fit F-
value” this large could occur due to noise.

In this case, Linear Mixture Components are
significant model terms. Values greater than 0.1000

indicate the model terms are not significant.

A: HPMC K100 MCR
80

15 0676

210853

80

B: PEO WSR 303

0 80
C: Carbopol 974P

6h. Relesae in pH 6.8 buffer

Figure 5. Model graph of dissolution in pH 6.8 phosphate buffer at 6 hours

Table 9. ANOVA Table for Response 2-dissolution at 12 h time point in pH 6.8 phosphate buffer

Source Sum of daf Mean F p-value Remarks
Squares Square Value Prob > F

Model 3036.04 2 1518.02 10.70 0.0074 Significant
Linear Mixture 3036.04 2 1518.02 10.70 0.0074

Residual 992.86 7 141.84

Lack of Fit 944.36 5 188.87 7.79 0.1177 Not significant

Pure Error 48.50 2 24.25

Cor Total 4028.90 9

The ANOVA Table 9 for the second response
reveals the significance of the model, with an F value
of 10.70 and a corresponding p-value of 0.0074,
indicating statistical significance. There is only a
0.74% chance that a “Model F Value” this large could
occur due to noise. Values of “Prob > F” less than
0.05 indicate model terms are significant. Moreover,

the lack of fit is not deemed significant, affirming the
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adequacy of the suggested model. The “Lack of Fit
F-value” of 7.79 implies there is a 11.77% chance that
a “Lack of Fit F- value” this large could occur due to
noise.

In this case, Linear Mixture Components are
significant model terms. Values greater than 0.1000

indicate the model terms are not significant.
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Design-Expert® Software
12h. Relesae in pH 6.8 buffer
# Design Points

87

25

X1=A: HPMC K100 MCR
X2 = B: PEO WSR 303
X3 = C: Carbopol 974P

A: HPMC K100 MCR
80

54.6672

L
44.993

80

B: PEQ WSR 303

0 80
C: Carbopol 974P

12h. Relesae in pH 6.8 buffer

Figure 6. Model graph of dissolution in pH 6.8 phosphate buffer at 12 hours

Based on the findings of ANOVA and model graphs
Figure 5, and Figure 6 the recommended model for
the first and second responses is the linear mixture
model, which effectively captures the relationship

between the formulation factors and the dissolution

profiles at 6 and 12 hours. This analysis underscores
the robustness of the experimental design and the
reliability of the statistical model in elucidating the
factors influencing the controlled-release kinetics of

the formulation.

Table 10. Regression table for response 1, 2-dissolution at 6h, 12h time point in pH 6.8 phosphate buffer

Regression Analysis Response 1- Dissolution at 6 h Response 2- Dissolution at 12 h
R-Squared 0.7536 0.7603
Adj R-Squared 0.6832 0.6918
Pred R-Squared 0.6198 0.6361
Adeq Precision 8.128 8.183

The regression Table 10 indicates a strong
relationship between the independent variables and
the dependent variable, as evidenced by an R-squared
(R?) value of about 0.75-0.76 This suggests that 75%-
76% of the variability in the dependent variable can
be explained by the model. The Adjusted R-squared,
which is 0.68-0.69, adjusts for the number of
predictors in the model and indicates a good fit
as well. The Predicted R-squared of 0.62-0.63 is in
reasonable agreement with the Adjusted R-squared,
which implies that the model should predict future

observations with a similar level of accuracy.

Furthermore, an Adequate Precision ratio of around
8 indicates that the model has a desirable signal-to-
noise ratio and that the model’s predictions can be
considered reliable. Overall, these metrics suggest that
the regression model is statistically significant and can
be used for making predictions with confidence.

The results indicated that a linear mixture model
significantly influenced both dissolution responses.
Among the formulation variables, Carbopol 974P
emerged as the most significant factor, followed
by HPMC and Polyox. Diagnostic plots revealed

satisfactory results with no outliers detected.
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Table 11. Numerical optimization- constraints

Name Goal Lower limit Upper limit
HPMC K100 MCR Minimize 0 60
PEO WSR 303 Minimize 0 60
Carbopol 974P in range 0 60
6 h. Release in pH 6.8 buffer Maximize 12 42
12 h. Release in pH 6.8 buffer Maximize 25 87

Constraints were given for factors and responses
using numerical optimization Table 11. Five solutions
with desirability values greater than 0.8 were found
based on the provided constraints in Table 12. The
Design of Experiment (DoE) suggested specific factor

combinations to achieve desired dissolution targets,

specifically, Factor A (HPMC) and Factor B (Polyox)
were recommended within the range of 0-20 mg,
while Factor C (Carbopol) at 50-60 mg per tablet
was identified as optimal for achieving the desired

controlled-release profile as shown in Figure 7.

Table 12. Solutions of numerical optimization with desirability

Solutions le\&%i 100 PEO WSR 303 | Carbopol 974P 6h. Release 12h. Release Desirability
1 15.96 4.03 60 42.0 82.9 0.894
2 20 0 60 42.6 83.7 0.891
3 0 20 60 39.8 80.0 0.860
4 13.3 13.3 53.3 38.2 76.2 0.812

Design-Expert® Software

Desirability
# Design Points

I1
0

X1=A HPMC K100 MCR
X2 =B: PEO WSR 303
X3 =C: Carbopol 974P

80

B: PEO WSR 303

A: HPMC K100 MCR
80

0 596

Prediction
./
0

Desirability

0.894

80
C: Carbopol 974P

Figure 7. Desirability plot of overlay plot

Step 7. The conclusion of the design of
experiments (DoE) was the execution of a final trial,
which was selected based on a desirability index
exceeding 0.8. This trial underwent dissolution
testing in various media, including 0.01 N HCI, pH
4.5 acetate buffer, and pH 6.8 phosphate buffer, The

dissolution profile obtained as presented in Table 13,
578

was compared against a predetermined zero-order
target dissolution profile in Figure 8. The results were
promising, demonstrating a dissolution behavior that
was comparable to the target profile. This indicates a
successful optimization of the formulation parameters,
aligning with the desired release characteristics of the
tablets.
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Typically, formulation development begins with in
vitro evaluations to predict the in vivo performance
of the dosage form. However, in this study, to design
controlled-release (CR) dosage forms based on
immediate-release (IR) formulations, we initiated the
process with pharmacokinetic (PK) simulations. This
involved conducting simulations of IR multiple dosing
to establish steady-state plasma concentration targets.
Using these targets, CR dosing plasma concentrations
were simulated for both single and multiple dosing
regimens, which allowed us to set precise in vitro

release targets before commencing the dosage form

As part of the CR formulation development, the
Design of Experiments (DoE) was implemented to
systematically optimize the formulation components.
The

evaluated through multi-media dissolution studies

optimized formulation was subsequently
to ensure that the dissolution profiles aligned with
the predefined in vitro release targets. This step was
critical in verifying that the in vitro release behavior
would match the desired zero-order release profile,
thereby providing confidence in the anticipated in

vivo performance.

design.
Table 13. In vitro dissolution conditions and dissolution profile in multi-media
In vitro Evaluation conditions

Apparatus Lab India Dissolution apparatus with autosampler

The volume of the medium 900 ml.

Temperature 37°+0.5°C

Apparatus USP Type II (paddle)

RPM 50

Sample collection intervals 1,24,6,8,10,12and 14 h.

Dissolution Profile in Multi-media
Time 0.01 M HClL pH 4.5 Acetate buffer pH 6.8 phosphate buffer Target Zero-Order
0 0 0 0 0
1 15 4.49 7.86 6.88
2 25.4 12.12 12.9 13.76
4 42.2 22.37 26.24 27.52
6 60.7 37 42.36 41.28
8 75.9 52.44 58.12 55.04
10 85.4 67 72.12 68.8
12 91.9 77.38 87.43 82.56
14 96.4 90 99.02 96.32
Slope

Zero-order release rate 6.95 6.60 7.21 6.88

Slope (Actual/Target) 101.07 95.93 104.80 --

F2 Similarity factor 43 70 76 --

Regression coefficient ‘ 0.95 1.00 1.00 1.00
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Figure 8. Dissolution profile of Mirtazapine 28 mg CR tablets in multi-media

The similarity factor (F,) was calculated for the
target zero-order release profile compared to in vitro
dissolution in 0.01 N HCI (pH 2), pH 4.5 acetate buffer,
and pH 6.8 phosphate buffer, yielding values of 43, 70,
and 76, respectively. Although the F, value at pH 2.0
was lower than the generally accepted threshold of
50, this is not considered problematic due to the total
dissolution time and the anticipated T_max exceeding
12 hours. The lower F, at acidic pH is not relevant to
the overall performance of the CR formulation, as
the release behavior in the higher pH media (pH 4.5
and pH 6.8), with F, values of 70 and 76, respectively,
is more pertinent to the intended therapeutic effect.
These values indicate satisfactory release profiles
at these pH levels, which are more reflective of the
physiological conditions post-gastric transit.

Although the formulation was designed for pH-
independent drug release due to the high solubility
of Mirtazapine at lower pH, a slightly faster release
rate was observed in acidic conditions compared to
the target zero-order release. However, the overall
release slope across all pH conditions remained close
to the target zero-order kinetics, nearly 100% in
all three media. This suggests that the proposed CR
formulation is adequate for achieving the desired in
vivo targets, even with slight variations in release at
lower pH.
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(Ranjan et al, 2011) developed CR chitosan
microspheres  of  Mirtazapine, demonstrating
improved bioavailability and altered PK parameters,
with increased AUC, prolonged half-life, and reduced
clearance. The CR formulation achieved sustained
drug release up to 48 hours (Ranjan et al,, 2011). In
vivo studies conducted in rats further confirmed
the enhanced pharmacokinetic profile, highlighting
the potential of CR microspheres in optimizing
Mirtazapine’s therapeutic effect.

(Koradia et al., 2018) developed unidirectional
buccoadhesive CR tablets of Mirtazapine using
Carbopol 934P and HPMC K4M, achieving controlled
drug release over 6 hours with enhanced permeability
through the buccal mucosa (Koradia et al., 2018).
The formulation showed optimal swelling, good
bioadhesive strength, and stability, offering a potential
alternative delivery system for Mirtazapine.

A study by Vyslouzil et al. developed PLGA micro-
particles for the CR of Mirtazapine using the o/w solvent
evaporation method (Vyslouzil et al., 2014). The micro-
particles, prepared with dichloromethane and stabilized
with PVA, showed high encapsulation efficiency (64.2%)
and released the drug over 5 days. The release followed
near zero-order kinetics (R*0.95-0.98), with drug release
driven by a combination of diffusion and surface erosion,

enhanced by polymer swelling and chain relaxation.
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CONCLUSION
The study successfully formulated Mirtazapine
controlled-release (CR) tablets that met the

pharmacokinetic targets derived from the IR reference

product. The optimized formulation, achieved
through a D-optimal mixture design, demonstrated
a CR profile consistent with the zero-order kinetics
model. Dissolution studies further confirmed the
formulation’s consistency and robustness, ensuring
a reliable and predictable release of the drug. “The
obtained in vitro dissolution results demonstrated an
almost zero-order release profile, with an R-squared
value close to one, across pH conditions ranging from
2.0 to 6.8. The release rate, observed was between
6.6%/h to 7.2%/h, which approximates the target
zero-order release rate of 6.8%/h, suggesting zero-
order absorption of Mirtazapine in vivo conditions.
However, a bioavailability study may be necessary to
confirm these findings”

This research provides a novel methodology
for the development of CR tablets aligning with
zero-order kinetics, potentially improving patient
adherence and therapeutic outcomes for Mirtazapine,
underscoring the application of the D-optimal
mixture design in achieving a consistent and robust
formulation. This approach has potential applications
for other medications requiring controlled-release
mechanisms, representing a significant advancement
in pharmaceutical formulation.
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SUMMARY

Drug discovery as an important scientific area that serves human
health, requires continuous advancement for improved quality
of life and survival rates. However, drug discovery is a long
and expensive process. The studies aimed ar dealing with these
problems have enabled to combination of artificial intelligence
(AD) with drug development stages. For every step of the R&D
process, Al plays a vital role in facilitating and accelerating the
work. Firstly, Al methods (deep learning and convolutional
neural networks) help predict the 3D structure of protein making
it easier for the rational design of compounds ro target a specific
protein among other potential outcomes. After estimation of
the protein structure of interest, it is also possible to determine
the protein-ligand interactions by utilizing Al technologies like
random forest. The other stage, namely finding the hit compounds
is also possible through Al-assisted QSAR models such as deep
neural networks. Besides, there are many Al methods (k-nearest
neighbor and support vector machines) for ADMET prediction
to optimize lead compounds. Finally, Al techniques also aid in
choosing the most suitable synthesis plan. In the light of the latest
advances, Al has become the focus of the pharmaceutical industry.
However, despite the potential benefits of Al in drug discovery,
several challenges must be considered including the availability
of suitable data and bioethical issues. This article provides a
comprehensive review of the benefits and applications of Al in
various stages of drug discovery.

Key Words: Artificial intelligence, drug discovery, machine learning,
deep learning

Yapay Zekann Eczacilikta Yiikselisi: llag Kesfinin Gelecegini
Sekillendirmek

0z

Insan saghgina ve refahina hizmet eden Gnemli bir bilimsel alan
olan ilag kegfi, yasam kalitesinin ve hayatta kalma oranlarinin
iyilestirilmesi icin siivekli ilerlemeyi gerektirmektedir. Ancak ilag kegfi
uzun ve pahal bir siirectir. Bu sorunlarin iistesinden gelmeye yonelik
calismalar, yapay zekanin ilag gelistirme siireciyle birlestirilmesini
saglamastr. Ar-Gesiirecinin her adimindayapay zeka, isi kolaylagtirma
ve hizlandirma konusunda hayati bir rol oynar. Oncelikle, baz:
yapay zeka yontemleri (derin Ggrenme ve evrisimsel sinir aglars), ilag
molekiiliiniin belirli bir proteini hedeflemesini kolaylagtirmak icin
proteinin 3 boyutlu yapisint tahmin etmeye yardimer olmaktadr.
Protein yapisinin - modellenmesiyle beraber, rastgele orman  gibi
yapay zeka  algoritmalarindan  yararlanilarak  protein-ligand
etkilesimlerinin belirlenmesi de miimkiin olmaktadsr. Takip eden
asamada, oncii bilesiklerin kegfi de derin sinir aglar: gibi yapay zeka
destekli QSAR modellerinin kullaniimasiyla saglanmakradsy. Ayrica,
dncii bilesigi optimize etmek amactyla ADMET tahminine yardime:
bircok yapay zeka yontemi de (k-en yakin komsuluk, and destek vektor
makineleri) bulunmaktadsr. Bunun yani sira yapay zeka teknikleri
en uygun sentez planinin secilmesinde de yol gistericidir. Giincel
gelismelerin 151ginda yapay zeka, ilag sektiriiniin odak noktas: haline
gelmigtir. Ancak, ilag kegfinde yapay zekanin potansiyel faydalarina
ragmen, wygun verilerin mevcudiyeti ve biyoetik konular da dahil
olmak iizere dikkate alinmas: gereken cesitli zorluklar da vardsr. Bu
makale, yapay zekanin ilag kegfinin cesitli asamalarindaki yararlar:
ve wygulamalaring kapsamls bir sekilde incelemektedir.

Anabtar Kelimeler: Yapay zeka, ilac kesfi, makine igrenmesi,
derin Ggrenme
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INTRODUCTION

The Pioneering Steps of Artificial Intelligence in
Healthcare

The notion of incorporating machine-based
intelligence into human daily life has been a
longstanding concept, with roots in ancient myths
and the creation of automatons in Chinese and
Egyptian cultures (Lewis, 2014). Intelligent behavior,
in this context, is generally defined as making
decisions according to the information collected
by the system. This concept eventually paved the
way for the development of Artificial Intelligence
(AI) in 1955, marking a significant milestone in the
intersection of machines and intelligent decision-
making. Subsequently, the integration of AI into
various parts of the developing world gained
momentum and its entrance into the pharmaceutical
field occurred in the 70s with the introduction of
Dendral at Stanford University (Lindsay et al. 1993).
Regarded as one of the earliest applications of Al
in the healthcare system, Dendral played a crucial
role in identifying unknown organic molecules. It
achieved this by analyzing mass spectra and using the
information from chemical databases available at the
time. Since then, AI has been applied in numerous
areas of healthcare systems including personalized
medicine, assisted diagnostics, health economics,
drug discovery, and development. It is important to
note that Al encompasses a spectrum of definitions
and approaches, leading to a diverse range of solutions

addressing industry challenges today.
Machine Learning And Deep Learning Models

In an AI concept, it is essential to cover key
subfields such as solution searching, reasoning, and
knowledge representation, with particular emphasis
on the primary paradigm of machine learning (ML).
ML is an evolving field of computational algorithms
which are designed to imitate human intelligence by
learning through the surrounding environment and
experiences (Naga and Murphy, 2015). k-nearest
neighborneighbor (k-NN), support vector machines
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(SVM) and random forest (RF) are the main types
of ML (Cortes and Vapnik, 1995, Lavecchia et al.,
2013, Melville et al., 2009). The k-NN algorithm, a
form of instance-based learning or lazy learning, is
a simple and intuitive method to predict the class,
property, or rank of a molecule based on the nearest
training examples in the feature space. It has been
used for envisaging activities of various compounds
such as anti-convulsants, dopamine D1 antagonists,
protein kinase inhibitors, psychoactive cannabinoids,
steroids, anti-inflammatory and anticancer drugs,
and estrogen receptor agonists (Lavecchia, 2015).
Support vector machines (SVMs), as supervised
machine learning algorithms, have gained popularity
in drug discovery applications for tasks like
compound classification and property predictions for
novel active compounds. In a study applying SVM
to pharmacokinetic (PK) modeling, Doniger et al.
worked on 179 central nervous system (CNS) active
compounds and 145 inactive molecules for predicting
blood-brain barrier (BBB)penetration. Using 30 tests,
the Al model was performed with 81.5% success
(Heikamp and Bajorath, 2014, Doniger et al., 2002).
Random Forest (RF) is a supervised learning method
to be applied to classification and some problems. The
method involves tree predictors that each tree depends
on the values of a random vector independently and
with the same layout for each of the generated vectors
(Breiman, 2001). The optimal selection of chemical
features (molecular descriptors) is an important act to
take before the research for the efficient application of
Al techniques in virtual screening for identification of
bioactive molecules in drug discovery. This selection
plays a role in the accuracy of affinity prediction.
RF-based approaches automatically select molecular
descriptors of training data for ligands of kinases,
nuclear hormone receptors, and other enzymes (Cano
etal., 2017).

Deep learning (DL), a subfield of ML, involves
artificial neural networks (ANNs), and provides

advantages compared to statistical modeling. One
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notable advantage of DL is that it does not require
rigidly structured experimental designs, instead, it
can map functions using historical or incomplete data.
ANNs are good recognizers of patterns and robust
classifiers, with the ability to generate when making
decisions based on imprecise input data (Cheng
and Sutariya, 2012). ANNs have many application
areas in drug design such as pharmacokinetics,
neurodegenerative diseases, cardiovascular diseases,
infectious and microbial diseases, immunology
and virology, medical diagnosis, cosmetics and
dermatology, proteomics-genomics etc. (Dobchevand

Karelson, 2016). The computational model inspired in

the natural neurons, ANN, covers the interconnected
and sophisticated computing factors to process
information and solve problems. ANNs comprise
different types, such as multilayer perceptron (MLP)
networks, recurrent neural networks (RNNs), and
convolutional neural networks (CNNs). The MLP
network is used for pattern recognition, optimization
aids, process identification, and controls. RNNs can
memorize and store information. CNNs have used in
biological system modeling, processing complex brain
functions, pattern recognition, and sophisticated
signal processing (Paul et al. 2021). Examples of

method domains of Al are summarized in Figure 1.

Artificial Intelligence (Al)
A technique that studies ways to build intelligent

programs and machines to mimic human behavior.

; Machine Learning (ML)

A technique that provides systems the ability to
automatically learn and develop from experience
without being explicitly programmed.

* k-Nearest neighbor (k-NN)

+ Support vector machines (SVM) , \
Random Forest (RF) |

Artificial Neural Network (ANN) |

\ and Deep Learning (DL) / /

A technique that is the picce of a computing
system designed to simulate the way the human
brain analyzes and processes information.

* Multilayer perception (MP)

* Recurrent neural network (RNN)

= Convolutional neural network (CNN)

4

Figure 1. Method domains of Al

Drug Discovery Process

The drug discovery process is a complex and
long pathway that consists of considerable steps. The
initial phase involves evaluating of three-dimensional
(3D) structure of the target protein and examining
protein-protein/drug interactions. Following target
identification, potential hit compounds targeted on

selected protein are chosen by using computer-aided

drug design systems such as molecular docking, virtual
screening, and drug repurposing (Rao and Srinivas,
2011). Once identified, the selected compounds are
synthesized and then the compounds undergo in
vitro and in vivo assays to determine their activities,
toxicities, and pharmacokinetic properties. Moreover,
quantitative structure-activity relationship (QSAR)

and de novo studies are utilized in combination with the
585
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activity data for lead identification and optimization
steps. After these steps, the drug candidates are
selected for preclinical and clinical studies for more
in-depth analysis (Schneider and Fechner, 2005). The

QSAR Modelling

Target selection Hit Discovery

8. Prediction of toxicity,
'l\- bioavailability and

[ physicochemical property

\ {

Lead Optimization

QSAR Modelling

Pharmacophore Modelling

\J Docking and Scorinsﬂ
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drugs that successfully pass all the clinical phases are
reviewed by FDA or any other autority to be ready for
the market (Chan et al., 2019). The drug development

process is visually summarized in Figure 2.

=
e

i Synthesis of the selected
compounds

iy

%

De novo Drug Design

Pharmacological Activity Assays

Figure 2. Al-aided drug development process

Drug development is an extended, complex, and
costly process, marked by a considerable degree of
uncertainty regarding the success of a drug (Fuloria
et al., 2013). The research and development (R&D)
process requires analyzing a large amount of data
for hypothesis and compound identification. It
necessitates the integration of datasets with the
targeted pathophysiology, extraction of pertinent data
aligning with specific research goals, and establishing
correlations between subjects for improvement. For
every step of the R&D process, Al plays a pivotal role

in streamlining and expediting the work.

To discover an effective agent, conducting error-
free lab tests or clinical trials is imperative, as every
error poses an obstacle and hinders the progress
of the process. Therefore, developing an agent that
can efficiently treat individuals with highly accurate
results is paramount. The integration of advanced
techniques, such as AI models, into the drug
discovery process, holds the potential to mitigate
human-based errors and save valuable time. Major
biopharmaceutical companies are increasingly
turning to artificial intelligence as a solution to the

challenges in drug design. Pfizer, for instance, employs
586

a machine learning system called IBM Watson to
enhance the search for immuno-oncology drugs.
Sanofi has agreed to utilize the artificial intelligence
platform developed by the UK-based Exscientia
to research the treatment of metabolic disorders.
Numerous other biopharmaceutical companies
have similar collaborations or internal AI programs,
reflecting a growing consensus within the industry
that AI can offer solutions to critical challenges in

drug development (Fleming, 2018).
Target Identification

The overexpression of numerous proteins is
the fundamental reason for the progress of many
diseases. The successful therapeutic approach for
these diseases is design and development of drug
molecules that target the overexpressed proteins.
Therefore, it is essential to predict the structure of the
protein to design the drug molecule that selectively
interacts with it (Madhukar et al., 2017). Structure-
based drug design, which involves examining the
three-dimensional (3D) structures of proteins, is a
valuable strategy for identifying active small molecules

targeting protein of interest. However, measuring the
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3D structure of proteins is a time-consuming and
expensive process, prompting the development of
algorithms to predict protein structures to overcome
these problems. Although the sequence knowledge of
most proteins is currently available, achieving precise
de novo prediction of their 3D structures remains
a significant challenge. Recently, the powerful
capability of feature extraction has enabled the
utilization of deep learning technologies in predicting
the secondary structure, backbone torsion angle, and
residue contacts of proteins (Spencer et al., 2014,
Li et al., 2017). The use of deep learning modules,
particularly convolutional neural networks (CNN),
is advantageous in addressing the overfitting problem
in protein structure prediction (Wang and Zhang,
2017). Notably, the AlphaFold2 model has emerged as
a highly accurate tool for predicting protein folding,
as evidenced by the impressive results in the CASP14
assessment. This model is based on the neural
network algorithm that incorporates multi-sequence
alignments and pairwise features, refining predictions
iteratively (Jumper et al., 2021). The landscape of AI-
based computational tools for target identification is
further detailed in Table 1.
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In research, Jumper and colleagues presented a
computational method that could predict protein
structures with near-experimental accuracy. Their
created neural network AlphaFold was submitted to
CASP14. AlphaFold structures outperformed rival
approaches in CASP14 by a significant margin. The
next best performing method had a median backbone
accuracy of 2.8 A r.m.s.d.95, while AlphaFold structures
had a median backbone accuracy of 0.96 A r.m.s.d.95
(Figure 3a). A carbon atom’s width is around 1.4 A,
which can be used as a benchmark for precision. When
the backbone is highly precise, in addition to extremely
accurate domain structures (Figure 3b). AlphaFold may
generate highly accurate side chains (Figure 3c) . This
significantly outperforms template-based approaches,
even in the presence of strong templates. AlphaFold’s
all-atom accuracy was 1.5 A r.m.s.d.95, while the best
alternative methods all-atom accuracy was 3.5 A
r.m.s.d.95. With precise domains and domain-packing,
our approaches scale to exceedingly long proteins
(Figure 3d). Lastly, the model’s ability to produce
accurate, per-residue dependability estimations should
allow users to utilize these predictions with confidence
(Jumper et al., 2021).

AlphaFold Experiment
r.m.s.d.g; = 2.2 A; TM-score = 0.96

AlphaFold Experiment
r.m.s.d. = 0.59 A within 8 A of Zn

Figure 3. High prediction accuracy of AlphaFold structure. a, AlphaFold’s performance on the CASP14 dataset (n = 87
protein domains) in comparison to the top-15 entries (out of 146 entries), group numbers match the numbers given to
participants by CASP. The information is provided by the median and its 95% confidence interval, which are calculated us-
ing 10,000 bootstrap samples. b, the real (experimental) structure (green) and the AlphaFold prediction of CASP14 target
T1049 (PDB 6YA4F, blue) are comparisons. Four residues in the crystal structure’s C terminus are not shown because they
are B-factor outliers. ¢, CASP14 target T1056 (PDB 6Y]J1). An illustration of a zinc-binding site that is accurately pre-
dicted (while AlphaFold does not specifically predict the zinc ion, it does have correct side chains). d, CASP target T1044,
a 2,180-residue single (PDB 6VR4) chain was predicted with correct domain packing. The figure is reproduced from
Jumper, J., Evans, R., Pritzel, A. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596, 583-589
(2021). https://doi.org/10.1038/s41586-021-03819-2. Copyright © 2021, The Author(s). The figure was cropped from the
original one retaining the data provided by authors.
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A study used Al-generative models to create a
series of hinge cores based on the binding posture
of a reported chemical (GLPG-3970, 3) with the
AlphaFold protein structure (Chemistry42). A hit
molecule targeting SIK2 was produced using a new
scaffold following molecular docking, manufacturing,

and biological assessment. Compound 8g was found

efficacy against SIK2 than the previously reported
inhibitors (Figure 4). In vitro studies also confirmed
the in silico studies, proving that this compound
has high activity, good ADMET profiles, and great
selectivity over other AMPK kinases. As a result, an
artificial intelligence method for finding new and

selective kinase inhibitors is offered by this work (Zhu

through additional SAR investigation to have better et al., 2023).
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Figure 4. Design of compound 8g as AMPK kinase inhibitor (Zhu et al., 2023)

Table 1. AI-Based computational tools for target identification

Tools Description (available websites) References

An AI system developed by DeepMind to predict a protein’s 3D structure from
AlphaFold2 |its amino acid sequence.  (https://colab.research.google.com/github/sokrypton/ | Jumper et al., 2021
ColabFold/blob/main/AlphaFold2.ipynb)

A three tract neural network, learning the patterns in sequences, and protein’s amino acid
RosettaFold Baek et al., 2021

interactions with one another, and predicts a protein’s three-dimensional structure.

DeepFragLib | Protein-specific fragment library built using deep neural networks. Wang et al., 2019

. A standardized data set for machine learning of protein structure to provide protein
ProteinNet ) o o ) Cao et al., 2012b
sequences, structures, MSAs, PSSMs, and standardized training/validation/test splits.

MSA: multiple sequence alignments, PSSM: position-specific scoring matrices

Hit Discovery
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Virtual screening (VS) is one of the primary
computational methods in drug discovery to identify
bioactive molecules capable of binding target
proteins. It is an efficient method that is used in early
drug development to eliminate compounds that
cannot target the protein of interest and to identify
new hits (Lavecchia and Giovanni, 2013). As a result,
virtual screening has become an indispensable tool in
overcoming challenges associated with high costs and
low success rates in drug discovery. Virtual screening
methods are broadly categorized into two groups:
structure-based drug design (SBDD) and ligand-based
drug design (LBDD). SBDD relies on understanding
the possible interactions between ligands and the
structurally resolved target protein. On the other
hand, LBDD focuses on assessing the similarity of
a designed compound to known bioactive agents.
SBDD needs 3D structural knowledge of the target
protein (Dror et al., 2004). The most used technique
for SBDD, molecular docking, provides the prediction
of the binding pose of the ligand in the target protein
and determines its binding affinity (Blundell, 2019).
In molecular docking techniques, many possible
ligand poses have relied on the target protein, and
the ligands are ordered by a scoring function (SF).
Molecular docking programs implement a search

algorithm in which the conformation of the ligand

is determined recursively up to the convergence to
the minimum energy is achieved. Finally, as the sum
of the electrostatic and Van der Waals energies, an
affinity scoring function, AG U total i kcal/mol, is used
to rank the candidate postures. The forces that propel
these particular interactions in biological systems are
directed at complementarities between the ligand
or substrate and the binding site surfaces in terms
of electrostatics and shape (Pagadala et al., 2017).
Consequently, an increase in protein-ligand binding
and structural data makes it possible to identify the
protein-ligand interactions by using AI technology,
which provides progress in SBVS (Table 2).

Recently, many researchers have utilized
molecular docking techniques to identify the possible
interactions between compounds and target proteins.
For example, in a study, to combat viruses a new class
of compounds was introduced and to assess their
antiviral efficacy against the major protease M pro
of SARS-CoV-2 (2019-nCoV) the Auto Dock Vina
program was used. As a result, when compared to
lopinavir as a reference drug, three compounds had
the most promising antiviral efficacy against SARS-
CoV-2. The findings highlight the consistency of the

in vitro and in silico studies (Alamshany et al., 2023).

Table 2. AI-Based computational tools for hit discovery

Tools Description (available websites)

Reference

RepCOOL

A novel network-based method for drug repositioning.

Fahimian et al.,2020

DeepConv-DTL | 161 CSBL/DeepCony-DTI)

A deep learning method to predict drug-target interaction. (https://github.com/

Lee et al., 2019

A deep learning method to predict drug-target interaction. (https://github.com/

DeepH-DTA Hawash-Al/deepH-DT) Abdel-Basset et al., 2020

DeepPurpose Provides the library for drug-target prediction based on deep learning. Huang et al., 2020
Provides the prediction of how small molecules, such as substrates or drug candida-

AutoDock tes, bind to a receptor of known 3D structure. Osterberg et al., 2002
(https://autodock.scripps.edu/)
A drug discovery software platform that integrates visualization, modeling, and si-

MOE mulations, as well as methodology development, in one package. Reynolds et al., 2010
(https://www.chemcomp.com)

GLIDE A molecular modeling software developed by Schrodinger, for docking of small mo- Pagadala et al,, 2017

lecules into proteins and other biopolymers.
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Recently, new categories of machine and deep
learning-based scoring functions (SFs) have been
introduced to discern the relationship between
interaction terms for predicting binding affinity.
ML methods such as RF and SVM are leveraged to
enhance the efficacy of SFs (Ballester, 2019; Ain et
al., 2015; Shen et al., 2019; Coley et al., 2020; Li et
al., 2020). These approaches introduce non-linear
relationships between individual energy terms and
binding affinity, notably improving screening and
scoring capabilities. For instance, Wang and Zhang
incorporated a AvinaRF parameterization correction
technique, integrating RF with AutoDock scoring
function, excellent
compared to GlideScore XP (Repasky et al., 2012).

Traditional ML methods

manual recognition and feature extraction, hindering

demonstrating performance

face limitations in

large-scale applications. The emergence of deep
learning (DL) methods addresses this challenge.
Capitalizing on the success of CNN in image
processing, this technique is employed to extract
features from protein-ligand interaction maps for
predicting protein-ligand affinity. Jimenez et al
utilized a 3D graph CNN model that provides a good
relationship with experimental data in the datasets
to show predictive binding affinities (Jimenez et al.,
2018). Pereira et al. established a deep convolutional
neural networks method called DeepVS that gets
the outcomes of MD as the input of DCNN, and can
automatically learn and extract relevant features from
the basic data (Pereira et al., 2016, Jiang et al., 2018).

Hit To Lead Optimization

In the process of lead optimization, potent lead
compounds can be found by analyzing and predicting
the activity of a series of drug analogs. The quantitative
structure-activity relationship (QSAR) models for
virtual screening are derived by the standard ligand-
based drug design to find the potent candidates
from a series of hits compounds by prediction of
pharmacological activity. QSAR mainly refers to

the use of mathematical methods for examining the
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quantitative mapping relationship of the structural
or physicochemical properties of compounds with
their pharmacological activities. By screening the
molecular database, QSAR method automatically
chooses the most promising compounds for synthesis
and analysis. It saves time and money by reducing
the blindness of the experiment and accelerating
the drug development process with the desired
pharmacological activity. The process of QSAR
method consists of data collection, data selection,
generating molecular descriptors, the establishment
of a mathematical model, interpretation, and
application of models. With the development of ML
techniques, AI models are used in QSAR research to
construct mathematical models of the relationship
between chemical structure and pharmacological
activity (Zhong et al., 2018, Dobchev et al., 2014,
Dudek et al., 2006, Ning and Karypis, 2011). Neural
networks (NNs) method was introduced to QSAR
analysis by Aoyama ef al. in 1990. Various traditional
ML methods, such as RF and SVM, have also been
widely utilized to construct QSAR models (Aoyama
et al., 1990). In recent years, DL methods have been
implemented to QSAR modeling due to the ability
of dealing with various chemical characters and the
merit of extracting features automatically (Ghasemi et
al., 2018) (Table 3).

Numerous research on the use of Al-assisted
QSAR models, such as RF and DNN, to identify the hit
compounds have been published in recent years. To
show that RF and DNN were better in hit prediction
efficiency, Tsou LK and colleagues conducted
comparison tests between DNN and other ligand-
based virtual screening (LBVS) techniques. Several
triple-negative breast cancer (TNBC) inhibitors
were identified as strong hits by DNN screening
of the 165,000-compound database. Their findings
demonstrate the potential of DNN as an effective hit
prediction module and offer experimental proof that
machine learning is capable of identifying strong hits
in silico from a small training set (Figure 5) (Tsou et
al., 2020).
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Figure 5. Tsou LK and coworkers’ studies compounds (Tsou et al., 2020)

In a different research, Koksal and Tugcu used
QSARINS software to create QSAR models that
predicted the analgesic and anti-inflammatory
properties of several 2-benzoxazolinone derivatives.
These models work based on the rule that the drug
candidates hydrophobicity, halogen count, and

molecular structure shape are important indicators

Seventy-seven novel compounds were introduced as
possible analgesic and anti-inflammatory medications
based on the previously investigated compounds and
the models that were built. As a result, the majority
of the recently developed compounds showed
encouraging analgesic and anti-inflammatory effects
(Tugcu and Koksal, 2018).

of their analgesic and anti-inflammatory properties.

Table 3. AI-Based computational tools for hit-tolerated optimization

Tools Description Reference
Firstly, used deep learning to improve the performance of SBVS and used the DCNNs

DeepVS model. This method takes the result of molecular docking as the input of DCNN, and | Pereira et al., 2016
can automatically learn and extract relevant features.

BindScope CNN-based protein-ligand docking and binding predictor Skalic et al., 2019

Provides prediction of drug-target interactions via deep learning with convolution
DeepConv-DTI Lee et al., 2019

on protein sequences.

A machine learning model that interprets chemical and biological data in quantitative

Squares method and Genetic Algorithm for variable selection.

OntoQSAR . . . . Angelo et al., 2020
structure-activity relationship studies.
A software for the development and validation of multiple linear regression

QSARINS Quantitative Structure-Activity Relationship (QSAR) models by Ordinary Least | Gramatica et al., 2013

SBVS: structure-based drug design,
DCNN: deep convolutional neural networks,

CNN: convolutional neural networks
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Lead Optimization

Prediction of pharmacokinetic properties is not
only crucial for decreasing the risks of late-stage drug
development but also aids researchers in optimizing
screening by prioritizing the testing of the most
promising compounds. Absorption, distribution,
metabolism, elimination, and toxicity (ADMET)
prediction is an efficient method during hit-to-
lead and lead optimization steps. It is documented
that success rate and production efficiency in the
drug development process mainly depend on the
early estimation and optimization of the ADMET
properties of the lead compounds. However, relying
on in vivo experiments for estimating the ADMET
of a compound comes with high costs, prolonged
time requirements, and the need for substantial
material and animal resources (Caldwell et al., 2009).
The utilization of Al-assisted ADMET prediction
has proven to be a cost-effective strategy, reducing
drug development costs by up to 50%, making it a
popular method in early drug discovery (Wang et
al., 2019; Tan et al, 2010). In addition, the success
of Al-assisted ADMET prediction has been notably
enhanced with the availability of high-quality data
and more accurate statistical analysis methods. There
are many approaches to ADMET modeling in drug
discovery. Among ML methods, k-NN, SVM, RF and
ANNSs are used in the ADMET property investigation
(Obrezanova et al., 2007, Kortagere et al., 2008, Cao et
al., 2010, Cao et al., 2012, Klon et al., 2006, Lombardo
etal., 2006, Wang et al., 2016). For example, DeepTox is
a useful ML method that not only identifies static and
dynamic properties within the chemical descriptors
of the compounds but also predicts the toxicity of

a molecule based on predefined 2500 toxicophore
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features (Mayr et al., 2016). A variety of Al tools used
in ADMET prediction are detailed in Table 4.

Computer-aided AI methods are wused for
early and accurate prediction of adverse reaction
of the drug compounds. For example, using in
silico methods, Oner et al. analyzed the anticancer
of Tetrahydrocannabinol (THC),
Tetrahydrocannabivarin (THCV), and Cannabidiol
(CBD). The ADMET properties of these compounds

was evaluated using Protox-II. According to result,

characteristics

CBD has the lowest risk for immunotoxicity,
carcinogenicity, and hepatotoxicity. On the other hand,
the possibility of being inert in terms of mutagenicity
and cytotoxicity is highest. Furthermore, CBD has the
highest potential for preventing lung cancer (Gallerdo
et al., 2024).

Giines and colleagues developed a model to
predict 329 known antidepressant medications
(ADRs) of which 27 were approved. They then
looked at three ML algorithms (SVM, k-NN, and
multilayer perception) to see which is more suitable
for this task. To predict ADRs with AI model, they
combined the chemical structures and biological
properties (target protein, enzymes, and transporters)
of compounds with the known ADRs of those
drugs. The model they created using MLP with
BestFirst and CfsSubsetEval, based on the chemical
features of the approved antidepressants, correctly
predicted the ADRs associated with the withdrawal
of indalpine, zimelidine, pheniprazine, amineptine,
and medifoxamine. The outcomes demonstrated the
approach’s external validity by correctly predicting
a respectable number of previously identified ADRs
from the literature (Giines et al., 2021).



FABAD ]. Pharm. Sci., 49, 3, 583-602, 2024

Table 4. AI-Based computational tools for lead optimization

Tools Description (available website) Reference
A webserver for the prediction of toxicity of chemicals. (http://tox.charite.de/ .

ProTox-II Banerjee et al., 2018
protox_IT)
A platform for systematic ADMET evaluation based on a comprehensively

ADMETlab Dong et al., 2018
collected ADMET database. (http://admet.scbdd.com)
Provides its broad applicability for the accurate prediction of thermodynamic, .

COSMOfrag . ) _ ) Hornig and Klamt, 2005
environmental, or physiological properties.

ADMET: absorption, distribution, metabolism, excretion, and toxicity

The integration of Al in four essential stages,
namely target identification, hit discovery, hit-to-lead
optimization, and lead optimization, significantly
reduces time and costs compared to traditional

methods. Notably, some drugs designed through AI-

Table 5. FDA-approved drugs for clinical trials

driven approaches have received approval from the
FDA for clinical trials (Liu et al., 2019, Mak et al.,
2022, Soni et al., 2022, Pun et al., 2023). Since 2023,
four prominent drugs that were FDA-approved for

clinical trials are listed in Table 5.

Drug Clinical | Years when began | Therapeutical target Pharmacological activity | Organization
phase the clinical trials
DSP-1181 Phase 1 2020 5-HT1A receptor agonist | Obsessive-compulsive Exscientia and
disorder Sumitomo Dainippon
Pharma

EXS21546 Phase 1 2020 Adenosine A2a receptor Autoimmune oncology Exscientia and Evotec
antagonist treatment

DSP-0038 Phase1 | 2021 Dual target on 5-HT1A Alzheimer’s diseases Exscientia and Sumitoto
receptor and 5SHT2A Dainippan Pharma
receptor antagonist

INSO18-055 | Phase2 | 2023 Anti-fibrotic small Idiopathic Pulmonary In silico Medicine
molecule inhibitor Fibrosis

AI-Assisted Synthesis Planning

In drug discovery, the design of drug molecules
must align with synthesizability to advance through
the optimization process and yield compounds with
improved properties. For this reason, organic synthesis
is an essential part of drug discovery. Choosing the

most suitable synthesis plan provides many advantages

in terms of cost and time. Therefore, numerous
computational approaches have been built to promote
synthesis planning. There are three main tasks for AI-
assisted synthesis: predicting retrosynthetic strategy,
forecasting reaction conditions, and predicting side
products of the selected reaction (Struble et al., 2020,
Segler et al., 2018) (Figure 6).
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Al helps to find plausible synthetic routes
with high yield, less time and less money

1. Retrosynthesis

Selection of

& __@ " @ 2. Condition of the reaction

catalyst, solvent

Determination of

A ,_@ + @ 3. Reaction Qutcome

out products

Figure 6. Al-assisted synthesis prediction

Retrosynthetic analysis is defined as transforming
a target molecule into intermediates or precursors
regardless of the reactivity reagents. Retrosynthesis
pathway predictions cover the sequential cutting of
the target compounds at different positions. Monte
Carlo tree search (MCTS) is a method that was
used in retrosynthesis prediction to perform branch
decisions (Browne et al., 2012). In recent years,
various ML-based techniques have been introduced
for retrosynthetic reaction prediction. For example,
Liu et al. used a sequence-to-sequence-based model
for retrosynthetic reaction prediction (Liu et al., 2017).
In 2017, Segler et al. utilized the first deep learning
to find plausible synthetic routes with high yield and

less time. Instead of manually encoding, a database of

known reactions is provided to convert into reaction
templates, considering the core of the reaction and the
nearest neighbor atoms. The prediction of templates
related to the targeted product in retrosynthetic
analysis has been tackled using ANN. This approach
enables the direct learning of retrosynthetic strategies
through data. Furthermore, ANNs can select an
efficient tree-search for a logical pathway among
numerous reaction templates by filtering out results
from implausible chemical reactions (Segler et al.,
2017). The work by Segler et al. demonstrated the
feasibility of utilizing data-driven approaches, and
this methodology has since been further enhanced
with the availability of multiple open-sources as well

as commercial tools (Table 6).

Table 6. AI-Based computational tools for synthesis planning

Tools Description (available website) Reference
Chemical. AT A professional website to predict retrosynthesis routes. https://chemical.ai
. . A fast, robust, and flexible open-source software for retrosynthetic planning. (http://
AiZynthFinder . . Genheden et al., 2020
www.github.com/MolecularAl/aizynthfinder)
- Make a whole retrosynthetic analysis powered by the renowned CAS collection of .
SciFinder . ) . o Gabrielson., 2018
reactions, reducing the synthetic planning time.
Provides prediction retrosynthesis combines high-quality reaction data with AT tech-
Reaxys ) Goodman., 2009
nology.
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CAS data, the SciFinder
retrosynthesis planner builds pathways to desired

According to

compounds using experimental and predicted
reaction steps from 121 million reactions in the

CAS collection, which is compiled over 110 years of

f L =0

— G020

W Suppliers (22)

chemistry research. As an example, using SciFinder,
the retrosynthesis of compound A is illustrated
in Figure 7 (https://www.cas.org/resources/press-

releases/scifinder-n-predictive-retrosynthesis).
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Figure 7. An example of a retrosynthesis tool of SciFinder produced at https://scifinder-n.cas.org

AT techniques are also effective in the prediction
of the products and yields of organic reactions based
on the molecular properties of the reactants. Recently,
several studies on AI algorithms to generalize yield
prediction have been documented (Hessler and
Baringhaus, 2018, Struble et al, 2020). Recurrent
neural networks (RNNs) can be used to form de novo
chemical discovery by using simplified molecular input
line entry systems (SMILES) string representations of
the structure. In chemical synthesis, starting materials
and resulting compounds are encoded by SMILES
strings and linked in an encoder-decoder architecture.
The overall performance of this technology has
demonstrated comparability to rule-based expert
systems, although significant variations have been
observed across different reaction classes (Savage et
al., 2017). An alternative approach involves the use of
recommender systems to identify reactants yielding

a desired product in combination with a chemical

reaction graph. Differently, the recommender systems
have been employed for identifying reactants yielding
a targeted product with a chemical reaction graph.
The utilization of deep neural networks combined
with a Monte Carlo tree search provides an excellent
performance for retrosynthetic prediction (Segler et
al., 2018).

Challenges of Using Al in Healthcare
Despite many advantages of bringing Al to drug

discovery, it also has several challenges that must be
considered (Blanco-Gonzalez et al., 2023, Vamathevan
et al, 2019). The first challenge is suitable data
availability. ML and DL approaches require a large
volume of data for analyzing different tasks (Tsuji et al.,
2021). However, the accessible data can be restricted,
or data can be low quality or inconsistent, leading to
low accuracy and reliability of the results (Gomez et
al., 2018). Another difficulty arises from the fact that
the data obtained in healthcare services are unclear,
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noisy, and incomplete. This prevents Al from having
clean and structured data and makes it difficult to
apply Al in drug development (Manne and Kantheti,
2021). Finally, privacy and confidentiality are the
most controversial topics of using Al in the drug
discovery process. Providing personal information
to any database and reusing this information without
permission causes ethical problems (Aung et al., 2021).
To overcome this problem, measures protecting the
confidentiality of patient information are necessary to

be addressed within certain policies.
CONCLUSION

In summary, Al has attracted a lot of attention
recently and has been successfully integrated into
many steps of drug discovery. AI makes the drug
discovery process shorter, cheaper, more advanced,
and more reliable when compared to traditional drug
discovery methods. In addition to assistance in quick
and seamless identification of the hit compound, AI
also contributes to the prediction of the potentially
active drug candidate, understanding of drug-target
interactions, ADMET properties, as well as suggestions
of synthesis routes of active molecules. Al can also
contribute to establishing the safety and eflicacy
of the product in clinical trials, as well as ensuring
proper positioning and costing in the market through
comprehensive market analysis and prediction.
However, there are a limited number of Al-designed
drugs that recived approval from FDA for clinical
trials. Although specific challenges remain about the
implementation of this technology, AI has gained
a role as an invaluable tool in the pharmaceutical
industry. All in all, AI serves as a golden key that
has the potential to save lives by addressing critical
segments of the drug discovery process, offering hope
for numerous diseases that currently lack effective

treatments or preventive measures.
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An Overview of Synthetic Derivatives of Thiazole and Their
Role in Therapeutics

SUMMARY

Thiazole derivatives have attracted much attention in medicinal chemistry
due 1o their diverse pharmacological activities. This study provides an
overview of the latest synthetic derivatives of thiazole and their therapeutic
applications. Innovative methodologies have been adopted to enhance the
structural diversity and optimize th;p/mrmﬂm/ogiml properties of thiazole-
based compounds. These synthetic derivatives exhibit a broad spectrum of
therapeutic activities, and understanding the essential features responsible
Jor the observed pharmacological effects has been pivotal in structure-
activity relationship studies. Drug development efforss have focused on
modulating thiazole derivatives ffr improved bioavailability, selectivity,
and reduced toxicity. This abstract highlights the potential of thiazole
derivatives in targeting specific biological activity, paving the way for
developing innovative therapeutic agents. Thiazole moiety as a heterocyclic
compound was studied for its different pharmacological actions. The
derivatives obtained from thiazole have diverse therapeutic actions along
with antimicrobial activity, antitubercular activity, antidiabetic activity,
anticonvulsant, anti-inflammatory actions, and antitumor activities. The
mechanism of actions of all these activities is also studied by the researcher
to provide scientific evidence and validation of their actions. Utilization
of synthetic chemistry for exploration of various pharmacological potential
of thiazole derivatives will lead t/aedﬁﬁure pharmacologists to a newer
dimension for new drug discovery and also these derivatives can be further
optimized for the development of alternative options for the treatment of
various diseases. The versatility of thiazole scaffolds presents promising
opportunities for discovering new drugs with enhanced efficacy and
improved pharmacokinetic profiles. As researchers continue to delve into
the synthesis and pharmacological evaluation of thiazole derivatives, their
significance in modern drug design and therapy becomes increasingly
evident.

Key Words: Thiazole, heterocyclic, antitubercular, antimicrobial,
anti-inflammatory.

Tiyazoliin Sentetik Tiirevlerine ve Tedavideki Rollerine Genel Bir
Bales

0z

Tiyazol tiirevleri, ¢esitli farmakolojik aktivitelerinden dolay: medisinal
kimyada biiyitk ilgi gormiistiir. Bu ¢aligma, tiyazoliin en yeni sentetik
tiirevlerine ve Wnigrm terapotik uygulamalarima genel bir bakis
sunmaktadur. Tiyazol bazls bilesiklerin yapisal cesitliligini artirmak ve
Jfarmakolojik izelliklerini optimize etmek icin yem’lz’f{i metodolojiler
benimsenmistir. Bu sentetik tiirevler genis bir yelpagede teraptik
aktivite gistermektedir ve gozlemlenen farmakolojik etkilerden sorumin
olan temel izelliklerin anlasilmast, yapr-aktivite iligkisi caligmalarinda
onemli bir rol oynamistrr. Illag gelistirme calyymalars, iyilegtirilmis
biyoyararlanim, segicilik ve azaltslmas roksisite icin tiyazol tiirevlerinin
modiilasyonuna odaklanmisnr. Bu Gzet tiyazol tiirevlerinin spesifik
biyolojik aktiviteyi hedeflemedeki potansiyelini vurgulayarak, yeniliki
terapotik ajanlarin gelistirilmesinin oniinii agmaktadir. Heterosiklik bir
bilesik olarak tiyazol, farkls farmakolojik etkileri agisindan incelenmistir.
Tiyazolden elde edilen tiirevler, antimikrobiyal, antitiiberkiiloz,
antidiyabetik,  antikonviilsan,  antiinflamatuvar  ve  antitiimor
aktiviteler dabil olmak dizere cesitli terapitik etkilere sabiptir. Tiim bu
aktivitelerin etki mekanizmalars, aktivitelerin bilimsel kanitlarin: ve
gecerliligini saglamak icin aragtirmacilar tarafindan da incelenmistir.
Tiyazol tiirevlerinin cesitli farmakolojik potansiyellerinin aragtiriimas:
igin sentetik kimyanin kullanilmasi, gelecegin farmakologlarins yeni
ilag kegfinde daha yeni bir boyuta tasiyacak ve ayrica bu tiirevler, cesitli
hastaliklarin tedavisi i¢in alternatif secencklerin geligtirilmesi amaciyla
daha da optimize edilebilecektir. Tiyazol halkasinin cok yonliligi,
etkinligi artirilmag ve farmakokinetik profilleri iyilestirilmis yeni ilaglarin
kesfedilmesi icin umut verici firsatlar sunmaktadsy. Arastrmacilar
tiyazgol tiirevlerinin sentezi ve farmakolojik degerlendirmesi iizerinde
calismaya devam ettikge, bunlarin modern ilag tasarims ve tedavisindeki
dnemi giderck daha belirgin hale gelmektedir.

Anabtar Kelimeler: Tiyazol, beterosiklik, —antitiiberkiiloz,
antimikrobiyal, antiinflamatuvar.
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INTRODUCTION

Thiazoles are a class of heterocyclic compounds
that contain a unique aromatic pentagonal ring
structure and are identified by the molecular formula
C,H,NS. At room temperature, the unbound form
of thiazoles appears as a pale yellow liquid. The
thiazole nucleus serves as a fundamental structural
component of vitamin B, highlighting the biological
importance of this heterocyclic moiety. In synthetic
chemistry, thiazoles are vital in the controlled
generation of carbene entities. This is achieved by
conjugating them with transition metals to form
metal-thiazole complexes, which serve as catalysts in
catalytic processes of considerable significance, such
as the Stetter reaction and benzoin condensation.
The strategic integration of thiazoles with transition
metals permits the precise generation of free carbene
species and imparts catalytic prowess to the resulting
complexes, thus driving progress in synthetic
methodologies in organic chemistry (Ali & Sayed,
2021; Alrazzak, 2018).

Compounds  containing thiazole moieties,
commonly referred to as thiazole derivatives, exhibit
a broad range of biological activities encompassing
antipsychotic, analgesic, anticancer, antiallergic,
antihypertensive, antibacterial, anti-inflammatory,
antimalarial, and antifungal properties. Thiazole-
based scaffolds are essential due to their incorporation
into the structural frameworks of FDA-approved
drugs, highlighting their clinical relevance. Moreover,
these thiazole-containing scaffolds are pivotal
constituents in over 70 experimental drugs, indicating
the ongoing exploration and potential therapeutic
applications of thiazole-derived compounds in
pharmaceutical research and development. Most
naturally occurring thiazole rings are found in
microbial and marine sources. Therefore, thiazoles
or compounds containing them have several uses as
pharmacological agents, making thiazole an effective
nucleus (Rajiani & Ismail, 2019; Singh et al., 2020)
analgesic, anticancer,

antibacterial, antiallergic,
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antihypertensive, antiinflammatory, antimalarial,
antifungal and antipsychotic. The scaffold is present
in more than 18 FDA approved drugs and also
in more than 70 experimental drugs. Only a few
reviews are available in the literature despite its great
medicinal importance. During the course of time, this
scaffold has been studied extensively for its antiviral
activities and provided compounds with activity in
the nM range. However, no focused review is available
on the compilation of antiviral activities shown by
this scaffold. Objective: In the present review, we
have made an effort to compile antiviral literature
of thiazoles reported from the year 2011 to till
date. Methods: We searched the SciFinder database

(excluding patent literature).

Thiazole, a unique heterocyclic ring of nitrogen
and sulfur atoms, holds significant importance in
chemistry. Itis found in many heterocyclic compounds
with antibacterial, anticancer, anti-inflammatory,
anticonvulsant, and antibiotic properties. Thiazoles
display diverse activities and are essential heterocyclic
rings with five members. The thiazole derivative
compounds in this category are classified as natural,
semisynthetic, or synthetic. According to molecular
orbital techniques, thiazole molecules are aromatic
and contain some dienic character, as evidenced
by the pi-bond ordering. The widespread presence
of thiazole and its derivatives in various chemical,
biological, and medicinal applications makes it an
attractive area of research for scientists and chemists
(Gartel & Kandel, 2008; Knott-Hunziker et al., 1979).

The boiling points of free thiazole lie between the
range of 116°C to 118°C. Thiazole is characterized
by its flammability and pale-yellow liquid form,
emitting a fragrance similar to pyridine. Its aromatic
properties are attributed to a single pair of electrons
from the Sulphur atom that has delocalized and
formed a 6m-electron system. Additionally, proton
nuclear magnetic resonance demonstrates the strong
aromaticity of the thiazole protons, where the chemical

shift value of each thiazole ring proton falls between
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7.27 and 8.77 ppm. The thiazole resonance structures
are depicted in Figure 1. Electrophilic substitution
occurs preferentially at the C, position, followed by the
C, position, as indicated by the computed nt-electron

density. On the other hand, nucleophilic substitution
takes place at the C, position (Abdu-Rahem et al,
2021; Borcea et al., 2021).

R e

Figure 1. Resonance structures of thiazole

Biological Activities of Thiazole Derivatives
Antimicrobial Activity
Thiazole

systematically as antimicrobial agents to combat the

derivatives have been synthesized
increasing challenge of multidrug-resistant bacterial
strains. These derivatives have been specifically
developed to target various highly resilient strains,
including E. species, A. baumannii, P. aeruginosa, E.
cloacae, S. aureus, and Candida species. These strains
have demonstrated acquired resistance to fluconazole
and are critical in the pathogenesis of numerous
human diseases, such as pulmonary and urinary tract
infections (Berkow & Lockhart, 2017). The absence
of effective medications to combat resistant gram-
negative bacteria is primarily attributed to several
decades of inadequate innovative antimicrobial drug
development. Consequently, novel medicines with
distinct and relatively unique mechanisms of action
are urgently required to target both susceptible and
resistant strains. This calls for a concerted effort in the
field of antimicrobial drug development to identify
and develop new drugs with the potential to address
the growing challenge of antibiotic resistance (Holmes
etal., 2016).

A new set of chemical compounds known as
2-(4-arylpiperazine-1-yl)-N-[4-(2-(4-substituted
phenyl)thiazol-4-yl)phenyl] acetamide derivatives
were prepared and tested for their effectiveness in
fighting against microorganisms (specifically 2a-2f)
Figure 2. The reference medications ketoconazole and

chloramphenicol were employed in the tests of the

compounds against both gram-positive and gram-
negative bacteria and fungus, respectively. However,
the compound’s antibacterial activity was generally
weaker than the reference drugs, with most compounds
having a minimum inhibitory concentration (MIC)
of between 100-400 ug/ml, while the reference drugs
had a MIC of 25-50 pg/ml. For gram-positive E.
faecalis, only two compounds (2b and 2c) in Figure
2. demonstrated marginally increased efficacy, with a
MIC of 100 pug/ml (Yurttas et al., 2015).

called
2,4-disubstituted thiazole has promising potential

A newly developed compound
as an antimicrobial agent against a gram-positive
bacterial strain. The tube dilution technique was
used to prepare this compound, and compounds
3a-c (Figure 3) were found equally effective against
S. aureus. This result highlights the effectiveness of
these particular derivatives as antimicrobial agents.
The systematic analysis of the antimicrobial profiles
of these newly developed thiazole derivatives provides
valuable insights into their pharmacological attributes
and paves the way for further investigations into
their method of action and potential therapeutic
applications (Arora et al., 2015; Testing, 2000).

New imidazolyl thiazole derivatives were
synthesized, and two compounds (4a and 4b) were
found to have the notable antibacterial activity when
compared against standard drugs like fluconazole
Their
concentrations (MICs) were observed to range from

1.95 to 3.91 pg/ml and 3.91 to 15.62 ug/ml for 4a

and ciprofloxacin. minimum inhibitory
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and 4b (Figure 4), respectively, signifying significant
efficacy, particularly against Bacillus species and M.
luteus (Laczkowski et al., 2015; Testing, 2000).

Karale et al. synthesized a total of 24 molecules
with antibacterial activity, among which compounds
5a and 5b (Figure 5) demonstrated moderate to low
activity against E. coli, S. typhi, B. subtilis, and S.
aureus and were found to be structurally similar to
ciprofloxacin. However, compounds 5c to 5e (Figure
5) displayed the highest activity against B. subtilis
(16-18 mm) and S. aureus (17 mm), highlighting
their potential as effective antimicrobial agents. These
findings provide valuable insights into developing
novel antibacterial compounds with improved efficacy
against commonly encountered bacterial pathogens
(Karale et al., 2015).

Assessment of synthetic compounds (6a and 6b)
Figure 6 that contain thiazoles and thiazolidinediones
were conducted to determine their antibacterial
efficacy against a variety of gram-negative and gram-
positive bacteria, including B. subtilis, S. aureus,
and S. epidermidis P. aeruginosa, Proteus vulgaris,
and Klebsiella pneumonia. Fungal strains were also
included in theassessment. Compounds with electron-
withdrawing groups demonstrated inhibition zones
against S. aureus, S. epidermidis, and B. subtilis.
Minimum inhibitory concentrations (MICs) for these
gram-positive bacteria ranged from 0.98 to 3.9 ug/
ml, while ampicillin displayed an MIC of 0.24 pg/ml.

The antibacterial activity of the compounds varied,
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indicating the importance of structural characteristics
and microbial targets when assessing efficacy across
different species (Salem, 2017).

The antibacterial activity of 6-[(1/4-methyl
thiol]

derivatives was evaluated by Cankilic et al. against a

imidazole/triazole/tetrazole-2/3/5-yl)

diverse range of filamentous fungi, yeast, and bacteria.
The N-(4-substituted thiazol-2-yl) acetamide analogs
of compound 7 (Figure 7) exhibited antibacterial
efficacies ranging from mild to moderate. Only

compound 7 achieved 50% inhibition of Listeria

monocytogenes among the tested compounds
(Cankili¢ & Yurttas, 2017).
Elsebaei et al. examined a novel series of

phenylthiazoles featuring alkynyl linkages, with
compound 8 (Table 1) emerging as a promising
candidate due to its efficacy in inhibiting the
growth of antibiotic-resistant bacteria. The most
potent compound exhibited exceptional activity
against clinically relevant MRSA strains, with a
minimal inhibitory concentration below 0.5 ug/
ml. In terms of hepatic metabolism, compound 8
(Figure 8) demonstrated favorable stability, with a
half-life (t, ) of 4.5 hours. Further, in a neutropenic
mouse thigh infection model, this compound
demonstrated comparable efficacy at low doses
compared to vancomycin. These results indicate that
phenylthiazoles have promise as a class of antibiotics
with potent activity against drug-resistant bacteria
(Elsebaei et al., 2018).
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Table 1. Thiazole derivatives showing antimicrobial activity.

Compounds (5a-e):
structures of different
(E)-3-(3-(2,4-
dimethylthiazol-5-y)-
1-(4-fluorophenyl)-
1H-pyrazol-4-yl)-1-(2-
hydroxyphenyl)prop-
2-en-1-one thiazole

derivatives

~
%
Figure 5a. (E)-3-(3-(2,4-dimethylthiazol-
5-yl)-1-(4-fluorophenyl)-1H-pyrazol-
4-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one

Activity Compounds Structures
2a: R=H, R;=Ph-CH,
Compounds (2a-2f): S )\ 2b-Ret, R,=CoHoN
aryl piperazine-1-yl)- XN H N} R 2¢:R=H, R =Pyrimidine
: R T ™ 2d: R=4-OMe-Ph R;=CsH;N
N-[4-(2-(4-substituted | >_/ N 575
= o 2e: R=4-CI-Ph R,=Ph-CH,
phenyl) 2f: R=4-F-Ph R =Ph-CH,
thiazol-4-yl)phenyl
1azo. Y )p. en?f ! Figure 2. 2-(4-methyl piperazine-1-yl)-N-(4-
acetamides derivatives . .
(2-phenylthiazol-4-yl)phenyl)acetamide
Ry R S\
Compounds (3a-c): N\ H N-=
Structure of 2,4- \ E?’ ~0 y
disubstituted (E)-1-(3,4- H
methoxyphenyl)-N- 3a: R=4-NO, R=H 3b
4-phenylthiazol-2-yl 3c: R=H R,=4-
( E ele- IZZO. .Y) ¢ 174-OMe Figure 3b. (E)-N-(3,4-
methaniminederivatives Figure 3(a,c). 4-methyl-N-(4-(p-tolyl) dimethoxybenzylidene)
thiazol-2-yl)benzamide -4-phenylthiazol-2-amine
N —Ar
Compounds (4a-b): S
structures of (E)-2- NH =N 4a: Ar=4-Br-C¢H,
(2-((1H-imidazol- </\ N—N 4b: Ar= aamantyl
2-yl)methylene) N/)\//
hydrazineyl)-4-
argiothiazole Figure 4. (E)-2-(2-((1H-imidazole-2-yl)methylene)
hydrazinyl)-4-argiothiazole
F
Antimicrobial Q
agents R OH

Figure 5b. 2-(3-(2,4-dimethylthiazol-5-
yl)-1- (4-fluorophenyl)-1H-pyrazol-4-yl)
-4H-chromen-4-one

Cl

~
e
Figure 5c. 2,4-dichloro-6-(3’-(2,4-
dimethylthiazol-5-yl)-1’-(4-fluorophenyl)-
3,4-dihydro-1"H,2H-[3,4’-bipyrazol]-5-yl)
phenol

Figure 5d. 4-bromo-2-(3’-(2,4-
dimethylthiazol-5-yl)-1’-(4-fluorophenyl)-
3,4-dihydro-1'H,
2H-[3,4’-bipyrazol]-5-yl)phenol

Figure 5e. (Z)-5-chloro-2-((3-(2,4-dimethylthiazol-5-yl)- 1H-pyrazol-4-yl)(4-fluorop-
henyl)methylene) -6-methylbenzofuran-3(2H)-one
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Compounds (6a-b):
E-2-cyano-2-(4,5-
dialkyl-3-phenylthiazol-
2(3H)-ylidene)-N-
(furan-2-ylmethyl)

6a: R = COMe
6b: R=4-Ph-NO,

“£3 ,ICN

1

acetamide
Figure 6. (E)-2-cyano-2-(4,5-dimethyl-3-phenylthiazol
-2(3H)-ylidene)-N-(furan-2-ylmethyl)acetamide
(0] S ~Ar
Antimicrobial Compound 7: S ;
agents 2-(argiothio)-N- | / NH
H N

(thiazol-2-yl)acetamide

Figure7. 2-(argiothio)-N-(thiazol-2-yl)acetamide

Compound 8: New
(E)-2-(1-(2-(4-
(cyclopropylethynyl)
phenyl)-4-
methylthiazol-5-yl)
ethylidene)hydrazine-
1-carboximidamide

compounds

Figure 8. (E)-2
Methyl thiazole-5-yl)ethylidene)hydrazinecarboximidamide

-(1-(2-(4-(cyclopropyl ethynyl)phenyl)-4-

Antitubercular activity

Tuberculosis (TB) is a persistent global health
concern, resulting in the loss of millions of lives
annually. The severity of TB is amplified when drug-
resistant strains of the pathogen Mycobacterium
tuberculosis arise. In 2019, TB was responsible for
the death of 1.4 million individuals, making it the
leading fatal infectious health problem and one of the
top ten causes of death globally. Although established
treatments like pyrazinamide, rifampicin, ethambutol,
and isoniazid have proved effective in treating the
disease, TB’s global incidence experiences a marginal
annual decline of approximately 2%, according to the
World Health Organization (WHO) data. However,
the persistent challenge of drug-resistant tuberculosis,
particularly the severe healthcare threat posed by
(MDR-TB),

requires rapid attention and innovative antitubercular

multiple-drug-resistant  tuberculosis
agents to counteract the escalating prevalence of
resistant strains. This imperative underscores the

need to strengthen the therapeutic arsenal against this
608

formidable infectious disease (Fogel, 2015; Ran et al.,
2016).

Bekker et al. conducted an in vitro investigation
to assess a novel usnic acid derivative’s capacity to
suppress the development of M. smegmatis and M.
tuberculosis. According to the study, for best results,
specific configurations of amino acids inside the
thiazole ring were required. The findings revealed
notable protein kinase activity, especially against
the strains of S. lividans and M. smegmatis. The
kanamycin-resistant M. smegmatis strain exhibited
enhanced susceptibility to (-) usnic acid thiazole
compared to the (+) isomer, with 9a and 9b (Figure
9) demonstrating potent inhibitory activity. Both
isomers exhibited a similar effect on M. tuberculosis
H37Ryv, with isomer 9b exhibiting greater efficacy than
9a (Bekker et al., 2015).

Researchers led by Guzeldemirci evaluated the
antimycobacterial efficacy of a brand-new class of
substances against M. tuberculosis H37Rv in culture.
of  2-[6-(4-bromophenyl)

Derivatives imidazo
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N-(arylidene) thiazol-3-yl were

produced. With an IC, greater than 1.6 mg/mL and

acetohydrazides

99% inhibition, compound 10a showed the greatest
potency of all the compounds tested. Compound 10b,
in contrast, had a comparatively lower inhibition rate
(91%) and an IC_ of 1.05 pg/mL than its counterparts.
These results demonstrate these synthetic chemical’s
potential, especially compound 10b(Figure 10), as
candidates with significant antimycobacterial activity
(Ulusoy Giizeldemirci & Giirsoy, 2017).

The antitubercular efficacy of arylidenehydrazide
derivatives with an imidazo[2,1-b] thiazole moiety
(compound 11) was studied by Guzeldemirci et
al. against M. tuberculosis H37Rv. Using a broth
microdilution assay in BACTEC 12B medium, the
researchers evaluated the compound’s antitubercular
potential. The results showed that the compound
had modest activity, with IC | values between 6.16
and 100 mg/ml. In contrast, rifampicin, the reference
medication, exhibited an IC,  value of 50 pg/ml.
Compound 11(Figure 11) demonstrated the highest

potency, equal to rifampicin, with an IC_ value of

0.125 pg/ml. These findings suggest that compound
11 has the potential to be an effective antitubercular
agent, warranting further investigation (Ulusoy
Glzeldemirci et al., 2017).

Karale et al. conducted research utilizing the
2,4,5-trisubstituted thiazoles to assess their efficacy
against M. tuberculosis H37Rv with the Microplate
Alamar Blue Assay (MABA) test. The results showed
that these thiazoles exhibited significant inhibitory
effects against the bacterium, with compound 12a
showing notable antitubercular activity (MIC values
of 2.1 pg/mL and 1.8 pug/mL). The researchers further
optimized the compounds by incorporating a third
substituent, which resulted in promising outcomes. In
particular, substances 12b-c (Figure 12) demonstrated
the potential to reduce inactive M. tuberculosis H37Ra
by over 90% at 10 puM, highlighting their potential
as effective antitubercular agents. These findings
suggest that 2,4,5-trisubstituted thiazoles, precisely
compound 12b-c, may be promising candidates for
developing new antitubercular agents (Karale et al.,
2019.

Table 2. Thiazole derivatives showing antitubercular activity.

Activity Compounds Structures
Compounds (9a-b):
structures of new (R)-2-
acetyl-6-(2-aminothiazol-
4-yl)-3,7,9-trihydroxy-8,9b-
dimethyldibenzol[b,d]furan-
1(9bH)-one derivatives Figure 9a. (R)-2-acetyl-6-(2- .Figu.re ob. (S)-2-acetyl—.6-(2-
. . aminothiazol-4-yl)-3,7,9-trihydroxy- ammothlazol-.4 -yl)-3,7,.9-tr1hydr0xy-
Antituberculosis 8,9b-dimethyldibenzo[b,d]furan- 8,9b-dimethyldibenzo
agents 1(9bH)-one [b,d]furan-1(9bH)-one
H
Compounds (10a-b): N~ N N Ar

structures of (E)-N’-
(argiomethylene)-2-(6-
phenylimidazo[2,1-b]
thiazol-3-yl)acetohydrazide

derivatives

7200 NS

Figure 10. (E)-N’-(argiomethylene)-2-(6-phenylimidazo

10a: Ar=2-NO,-Ph
10b: Ar=2,4-di-NO,-Ph

10b:1C50 of 1.05 | g/mL

[2,1-b]thiazol-3-yl)acetohydrazide
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Compound 11: structure of
(E)-2-(6-(4-chlorophenyl)
imidazo[2,1-b]thiazol-3-

y1)-N’-((5-nitrofuran-2-yl)
methylene)acetohydrazide

A\
N O H
N=ls

Figure 11. (E)-2-(6-(4-chlorophenyl)imidazo[2,1-b]

NO,

—

HN-N

11:1C50 0f 0.125 g/ml.

thiazol-3-yl)-N’-((5-nitrofuran-2-yl)
methylene)acetohydrazide

. . Rs
Antituberculosis
agents EtO e}
N
Compounds (12a- o / )\
¢): Structures of / N Ry S R4

2,4,5-trisubstituted )\ 12b:R |=jsopropyl,R2=5methylbenzo[ 1,3]dioxole

1-(2,5-dimethylthiazol- Ry S Ry R;3=(S)N-methyl-1-phenylethamine
4—yl)ethan—1-one thiazole 12 a:RlziSO ropyl R2=benzonitrile 12¢:R | =jsopropyl,R2=5methylbenzo[ 1,3 ]dioxole

derivatives PrOpYl, R3=(R)N-methyl-1-phenylethamine

Figure 12a. 1-(2,5-dimethylthiazol
-4-yl)ethan-1-one Figurel2(b,c). 1-(2,5-dimethylthiazol

-4-yl)ethan-1-one

Anticancer Activity to investigate their cytotoxic activity against three

Cancer is a complex illness that develops when
some cells accumulate genetic and epigenetic changes,
with cells migrating to other tissues (Ch et al., 2021).
A plethora of commercially available anticancer drugs
exist, but the majority of them are quite hazardous and
can become resistant, which means that the treatment
would not work. As a result, there is a significant drive
to develop novel, potential anticancer medication
prototypes (Ghorab & Al-Said, 2012).

Braga et al. conducted a study to evaluate the
potential cytotoxicity of a diverse range of thiazole
molecules on cancer cell lines. The researchers
identified that compound 13 showed potent efficacy
against HL-60 promyelocytic leukemia cells with
an IC_ of 43 uM while exhibiting minimal toxicity
towards normal Vero cells. However, MCF-7 breast
cancer cells resisted most of the tested compounds.
The selective cytotoxicity of compound 13 with
its promising potential suggests that it could be
further explored as an anticancer agent, especially
in the treatment of breast cancer and promyelocytic
leukemia (Braga et al., 2016; Kiister et al., 2012)
610

human cancers and normal (Vero) cells.

Gomba et al. conducted a study on the synthesis of
arylazothiazoles and their efficacy against colorectal
(HCT-116) and hepatic (HepG2) cancer cell lines
using the MTT assay. The results were promising,
with compounds such as 14b displaying potent anti-
hepatocellular carcinoma effects (IC, = 4.9 + 0.5 uM),
surpassing cisplatins effectiveness. In gastrointestinal
cancer cell lines, 14a and 14b outperformed cisplatin
(IC,, = 3.1 £ 0.6 uM). As a result, compound 14b
has shown promise as a subject for more research in
anticancer drug development. Moreover, a novel class
of pyridine thiazole hybrid compounds demonstrated
potent cytotoxicity stomach carcinoma
MGC803 and colon cancer HCT-116. These results

imply that these substances provide effective treatment

against

options for these types of cancer (Islam et al., 2019).

Kantevari et al. examined the cytotoxicity of
imidazole thiazole-linked compounds against four
cancer cell lines: MCF-7, DU-145, MIAPaCa-2,
and SK-N-SH. Among the substances examined,
substance 15a (Figure 15) demonstrated the highest
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potency, with an IC, value of 4.24+0.6 uM. These
findings suggest that certain derivatives, particularly
compound 15a, show promise as potential cytotoxic
agents against cancer cells and warrant further
investigation (Nagireddy et al., 2019).

Giizeldemirci et al. conducted a study to evaluate
the efficacy of arylidenehydrazide compounds
imidazo[2,1-b]

(16a and 16b) against various viruses such as HSV-

containing thiazole ~compound

1, influenza, coxsackie B4, feline coronavirus,
parainfluenza-3, and Punta toro. The study revealed
that compounds 16a and 16b (Figure 16) demonstrated
notable antiviral activity. Moreover, compound 16a
demonstrated effective antiviral activity against feline
coronavirus (IC, 9 uM) and HSV-1 (KOS) (IC, 7.5
uM), indicating its potential for further development

as diverse antiviral agents. These findings could be

significant in advancing the development of novel
antiviral agents and contribute to managing viral

infections (Ulusoy Giizeldemirci et al., 2017).

Galochkina et al. synthesized a few compounds
based on investigated imidazo[2,1-b] thiazole as
possible influenza virus inhibitors. They found that
three derivatives (17a-c) Figure 17 with thiophene
HIN1

influenza virus in MDCK cells. The IC_ values of

substitution were effective against the

these compounds ranged from 13 + 3 to 49 + 6 uM.
Compound 17b had the highest activity with an IC_|
of 13 £ 3 uM and a selecting index (SI) of 77, better
than the standard drug rimantadine. More research is
needed to explore the antiviral potential of thiophene-
substituted derivatives, especially compound 17b
(Equine et al., 2009; Galochkina et al., 2019).

Table 3. Thiazole derivatives showing anticancer activity.

Activity Compounds Structures
S Ri
N=/
Compound 13: I ) N’H
Structure of (E)-2-(2- N 13: IC50 of 43 HM
ethylidenehydrazineyl)-
4-(p-tolyl)thiazole R R1=4—quinoline, R,=OMe
derivatives 2
Figure 13. (E)-2-(2-ethylidenehydrazinyl)
-4-(p-tolyl)thiazole
O
o]
Anticancer
agents Compounds (14a- s H S/>=
0}
b): Structures of H N /k
): Structures o N N )§/\>_CH3 A SN /N\N ~N
4-((1Z,2E)-1-(2- Ar” SN Z SN N H
methylhydrazineylidene)- Hs H Hs
2-(2-(4-methylthiazol- CAr=4-C1-
2-ylhydrazineylidene) 14a: Ar= CgHs b: A 4 CLCely
_ 142:1C50 = 4.9 £ 0.5 14b:IC50 =3.1£0.6 yM
propyl)morpholine a. . -2 uM
derivatives .
Figure 14a. 4-((1Z,2E)-1- Figure 14b. 2-((E)-2-((Z)-1-(2-
(2argiohydrazono)- .
2-(2-(4-methylthiazol-2-yl)hydrazono) argiohydrazono)
propyl)morpholine -1-morpholinopropan-2-ylidene)
hydrazinyl)thiazol-4(5H)-one
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Compound 15a: Structure 15a: IC50 of 4.24+0.6 uM
of imidazo[2,1-b]thiazole-
coupled noscapine

derivatives.

Figurel5a. (3S)-3-((5R)-6-((6-(3-(4-fluorophenyl)-3-oxopropyl)imidazo
[2,1-b]thiazol-3-yl)methyl)-4-methoxy-3a,5,6,7,8,9a-hexahydro
-[1,3]dioxolo[4,5-glisoquinolin-5-yl)-6,7-dimethoxy
-3,3a-dihydroisobenzofuran-1(7aH)-one
@)
Anticancer N R 16a:R=4-OH-CH,
agents Compounds (16a- H \\r 16 b: R=) 4_C1,-C¢H;

b): Structures of

NN 16a: IC50 of 9
imidazo[2,1-b]thiazole- C|_©_</\/)\ M
coupled noscapine N S 16b: IC50 of 7.5 uM

derivatives.
Figure 16(a,b). 2-(6-(4-chlorophenyl)imidazo[2,1-b]thiazol
-3-yl)-N’-(propan-2-ylidene)acetohydrazide
N Ry  17a:1C50 of 31 +3 M
Compounds (17a- R4 / \‘/ 17b: IC50 of 13 £3 M
¢): Structures of N 17¢:1C50 of 49 £ 6 uM
imidazol[2,1-b]thiazole- >¢
based 2,7,7-trimethyl- ! S 17a: R =H, Ry=2- bromothiophene
7,8-dihydrobenzo[4,5] 17 b: Rj=H, Ry=2- chlorothiophene
thiazolo[3,2-b][1,2,4] o) 17¢: Rj=Me, Ry=2- bromothiophene
triazol-5(6H)-one
derivatives Figure 17(a-c). 2,7,7-trimethyl-7,8-dihydrobenzo[4,5]
thiazolo[3,2-b][1,2,4]triazol-5(6H)-one
Antidiabetic activity and conducted a study to assess their efficacy as

Insulin-dependent diabetes mellitus, or diabetes, PTP1B inhibitors. The results of this study indicate

is a complicated metabolic disease identified by that pyrrole substitutions at position 5, particularly
hyperglycemia. Hyperglycemia mainly results from exemplified by compound 18, exhibit superior
abnormalities in either secretion or insulin actions. ~inhibitory activity. Compound 18, in particular,
Diabetes shows a definite pattern of pathogenesis and demonstrated a significant PTP1B inhibitory activity
diverse presentation of disease progression(Banday et With an IC, of 6.37 uM. Compound 18 presents
al., 2021). About 10% of the world’s population suffers itself as a promising candidate for further structural
from diabetes, a metabolic disease that is becoming ~OPtimization, which could lead to the development of
more and more common (Karale et al., 2019). potent PTP1B inhibitors (Meng et al., 2016).

Meng et al. synthesized a series of 2-imino-3- Ganou et al. synthesized a series of 4-thiazolinone

substituted-5-heterarylidene-1,3-thiazolidine-4-ones ~ derivatives and identified compound 19 as a potent
612
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inhibitor of PTP1B, with an IC, value of 0.92 pM.
Molecular docking studies revealed that compound
19 can form hydrogen bonds and establish non-
covalent interactions with crucial catalytic residues,
indicating its potential therapeutic efficacy in treating
PTP1B-related conditions. These findings suggest
that compound 19 holds promise as a candidate for
developing novel PTP1B inhibitors (Ganou et al,
2018).

Wu et al. synthesized thiazole-5-carboxylates
containing ethyl 4-(substituted phenoxymethyl)
motifs, which were potent inhibitors of PTPIB.
Among these, compound 20 showed an IC_ value
of 446 pM, making it the most potent inhibitor.
The biological activity of these compounds was
significantly influenced by structural modifications
made to the benzene ring. These findings underscore
the importance of such alterations in optimizing
thiazole-5-carboxylates as inhibitors of PTP1B (Wu
et al., 2020).

Patel et al. developed a series of thiazolidine-
4-one derivatives, among which compound 2le
demonstrated noteworthy inhibitory activity against
PTP1B, with an IC_ of 5.88 + 0.06 uM. Molecular
docking studies elucidated the mechanism of its
action, revealing that it interacts with catalytic
residues, Cys215, Ser216, and GIn262, acting as a
potent antagonist. Moreover, compounds 21a-f also
exhibited significant inhibitory efficacy, showcasing
the potential for designing enhanced PTP1B inhibitors
for therapeutic development. These findings suggest
that the development of PTP1B inhibitors may hold
promise for future therapeutic interventions (Patel et
al., 2020).

Maezaki et al. have synthesized a diverse range
of quinoline salts in combination with thiazole
bases, including Substance 22, which exhibits potent
Dipeptidyl peptidase-4 (DPP-4) inhibitory activity
(IC,, = 0.38 uM). The molecular docking study
revealed a crucial salt bridge and hydrophobic contact

with Tyr547, indicating that compound 22 and its

analogs hold great potential as therapeutic agents for
DPP-4 inhibition in metabolic disorders. The findings
of this study may contribute to the development of
effective treatments for metabolic disorders (Maezaki
etal., 2017).

Celestina and her colleagues have successfully
synthesized two compounds, 23a and 23b (Figure
23), with a diverse range of substitutions such as
nitro, fluorine, methyl, chlorine, and bromine. These
compounds have displayed robust Aldose reductase
(ALR2) inhibitory activity, as evidenced by their IC_|
values of 40 and 60 uM. Furthermore, docking studies
have revealed that the hippuric acid chain present
in the compounds has strong interactions with the
crucial catalytic residues located in the ALR2 enzyme’s
anionic interaction zone. This finding highlights the
potential of these compounds as a promising source
of inhibitors for therapeutic applications (Celestina et
al., 2020).

Sever et al. have synthesized
N-(thiazolbenzothiazole-2-yl) which

demonstrate potent inhibitory activity against aldose

acetamides,

reductase (AR), surpassing that of quercetin. The
low K values of these compounds (0.04 £ 0.01 uM
and 0.08 £ 0.02 uM) indicate superior AR inhibition
with competitive behavior. Furthermore, cellular
experiments have confirmed the safety of these
compounds, and molecular docking studies have
shown their potential as selective AR inhibitors,
suggesting therapeutic promise. These findings
demonstrate the potential of N-(thiazolbenzothiazole-
2-yl) acetamides as a class of compounds(Figure 24)
to be explored further for their therapeutic potential
as AR inhibitors (Sever et al., 2020).

Sahu et al. created a library of twenty chemicals
called thiazole-1,3,5-triazine and analyzed them
using ADME. Viral antimalarial screening was
carried out along with docking experiments on
both natural and mutant Pf-DHFR (Dihydrofolate
reductase) complexes. The findings indicated that

compounds 26a-b were potent against trophozoites,
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dead rings, and schizonts. These compounds
exhibited noteworthy efficacy against chloroquine-
resistant strains, with IC_| values of 12.48, 10.03, and
11.34 pg/ml. Chloroquine’s reference compound had
IC,, values of 0.7 and 1.2 ug/ml. Further investigation
of 25a-b is recommended due to their promising
antimalarial efficacy (Sahu et al., 2019).

Filho et al. conducted a study to evaluate the
efficacy of a novel series of 1,3-thiazoles against
T. cruzi. While several compounds demonstrated

toxicity in macrophages and rat cardiomyoblast cells at
doses below 50 (M, molecule 26 exhibited the highest
potency against T. cruzi, surpassing benznidazole and
gentian violet. The compound showed an IC_ value of
0.37 uM, indicating its potential for developing anti-T.
Cruzi agents. Therefore, compound 26 and other
compounds in the series have displayed promising
results that could be explored to create effective and
safe anti-T. cruzi agents (de Oliveira Filho etal., 2017).

Table 4. Thiazole derivatives showing antidiabetic activity

phenylthiazolidin-3-yl)
methyl)benzoate

Activity Compounds Structures
i 'Y
TS
Compound 18: mo/\ 18:1C. 0f 6.37 uM
Structure of 2-imino- 50
3-substituted O N/ N\
5-heteroarylidene- H
1,3-thiazolidine-4-one
derivatives. Figure 18. Ethyl 5-((Z)-((Z)-3-(4-fluorophenyl)-2-((4-fluorophenyl)
imino)-4-oxothiazolidin-5-ylidene)methyl)
-2,4-dimethyl-1H-pyrrole-3-carboxylate
)
Compound 19: o OMQ 19:1C, 0f 0.92 uM
Structure of ethyl
Antidiabetic (Z)-4-((5-(3- n N S CH3
agents methylbenzylidene)-
4-0x0-2-

Figure 19. (Z)-ethyl 4-((5-(3-methylbenzylidene)-4-oxo-
2-phenyl thiazolidine-3-yl)methyl)benzoate

Compound 20:
structure of ethyl
4-(substituted phenoxy
methyl) thiazole-5-
carboxylate derivatives

HO Br {;
T s
(o

O/

20:IC, of 4.46 uM

Figure 20. Ethyl 2-(2-bromo-4-hydroxyphenyl)-4-
((4-methoxyphenyl)methyl)thiazole-5-carboxylate
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Compounds (21a-
f): structures of

thiazolidin-4-one 4-one

21 a: x=§, R=CH;,
21b: x=5, R=NO,
21e: x=S, R=Cl
21d: x=0, R=CH;,
21e: x=S, R=NO,
21f: x=NH, R=NO,

WoVeRs

derivatives Zle:ICSO of 5.88 £ 0.06 uM
Figure 21. (2E,5Z)-5-(cyclopenta-1,3-dien-1-ylmethylene)
-2-(p-tolylimino)thiazolidin-4-one
Compound 22:
(0]
structures of |
thiazole based OH

2-(3-(aminomethyl)-
2-isobutyl-4-(p-tolyl)
quinolin-6-yl)thiazole-
4-carboxylic acid

22:1C,, of 0.38 uM

Figure 22. 2-(3-(aminomethyl)-2-isobutyl-4-(p-tolyl)

quinoline-6-yl)thiazole-4-carboxylic acid

Compounds (23a-
b): structures of
1,3-diarylpyrazol-
rhodanine-3-hippuric
acid derivatives

23a: R=F
23b: R=CH,

23a:IC_ of 40 uM
23b:IC, of 60 uM

@\Q/H\)OJ\OH

hippuric acid
Figure 23. (E)-2-(3-(2-0x0-3-((1-phenyl-3-(m-tolyl)
-1H-pyrazole-5-yl)methylene)-5-
thioxopyrrolidin-1-yl)benzamido)acetic acid

Compounds (24a-
b): structures of
2-[(4-amino-5-aryl-4H-
1,2,4-triazol-3-yl)thio]-
N-(thiazolbenzothiazol-

2-yl)acetamides

Ot OO

24a

24a:IC_ 0of 0.04 £ 0.01 uyM
24bICV 0f 0.08 + 0.02 uM

Figure 24b. 2-((4-amino-5-(pyridin-3-yl)-4H-
1,2,4-triazol-3-yl)
thio)-N-(6-nitrobenzo[d]thiazol-2-yl)
acetamide

Figure 24a. 2-((4-amino-5-(p-tolyl)-4H-
1,2,4-triazol-3-yl)
thio)-N-(5-nitrothiazol-2-yl)acetamide

Compounds (25a-
b): structures of
5-isopropyl-2-(4-
methylpiperazin-1-
yl)-N-phenylthiazole-
4-carboxamides and

thiazole-1,3,5-triazines

z
Riw_ | ' (HN-R  252IC, of 12.48 uM
Y \,\T \r 25b:IC, of 11.34 uM
\KIH 25a: Ry=2 4-di-Cl, R=propyl
R 25b: R;=2 4-di-Cl, R=Me

Figure 25(a,b). N2,N4-dimethyl-N6-(5-phenylthiazol-
2-yl)-1,3,5-triazine-2,4,6-triamine

Compound 26:
structure of (E)-2-(2-
(1-(3,4-dichlorophenyl)
ethylidene)
hydrazineyl)-4,5-
dimethylthiazole

H

N_S
XN CH

N 3
kW
Cl | Hs 26:IC, of 0.37 uM
Figure26. (E)-2-(2-(1-(3,4-chlorophenyl)ethylidene)
hydrazine)-4,5-dimethyl thiazole
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Anti-inflammatory activity

The response of the human body to various stimuli
is characterized by inflammation. It is crucial to
administer chronic or recurrent treatment for several
inflammatory conditions, such as psoriasis, asthma,
and arthritis. Nonsteroidal anti-inflammatory drugs
(NSAIDs) are the primary treatment modalities to
address symptoms such as fever, pain, and acute and
chronic inflammation. However, their prolonged
therapeutic usage is linked to severe adverse
consequences, such as renal disease, unfavorable
cardiovascular events, and gastrointestinal (GI)
issues, as well as complications, such as bleeding
and nephrotoxicity. These potential risks mandate
the

administration of NSAIDs for the management of

meticulous  consideration  in prolonged
inflammatory conditions (Bally et al., 2017; Cao et
al., 2014; Goldstein & Cryer, 2014; Lucas et al., 2019;

Rostom et al., 2002).
Khloya et al., have developed a novel class of
pyrazolyl thiazole carboxylates and investigated the

anti-inflammatory properties of their acid analogs

through carrageenan-induced rat paw edema. The
synthesized ester compounds have demonstrated
superior potency to their acid counterparts, with
compounds 27a-c (Figure 27) exhibiting significant
efficacy in the 93.66% to 89.59% range. The results
indicate that the recently developed substances may
be efficacious treatments that reduce inflammation.
The study’s findings may open the door to more
investigation and advancement of anti-inflammatory
drugs (Khloya et al., 2015).

Jakob et al. have reported the development of a
greenand efficient multi-component one-pot synthesis
method for the preparation of 4-(substituted)-
4-(4-(substituted ~ phenyl)  2-carboxamide
2-(substituted) thiazol-2(3H)-ylidene)
2thiazol-5-yl-4-(4-(substituted phenyl)) (diphenyl-
2-yl) methanone. The synthesized 28 compounds

and

thiophene-

(Figure 28) were evaluated for their inhibitory
potential against lipoxygenase (LOX) and COX-1/
COX-2 enzymes. The findings of this study are of
significant value in developing new and potent drugs
(Jacob & Manju, 2020).

Table 5. Thiazole derivatives with anti-inflammatory activity.

Activity Compounds Structures
@ ©\N-N
Compounds (27a- N_'\\l N
X Ry
¢): structure of ethyl cl NEN
4-(4-chlorophenyl)-2- N“* g — OH
(3-(4-chlorophenyl)- — OFt m
1-phenyl-1H-pyrazol- o 27a R; ;;lc) II:],:F’ Rfli{ i
4-yl)thiazole-5- cl : Ri=FOMe, R,
R carboxylate
Anti- Figure27a. Ethyl 4-(4-chlorophenyl)-2- Figure 27(b,c). 2-(1-phenyl-3-(p-tolyl)-
inflammatory (3-(4-chlorophenyl)-1-phenyl-1H- 1H-pyrazol-4-yl)-4-
agents pyrazol-4-yl)thiazole-5-carboxylate (p-tolyl)thiazole-5-carboxylic acid

Compound
28: structure of
N-(3-phenyl-4-(4-
(substituted phenyl)
thiazol- 2(3H)-ylidene)
thiophene-2-carbox-

amide
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Antioxidant activity

Antioxidants are increasingly recognized for
their potential as preventive and curative agents for
various ailments. Reactive oxygen species (ROS) are
continually produced due to extreme oxidative stress
and routine organ activities. High concentrations
of free radicals in the body can damage various
biological macromolecules within cells and tissues,
including DNA, lipids, proteins, and enzymes. Such
damage poses a risk of mutations, which may lead
to cancer. Additionally, heightened levels of free
radicals are implicated in numerous inflammatory,
autoimmune, cardiovascular, neurodegenerative, and
metabolic disorders, as well as cellular aging. Given
these associations, mitigating oxidative damage is
an essential preventive and therapeutic strategy for
various illnesses. Notably, recent years have witnessed
significant advancements in developing novel
antioxidant agents, particularly emphasizing the
thiazole moiety within newly synthesized molecules.
These developments hold great promise for the future
of antioxidant therapy (Khan & Wang, 2018)including
trichloroethylene (TCE).

Thota et al. have recently synthesized a novel
class of molecules featuring thiazole- and indole-
substituted coumarin moieties. These molecules have
been found to possess potent antioxidant properties.
Among them, compounds 29a-c(Figure 29) have
demonstrated the highest efficacy, surpassing ascorbic
in DPPH (2,2-diphenyl-1,1-picrylhydrazyl)
scavenging. The IC_ values of the compounds 29a,
29b, and 29c were found to be 11.04 + 0.18, 11.28
+ 0.06, and 12.16 = 0.28 pg/ml, respectively. The

acid

compounds have shown commendable antioxidant
activity, indicating their potential for therapeutic
applications. Further investigation into their free
radical scavenging properties is required (Thota et al.,
2015).

Djukic et al. have synthesized a new class of
1,3-thiazole compounds, specifically 30a and 30c,
demonstrating significant antioxidant activity in

DPPH, FRAP (Ferric reducing antioxidant power),

and TBARS (Thiobarbituric acid reactive substances)
assays. Compound 30b exhibited robust FRAP activity
but lower efficacy in DPPH and TBARS tests. 30a and
30c showed potent antioxidant effects comparable
to vitamin C in TBARS. These findings highlight
the potential for diverse antioxidant capabilities
among thiazolidinedione derivatives, underscoring
the therapeutic promise of 30a and 30c (Figure 30).
Further investigation is needed to explore these

compounds’ full potential (Djukic et al., 2018).

The
4-(1-methylbenzimidazol-2-yl)

antioxidant capacity of 2-alkylamino-

thiazoles was
assessed using the DPPH assay, which revealed
exceptional scavenging abilities with a descending
order of 31b > 31d >31e > 31a > 31c(Figure 31). All
synthesized compounds surpassed BHA (butylated
hydroxyanisole) in antioxidant activity, as evidenced
by HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital)
energy levels. These results underscore the potential
of the synthesized thiazole derivatives as promising
antioxidants, suggesting their suitability for
therapeutic interventions or industrial applications

(Afifi et al., 2019).

The findings of Mert et al. have revealed a novel
class of sulfonamide derivatives that exhibit potent
inhibition of cytosolic isoforms I and II of carbonic
anhydrase (CA). These derivatives have a modified
chalcone core, and compound 32 has shown the
most promising performance among all compounds.
Compound 32(Figure 32) has a Ki value of 9.88 nm
against hCA I, which is superior to the reference
drug AZA. While all compounds have demonstrated
action against hCA II (Ki range: 18.25 to 55.43 nm),
compound 32 has emerged as a potent CA inhibitor,
warranting further research to enhance its therapeutic
selectivity (Mert et al., 2016).

Jaidi et al. produced many 2,4,5-trisubstituted
thiazole compounds and assessed their effectiveness
in inhibiting the cytosolic carbonic anhydrase (CA)
I isoform using size exclusion high-performance
dynamic light scattering chromatography. The results
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indicated that Substance 33(Figure 33) without any
substituent was the most potent among the substituted
compounds, showing an inhibitory constant (Ki) of

0.5 uM. These observations suggest that a structural

relationship exists between the compounds and their
activity, highlighting the potential of these substances
as inhibitors of the CA III isoform (Al-Jaidi et al,,
2020).

Table 6. Thiazole derivatives showing antioxidant activity.

Activity Compounds Structures
Ry S 0
Compounds (29a-c): N ! Nf)\ NHO
structures of (Z)- s N 0O o N/ X
3-(2-(2-(1-(2-oxo0- | '\/P\N =
2H-chromen-3-yl) A H R 29¢  29a:1C50 of 11.04% 0 18,M
. . 29b: IC50 of 11.28 = 0.06 yM
ethylidene)hydrazineyl) 0”0 29 aRp R <F 29¢: 1C50 of 12.16 % 0.28 1M
hiazol-4-yl)-2H- L
t :'ZO YZ) 29 b.R=H, R~ Figure29c. (Z)-3-(2-(2-(1-(2-0x0
chromen-2-one Figure 29 (a,b). (Z)-1,5-dimethyl 2H-chromen-3-yl)ethylidene)
derivatives 3-(2-(4-(2-0x0-2H-chromen-3-yl)thiazol-2- | hydrazinyl)thiazol-4-yl)-2H chromen-2-one
yDhydrazono)indolin-2-one
o ¢ N\ (5
;P s N =R
Compounds (30a- ) J | )= N
¢): structures of u;/)\ N J\S /”\ > = O—
H Z NS
2-(2-((1H-indol- H 0
5yl)methylene)- ;g :iii_(())((::g3 30c
hydrazinyl)-thiazoles ‘ }
derivatives FZ%‘E;?(?S_%;?IZY(I]SQ;:;YI Figure30c. (E)-3-(2,6-dimethoxyphenyl)-1-
4-0x0-4,5-dihydrothiazol-2-y]) (2-(ethylamino)-4-methylthiazol-5-yl)prop-
amino)thiazol-4-yl)acetate 2-en-1-one
Antioxidant H
N
agents Compounds (31a- N N— "R 31ar=cn 3
e): structures of O:M 31 b:R=CH,CH,
31 ¢:R=CH,C,CH;
2-alkylamino-4-(1-

31 d:R=CH(CH3)2

3-phenylprop-2-en-1-

one derivatives

methylbenzimidazol-2- CH3 31 e:R=(CH2)3CHe
yDthiazole Figure 31(a-e). N-methyl-4-(1-methyl-1H-benzo
[d]imidazol-2-yl)thiazol-2-amine
32 R=1,3-dimethoxybenzene
Compound 32:
structures of (E)-1- N-'N
i, _3-((E)- R
(4 hyfiroxy 3-((E) HO //l
phenyldiazenyl)phenyl)- P

Figure 32. (E)-1-(4-hydroxy-3-((E)-phenyldiazenyl)

phenyl)-3-phenyl prop-2-en-1-one

Compound 33:
structure of 2-amino-
5-phenyl thiazole-
4-carboxylic acid

derivatives

Figure 33.

S

GPN

N

HO NH,

2-amino-5-phenyl thiazole-4-carboxylic acid
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Anticonvulsant activity

also known as convulsion, is a

Epilepsy,
neurological disorder that affects approximately 67
million individuals worldwide, representing around
2-5% of the global population. The underlying cause
of epilepsy is primarily attributed to the imbalance
between inhibitory (GABAergic) and excitatory
(glutamatergic) neurotransmitters at the synaptic
level. This condition results in unpredictable seizures
that can have varying intensities and durations. The
impact of epilepsy on individuals and society at
large is significant, as it can lead to disability, social
stigma, and increased healthcare costs. Therefore,
understanding the mechanisms underlying epilepsy
and identifying effective treatment strategies is

paramount (Chiroma et al., 2022).

Epilepsy, a neurological disorder, is characterized
by unexpected changes in behavior accompanied by
rhythmic and synchronous firing of brain neurons.
This condition is noteworthy for the abnormal
synchronous activity of neurons in the brain that
leads to seizures, which are often unpredictable and
can vary in intensity and duration. Understanding
the complex interplay of factors involved in epilepsy
is critical for the development of effective treatments
and interventions that can improve the quality of life
for those affected by this disorder (Surineni et al,
2019).

Laczkowski and his team have synthesized ten

new hydrazinylthiazole compounds, designated as

34a-j(Figure 34), which incorporate cyclopropyl
moietiesinspired bythegrowinguseofsuchcompounds
in clinical trials. The compounds underwent rigorous
evaluations to assess their anticonvulsant properties
the

maximal electroshock test, the trifluoromethyl and

and demonstrated significant efficacy. In
chloromethyl groups showed the most promise, while
in the pentylenetetrazole (PTZ) test, the methoxy-
and azido groups exhibited high efficacy. Significantly,
none of the compounds adversely impacted motor
coordination, as demonstrated by the rotarod test,
suggesting their safety. These results underscore the
potential of these cyclopropyl-containing thiazole
derivatives as versatile agents with promising
therapeutic applications, warranting further clinical

investigation (Laczkowski et al., 2018).

Siddiqui and colleagues synthesized compound
35a-c (Figure 35.), a hybrid thiazole-pyridazine
structure containing an amide linkage. The compound
demonstrated potent anticonvulsant properties, with
median effective doses of 88.23 mg/kg and 24.38
mg/kg in PTZ and Maximum electroshock (MES)
tests, respectively. The GABA (y-amino butyric acid)
estimate test also revealed a significant increase in
GABA levels, confirming compound 35a-c GABA
modulatory action.
that targeted the active site of the GABA receptor

Molecular docking studies
supported this mechanism. These results suggest that
compound 35a-c has potential as an anticonvulsant
intervention, warranting further exploration for

clinical applications (Siddiqui et al., 2020).
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Table 7. Thiazole derivatives showing anticonvulsant activity.

Activity Compounds Structures
34a:R=F  34f:R=0CH;
Compounds (34a-j): S \ 34b:R=Br 34g:R=2,4-diF
structures of (E)-2-(2- N\ D—@—R 34c¢:R=Cl ;:h};{—:I\?N
(cyclopropylmethylene) =z H N 34d:R=CH; IR:N3O
hydrazineyl)-4-(p-tolyl) 34e:R=CF; 34j:R7N0:
thiazole derivatives Figure 34. (E)-2-(2-(cyclopropyl methylene)
hydrazinyl)-4-(p-tolyl)thiazole
0]
1 f\N N”"~3-CF3CqH,NHCO
Anticonvulsants Z
H O
Compounds (35a-): Fi 35a. (2E,5Z)-5 (3nitrobenzylid 2-(thiazol-2-ylimino)thiazolidin-4
structures of (E)-5-((Z)- igure 35a. ( )-5 (3nitrobenzylidene)-2-(thiazol-2-ylimino)thiazolidin-4-one
3-nitrobenzylidene)- 0
2-(thiazol-2-ylimino) (0]
thiazolidin-4-one ON =( NH N’\> f\N N OFt
derivatives 2 ‘g\\‘ /l s J( = S’& %
N
H O ¢
Fi . (Z)-ethyl 2-(2,4-dioxo0-5-
Figure 35b. 2-(3-methyl-2,4- igure 35c. (Z)-ethyl 2-(2.4-dioxo-5
. B (2-0x0-2-(thiazol-2-ylamino)
dioxothiazolidin- . N
3 . ethylidene)thiazolidin-3-yl)acetate
5-yl)-N-(thiazol-2-yl)acetamide
CONCLUSION hold great promise for targeting a range of diseases

A fascinating class of chemical molecules,
thiazole derivatives have attracted a lot of interest
in the drug research community because of their
remarkable pharmacological variety and adaptability.
These

therapeutic properties, including anti-inflammatory,

compounds have demonstrated various
antimicrobial, anticancer, antidiabetic, anticonvulsant,
antioxidant, and antituberculosis effects. Researchers
have conducted extensive studies to understand
the precise molecular features that impact the
pharmacological outcomes of thiazole derivatives.
This has allowed for the rational design of novel
compounds with low toxicity and higher potency. The
ability of thiazole derivatives to modulate multiple
biological pathways and molecular targets is a beacon
of hope to develop the effective and safe therapeutic
agents. A series of compounds can be synthesized and
characterized to evaluate their biological actions, and

studies have demonstrated that thiazole derivatives

620

and conditions. These findings are not just exciting
but also inspire us with the potential to develop novel

drugs that can address unmet medical needs.
FUTURE PERSPECTIVES

Recent advancements in synthetic methodologies
have allowed for modifying various thiazole derivatives
addressing the challenges of bioavailability, selectivity,
and toxicity. Thiazole-based compounds have shown
immense potential to interfere with cellular processes
involved in inflammation, microbial infections,
cancer progression, and diabetes, paving the way for
targeted therapeutic interventions. The broadening
knowledge in this field contributes to a deeper
understanding of the diverse pharmacological actions
of thiazole derivatives, offering insights for future
medicinal chemists. Given that the thiazole structure
provides several sites for substitution with functional
groups,

many other compounds of biological

interest are expected to be synthesized. Developing
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new compounds with unique physicochemical,
pharmacodynamic, and pharmacokinetic properties
could be instrumental in future drug development.
The remarkable therapeutic diversity demonstrated
by synthetic thiazole derivatives underscores their
significance as valuable contributors to the ongoing

search for safe and effective pharmaceutical agents.
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Advanced Administration Methods
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Ocular Drug Delivery Routes: Diseases Overview and
Advanced Administration Methods

SUMMARY

The eye, which is essential for vision, is susceptible ro diseases such
as diabetic retinopathy, age-related macular degeneration, glaucoma,
and dry eye syndrome. These conditions can significantly impair
quality of life and lead to blindness. Traditional treatments for eye
diseases, especially eye drops, have low bioavailability and short
retention times on the ocular surface. To overcome these problems, new
drug delivery systems such as hydrogels, contact lenses, microneedles,
and nanosystems have been developed to increase drug penetration
and maintain therapeutic effects.

Drug delivery to the eye can occur via systemic, topical, intravitreal,
intracorneal, subconjunctival, and suprachoroidal routes, each with
different advantages and limitations. Systemic administration often
results in low ocular drug concentrations and systemic side effects.
Topical eye drops are easy to apply and localized, but face difficulties in
absorption and retention. Intravitreal and suprachoroidal injections
provide targeted delivery to the posterior segment but are invasive
and carry infection risks. Subconjunctival and intracorneal routes
offer less invasive alternatives with improved targeting capabilities.
Nanosystems and controlled-release technologies hold promise for
overcoming current barriers and aim to increase drug bioavailability,
extend release times, and improve patient compliance. Overall,
advancing drug delivery methods is important for effective treatment
of both anterior and posterior segment eye diseases.

Key Words: Ocular, intravitreal, nanosystems, hydrogel.

Okiiler Hlag Iletim Yollar:: Hastaliblara Genel Bakis ve Ileri
Uygulama Yontemleri

0z

Gormeyi  saglayan giz, diyabetik retinopati, yasa bagl makula
dejenerasyonu, glokom ve kuru goz sendromu gibi hastaliklara kars:
hassastir. Bu durumlar yagam  kalitesini onemli dlgiide bozabilir
ve korliige yol acabilir. Goz hastaliklar: icin gelencksel tedaviler,
dzellikle goz damlalars, digiik biyoyararlanim ve goz yiizeyinde kisa
tutulma siirelerine sabiptir. Bu durumlarin iistesinden gelmek igin
ilag penetrasyonunu artirmak ve terapitik etkileri siirdiirmek igin
hidrojeller, kontakt lensler, mikroigneler ve nanosistemler gibi yeni ilag
tagiyict sistemleri gelistirilmistir.

Goze ilag iletilmesi, her biri farkly avantajlara ve sinirlamalara sahip
olan sistemik, topikal, intravitreal, intrakorneal, subkonjonktival ve
suprakoroidal yollarla  gerceklesebilir. Sistemik uygulama  genellikle
diigiik okiiler ilag konsantrasyonlarina ve sistemik yan etkilere neden olur.
Topikal goz damlalar: uygulamast kolay ve lokalizedir ancak emilim ve
tutulmada zorluklarla karst karsryadsr. Intravitreal ve suprakoroidal
enjeksiyonlar, arka segmente hedefli uygulama saglar ancak invazivdir
ve enfeksiyon riskleri tagir. Subkonjonktival ve intrakorneal yollar,
iyilestirilmis hedefleme yetenckleriyle daha az invaziv alternatifler
sunar. Nanosistemler ve kontrollii salim teknolojileri, mevcut engellerin
iistesinden gelmede umut vadediyor ve ilag biyoyararlanimini artirmays,
salim siirelerini uzarmay: ve hasta wywmunu iyilestivmeyi amaglyyor.
Genel olarak, ilag iletme yontemlerini ilerletmek, hem on segment hem
de arka segment giz hastaltklarmin etkili tedavisi icin neme sahiptir.

Anabtar Kelimeler: Goz, intravitreal, nanosistem, hidrojel

Received: 5.06.2024
Revised: 16.09.2024
Accepred: 4.10.2024

" ORCID: 0000-0001-6451-0497, Gazi University Faculty of Pharmacy, Department of Pharmaceutical Technology, Ankara, Turkey.
" ORCID: 0000-0002-9468-3329, Gazi University Faculty of Pharmacy, Department of Pharmaceutical Technology, Ankara, Turkey.
" ORCID: 0000-0003-4429-9836, Gazi University Faculty of Pharmacy, Department of Pharmaceutical Technology, Ankara, Turkey.

° Corresponding Author; Sevgi TAKKA
E-mail: takka@gazi.edu.tr

627



Yetgin, Tugcu Demiroz, lakka

INTRODUCTION

The eye, a remarkably sensitive organ crucial for
vision, comprises a complex system of interconnected
structures housed within a spherical shape. Numer-
ous diseases may occur in this sensitive structure due
to internal and external factors. While diseases that
occur in the eye reduce the quality of life of the pa-
tient with symptoms, such as itching, burning sensa-
tion, redness, blurred vision, or visual defects, some
diseases may cause vision loss in later cases. The eye
is basically divided into two: the anterior segment and
the posterior segment. These segments contain spe-
cialized tissues, such as sclera, choroid, retina, cornea,
lens, iris, and pupil (Kearns & Williams, 2009). The
most common diseases in these specialized tissues
can be listed as diabetic retinopathy (DR), age-relat-
ed macular degeneration (AMD), glaucoma, dry eye
syndrome (DES), retinitis, and various infections. DR
and AMD are the leading causes of blindness in old-
er people. According to estimates by the National Eye
Institute, the prevalence of conditions like glaucoma,
DR, and AMD is expected to double by 2050 (Cabre-
ra, Wang, Reddy, Acharya, & Shin, 2019). Among the
oldest and most widely used dosage forms for ocular
administration are topically applied eye drops. Con-
ventional eye drops are usually dosage forms, such
as solutions, suspensions, and emulsions. However,
these topically applied eye drops have a short reten-
tion time on the eye’s surface (they move away from
the eye surface within a few seconds after application)
and their ability to penetrate the eye surface is lim-
ited (Janagam, Wu, & Lowe, 2017). For this reason,
researchers turned to new research on the application
of drugs to the eye. Different administration routes
such as the subconjunctival route, intracorneal route,
suprachoroidal route and different formulation strat-
egies such as gel, lens, microneedle, nanosystems have

been developed.

In this review common eye diseases are men-
tioned and drug administration methods to the eye

will be evaluated with the drug delivery systems used.
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Diseases of The Eye

Eye diseases are examined according to whether
they are effective in the anterior or posterior segment,
and a treatment strategy is developed. In general,
similar drug application methods can be used for dis-
eases with the same segment of effect. DES, glauco-
ma, and infections like uveitis, blepharitis, and con-
junctivitis are diseases in the anterior segment of the
eye. As an example of anterior segment disease, DES
is mentioned in detail as a subtitle. Diseases in the
posterior segment can be listed as AMD, DR, DME,
vitreoretinopathy, endophthalmitis, and cytomega-
lovirus retinitis (CMVR). Posterior segment diseases
are bleeding, tears, or inflammation that occur in the
retina, usually due to bacteria, viruses, or various tis-
sue anomalies. It can also be caused by bacteria that
cause inflammation in the vitreous, such as endoph-
thalmitis. As subheadings, AMD, DR, and CMVR, as
examples of posterior segment diseases, are explained

in detail and current treatments are mentioned.
Anterior Segment Diseases
Dry eye syndrome (DES)
Although the causes of DES are not fully elucidat-

ed, it can be defined as one of the most common eye
disorders affecting the lacrimal glands in general, re-
sulting in insufficient or poor-quality tear production
(Dartt, 2004). DES symptoms are often observed in
the form of dryness, stinging, burning sensation in
the eye, redness, vision problems, and itching (Shoari,
Kanavi, & Rasaee, 2021). Additionally, the causes of
DES include disruption of the structure of the tear
film due to abnormalities in the mucin, lipid, and pro-
tein profiles of tears, as well as inflammation of the
ocular surface and tear-producing glands (Yelleped-
di et al., 2015). Restasis®, Systane®, and Refresh® are
commercial drugs that moisturize the eye’s surface,
while Hylo-Comod® and TheraTears® are commercial
drugs that mimic and are used for the symptomatic
treatment of DES. While these treatments may pro-
vide a short-term solution to symptomatic disorders,

they will not treat the pathophysiological problem
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of DES. Anti-inflammatory therapies, such as cyclo-
sporines and corticosteroids, are used to permanent-
ly treat the disease (Thacker, Singh, Basu, & Singh,
2023). Commercially available Restasis” and Ikervis®
are cyclosporine A emulsions for DES. Cequa®, ap-
proved by the FDA (Food and Drug Administration),
is the first nanomicellar-based system containing cy-

closporine A.
Glaucoma

Glaucoma, one of the leading causes of irrevers-
ible blindness worldwide, occurs when damage and
loss occur in the retinal cells and optic nerves over
time. Intraocular fluid is constantly present inside the
eye and plays a role in the nutrition of the eye. In-
traocular fluid is constantly renewed by being thrown
out of the eye through some channels (Feng, Wang,
Zhang, Zhang, & Song, 2023). Causes such as block-
age in these channels cause intraocular fluid to not
drain away and intraocular pressure to rise. As a re-
sult, the nutrition of the optic nerve cells is prevented
and over time, the optic nerve cells are damaged and
die (Weiwei Wang & Wang, 2023). As nerve cells die,
vision loss occurs from the periphery to the center.
When all the cells die, permanent vision loss occurs.
Treatment is aimed at lowering intraocular pressure.
Some of the drugs indicated for its treatment are tim-
olol, dorzolamide, brimonidine, latanoprost, and bi-
matoprost. The current treatment for glaucoma is eye

drops applied several times a day.
Posterior Segment Diseases
Age-related macular degeneration (AMD)
AMD affects people over the age of 50-55 and

is one of the most common causes of irreversible
blindness in humans (Choi, Nawash, Du, Ong, & Ch-
hablani, 2023). The disease is divided into wet and
dry AMD. Wet AMD is characterized by choroidal
neovascularization, resulting from the accumula-
tion of vascular leaks in the subretinal space caused
by anomalies in the blood vessels (Grimes, Aloney,
Skondra, & Chhablani, 2023). Wet AMD accounts
for approximately 15% of all AMD and is the primary

type of AMD that causes blindness. Pharmacological
treatment of the disease is performed with anti-vas-
cular endothelial growth factor (anti-VEGF) antibod-
ies. Lucentic® (Ranibizumab), Avastin® (Bevacizum-
ab), Macugen® (Pegaptanib), and Eylea® (Aflibercept)
are the current treatment methods for the disease,
which are administered Intravitreal at intervals of 4-6
weeks. In the dry form of AMD, drusen formation
and atrophies are seen in RPE (Abidi, Karrer, Csaky,
& Handa, 2022). Although scarring can cause vision
loss, it progresses more slowly than the wet form and
is much less likely to cause blindness. Cardiovascular
disease, advancing age, and a history of smoking are
thought to be factors that influence the disease (Pen-
nington & DeAngelis, 2016; Seddon, Willett, Speizer,
& Hankinson, 1996). Although there is no complete
cure for dry AMD so far, various treatment strategies
(vitamins, carotenoids, antioxidants) can be applied
to slow the progression of the disease and relieve

symptoms (Chiou, 2011).
Diabetic retinopathy (DR)

DR is one of the leading causes of blindness in the
20-74 age group and the incidence of the disease is
reported to be 35% in diabetic patients (Georgiou &
Prokopiou, 2023). Proliferative or non-proliferative
disease may progress. Non-proliferative DR is the ini-
tial stage of DR and the most common form of the
disease. It is characterized by several microvascular
changes, such as increased permeability of retinal
vessels, capillary occlusion, and loss of endothelial
intercellular connections (Wei Wang & Lo, 2018).
Proliferative DR involves the abnormal formation of
new blood vessels on the surface of the retina or optic
disc, followed by fibrosis (Osaadon, Fagan, Lifshitz, &
Levy, 2014). Macular edema occurs because of the ac-
cumulation of subretinal fluid caused by neovascular-
ization and the breakdown of the BRB (Im, Jin, Chow,
& Yan, 2022). DME can surface at any stage of DR
progression, causing blindness in later stages. Phar-
macological treatment of the disease is anti-VEGF

agents, as in AMD.
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Cytomegalovirus retinitis (CMVR)

Human cytomegalovirus (CMV) is a common vi-
rus that is usually asymptomatic in healthy individu-
als. However, it can cause severe disease in immuno-
compromised individuals, such as patients receiving
immunosuppressive therapy or infected with human
immunodeficiency virus (HIV) (Landolfo, Gariglio,
Gribaudo, & Lembo, 2003). More than half of adults
worldwide are infected with this virus by the age of
40. If CMVR is not diagnosed early and adequately
treated, it usually causes a decrease in visual acuity
and may cause blindness in advanced cases (Port et
al., 2017). In patients with mild CMVR, the infection
begins in the retina periphery, and patients may see
images, such as flies flying (Eid, Bakri, Kijpittayarit,
& Razonable, 2008). In more severe cases, retinal
hemorrhages, retinal tears, retinal edema, and vascu-
lar leaks are observed (Faber, Wiley, Lynn, Gross, &
Freeman, 1992). Current treatment of CMV retinitis
is administered by intravenous infusion or intravitre-
al injection. The intravenous infusion treatment pro-
cedure is the administration of ganciclovir, cidofovir,
or foscarnet for at least one hour 1-3 times a day for
2-3 weeks (Teoh, Ou, & Lim, 2012). Intravitreal in-
jection treatments on the market are the injection of
ganciclovir; or foscarnet 2-3 times a week. The ganci-
clovir implant (Vitrasert®), developed by Bausch &
Lomb, is the first intraocular sustained-release device
approved for treating CMYV retinitis. Intraocular ad-
ministration of ganciclovir minimized systemic side
effects. The ganciclovir implant consists of a non-bio-
degradable polymer that releases approximately 1
pg/h of ganciclovir over 5-8 months. Application
of the device through an invasive procedure causes
complications, such as endophthalmitis, retinal de-
tachment, and vitreous hemorrhage (Wang, Jiang,
Joshi, & Christoforidis, 2013). Additionally, since it is
not biodegradable, it must be surgically removed af-
ter treatment. Considering all these difficulties in the
treatment of the disease, Yetgin et al. developed ganci-
clovir-loaded transfersomes for topical application to
provide a controlled release and increase permeability
(Yetgin, Tugcu-Demirdz, & Takka, 2022).
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Novel Drug Delivery Systems Applied to The
Eye

Hydrogels

Hydrogels are three-dimensional, polymeric net-
works with physical properties for a variety of bio-
medical applications, especially controlled release at a
specific site (Xu, Wang, Liu, & Gong, 2023). They are
formed by physical or chemical cross-linking of am-
phiphilic and hydrophilic polymers and have swelling
properties. One of the most important characteristics
of hydrogels is their physicochemical similarity with
natural tissues; They are generally very soft and have
an elastic texture with a high water content (Duvvu-
ri, Janoria, Pal, & Mitra, 2007). Hydrogels can deliver
drugs as microneedles to the cornea and suprachoroi-
dal region (Than et al., 2018). Environmentally sensi-
tive hydrogels gel upon response to a physical (tem-
perature, growing area, etc.) or chemical (pH, ionic
strength, enzyme, etc.) stimulus (Rafael et al., 2019).
Thermosensitive in situ hydrogels can be adminis-
tered by injection into the vitreous or subconjunctiva,
delivered to the suprachoroidal or intracorneal region
with hollow microneedles, or applied topically to the
surface of the eye. The biggest advantage of in situ hy-
drogels is that they can be injected in liquid form at
room temperature and become a gel inside the eye,
serving as a reservoir containing the drug.

Contact Lens

The drug-loaded contact lens placed on the cor-
nea acts as a controlled-release reservoir(Ross et al.,
2019; Xu et al., 2018). Hydrophobic polymers such as
silicone are added to hydrogel-based lenses, which are
generally obtained by polymerization of a monomer
such as hydroxyethyl methacrylate (HEMA), to in-
crease oxygen permeability (Fan et al., 2020). Contact
lenses aim to increase the transfer of the drug from
the cornea by prolonging the time the drug stays on
the cornea, thus increasing the possibility of the drug
spreading to the intraocular tissues (Kim et al., 2023).
The ability to wear drug-loaded contact lenses for a
long time without the need for daily replacement pro-

vides ease of application for the patient.
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Microneedle

Ocular microneedles are micrometer-sized nee-
dles designed to deliver drugs to ocular surfaces
(Glover et al., 2023). There are different types of mi-
croneedles, and they can act through different mech-
anisms after penetrating the ocular surface. Hollow
microneedles can inject drugs through these holes.
With this method, liquid doses are applied (Jung,
Kim, Chung, Hejri, & Prausnitz, 2022). Microneedles

NIOSOMES

* :Nonionic surfactant

:Cholestrol

SPANLASTIC

:Span 60 - Edge activator

can be designed as a drug-loaded nonbiodegradable
polymeric matrix and released throughout the ocu-
lar surface (Roy, Galigama, Thorat, Garg, & Venu-
ganti, 2020; Suriyaamporn et al., 2023). Dissolving
microneedles can dissolve at the application site and
release drugs (Datta, Roy, Garg, & Venuganti, 2022;
Than et al., 2018). Solid microneedles by coating the
outer surface with the drug, the coating material can
penetrate the ocular surface after application (Kim,
Grossniklaus, Edelhauser, & Prausnitz, 2014).

TERPESOME

:Phospholipid

‘Terpen

Figure 1. Representation of niosome, spanlastic, and terpesome. Created with BioRender.com.

Nanosystems

The term nanosystems include nano-sized drug
carriers systems such as nanoparticles, nanoemul-
sions, nanosuspensions, liposomes, niosomes, den-
drimers, transfersomes, and polymeric micelles
(Aminu et al., 2020). These systems generally pro-
vide controlled drug release and targeted drug deliv-
ery. They are also biocompatible and biodegradable.
Nanosystems release drugs to the eye in a controlled
manner, allowing dosing intervals to be extended. Ad-
ditionally, when flexible systems such as liposomes are
applied topically, they can more easily penetrate the
eye and distribute into intraocular tissues (Agarwal et
al., 2016). In Table 1, studies on nanoemulsion, mi-
celle, nanosuspension, solid lipid particle, nanofiber,
transfersome, liposome, and dendrimer nanosystems
observed through different application routes are pre-

sented and briefly explained. It is seen that there are

many studies in the literature regarding the applica-
tion of niosomes to the eyes (Abdelkader et al., 2012;
Alyami, Abdelaziz, Dahmash, & Iyire, 2020; Durak et
al., 2020; Zeng et al., 2016). Besides these, spanlastics
and terpesomes are novel developed systems for ap-
plying drugs to the eye topically, with their flexible
structure and high penetration properties (Figure 1.).

Niosomes, unlike liposomes, are vesicle-shaped
drug carrier systems that contain nonionic surfac-
tants instead of phospholipids in their structure (Vil-
late-Beitia et al., 2018). Since nonionic surfactant pro-
vides flexibility to the structure, they are considered
more flexible systems than liposomes (Rajera, Nagpal,
Singh, & Mishra, 2011; Sankhyan & Pawar, 2012); In
addition, nonionic surfactants do not pose a risk to
the eye as they are nontoxic, biocompatible and non-
immunogenic (Kazi et al., 2010). An essential feature

of non-ionic surfactants is that they inhibit p-glyco-
631



Yetgin, Tugcu Demiroz, lakka

protein, thus increasing intracellular uptake and tar-
geting (Bhardwaj, Tripathi, Gupta, & Pandey, 2020).
In the literature, generally, sorbitan esters (Span 60°,
span 80°), polyoxyethylene sorbitan esters (Polysor-
bates (Tween 20°, tween 40°)), macrogol ethers (Brij
30°, brij 35°) are used as nonionic surfactants. Yetgin
et al. developed niosomes containing ganciclovir for
intravitreal injection to provide a controlled release
and increase permeability (Yetgin, Coban, Tug-
cu-Demir6z, Sagir, & Takka, 2022).

Spanlastics are ultra-deformable vesicles based on
nonionic surfactant and edge activator, which were
introduced to the literature by Kaur and Kakkar (Ka-
kkar & Kaur, 2011). Unlike niosomes, they do not
contain cholesterol in their composition, but instead
contain an edge activator that helps to form a more
flexible double-layered membrane. In the study, a
surfactant-based, elastic, vesicular drug delivery sys-
tem (spanlastics) was developed to target the posteri-
or segment of the eye via a topical route. The system
consists of span 60° and tween 80° used as edge activa-
tors. As a result of the ex vivo permeation study, span-
lastics showed two times better corneal permeability
than the niosome. Two hours after topical application
to rabbit eyes, fluorescent vesicles were intact in the
vitreous and intraocular tissues. The results showed
that spanlastics could be used as drug carriers to the

posterior segment of the eye.
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Terpesomes contain terpenes instead of cholester-
ol unlike liposome. Terpenes are natural compounds
consisting of multiple isoprene (C,H,) units, and they
accumulate in the lipophilic hydrocarbon molecules
of the lipid bilayer of cells, facilitating their passage
into the cell. Terpenes are used in the pharmaceuti-
cal field, and there are also eye drops on the market
called Ectodol® (4-terpene-ol, limonene, eugenol),
which contain terpenes to increase ocular permeabil-
ity (Reyes-Batlle et al., 2021).

There are older and new studies in which ter-
penes, such as terpene-4-ol, eugenol, limonene, and
cineole are used as penetration enhancers in ocular
systems (Afouna, Khedr, Abdel-Naim, & Al-Marzo-
qi, 2010; Anand, Anbukkarasi, Thomas, & Geraldine,
2021; El-Gendy, Mansour, El-Assal, & Ishakb, 2020).

Younes et al. developed cubosome containing
sertaconazole nitrate (STZ) targeted to the cornea and
added monoterpene (limonene) into the formulation
as a penetration enhancer (Younes, Abdel-Halim,
& Elassasy, 2018). The ex vivo corneal permeability
study indicated that the formulation increased the
corneal permeability of STZ. Additionally, studies in
rabbits reported good in vivo corneal tolerability and
superior in vivo corneal uptake compared to STZ sus-

pension.
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Table 1. The administration routes of the drugs to the eye and the drug delivery systems

L . . Active
Administration | - Drug Delivery Pharmaceutical Targeted In Vivo/Ex Vivo Studies References
Route System . Area
Ingredient
. Self- . Brimonidine Anterior The formulation shqwed an increase in permeation (Vikash et
Topical nanoemulsifying of about 2.35 times that of the marketed
tartrate segment . al., 2023)
system formulation.
3D corneal spheroids showed an increase in
transcorneal penetration efficiency. A study
. . . Anterior | with corneal epithelial cells indicated prolonged (Weng et
T 1 Micell Fl fe
opica teetie urbiprofen segment retention of the drug on the ocular surface. al,, 2018)
According to in vivo study, showed a better ocular
anti-inflammation effect.
According to an in vivo rabbit study, the (El-Sayed,
Gel containin Anterior formulation showed higher C_ and AUC_ , Hussein,
Topical . J Flurbiprofen values than those of the solution. The formulation | Sarhan, &
niosome segment . .. .
showed rapid anti-inflammatory effects in the Mansour,
inflamed. 2017)
Ex vivo transport studies reported that the insert
possessed a drug delivery level close to that of
. Insert containing . . Anterior the marketed drug. Single-dose application of (Polat et
Topical Besifloxacin . . - e
nanofiber segment | inserts was effectively reduced bacterial keratitis in | al., 2020)
rabbit eyes compared to multiple dosing with the
marketed drug.
Electrolyte- Transcorneal permeab{hty was 51gn1ﬁcar.1tly h}g'her
A . than the drug suspension. The ocular disposition
. sensitive in situ . Anterior .. . L (Janga et
Topical .. Natamycin studies in rabbits demonstrated the superiority
gel containing segment L . al,, 2019)
of the formulation in terms of drug delivery
transfersome .
compared to plain transfersome.
The in vivo conjunctivitis treatment of rabbits
Topical Contact lens Betaxolol Anterior for 72 h showed that the lens presented a better (Wei et al.,
p hydrochloride | segment | therapeutic effect than one dose administration of 2020)
drug solution per day.
The permeability of ex vivo rabbit corneas was .
. 1 . . - (Li, Wang,
. . Brimonidine Anterior | determined to be 1.62x1075 cm/s. They reported .
Topical Chitosan film L . . Gui, &
tartrate segment that this is much higher than the permeation Yang, 2020)
coefficient from many previous systems. 5
H 1
ydroxypropy ) (Boateng
. methylcellulose . Anterior - .
Topical Chloramphenicol Only in vitro studies. & Popescu,
(HPMC)- segment
: 2016)
Eudragit film
Electrospun
. nanofiber insert Anterior - . (Bhattarai
T 1 D hi \ .
opica Solvent-cast examethasone segment Only in vitro studies etal, 2017)
polymeric insert
In vivo studies in rabbits showed have sustained
. . . . (Jadhav
. . . . Anterior reduction of intraocular pressure (IOP) for six
Topical Chitosan insert Bimatoprost . & Yadav,
segment | days with IOP of 15.9 mmHg and 14.6 mmHg for
i ) 2022)
different inserts at 120 h.
N Ex vivo study with porcine eyes demonstrated
Hyaluronic acid- . s . .
. . Dexamethasone | Anterior | capability to deliver drugs to the cornea and across | (Ghezzi et
Topical poly vinyl alcohol . . .
(PVA) film Levofloxacin segment | the sclera, to potentially target the posterior eye al,, 2023)
segment.
Nanofibers- . According to an ex vivo drug Permeatlon study .
. Posterior | across goat cornea, confocal microscopy showed | (Pandit et
Topical based thermo- Fenofibrate . . .
. segment better penetration efficiency of formulation al., 2023)
responsive gel . . .
compared to plain rhodamine B solution.
According to a fundus fluorescein angiography
Intravitreal A o Posterior study, hposomes. rer:aled an inhibitory eﬁ.fect On | Tovakoli et
s Liposome Sunitinib neovascularization in a mouse model while the
injection segment | . . L e s . al, 2022)
intravitreal injection of sunitinib solubilized with
cyclodextrin was inefficient.

633



Yetgin, Tugcu Demiroz, lakka

Intravitreal . . e Posterior | MPs suppressed choroidal neovascularization in | (Tsujinaka
S Microparticles Sunitinib . . . .
injection segment mice for six months in rabbits. et al., 2020)
. Ex vivo transscleral deposition studies with porcine
Nanosuspension- . . . s
- . Triamcinolone | Posterior sclera showed that deposited into the sclera (Wuetal,
Intrascleral | loaded dissolving . . .
. acetonide segment | formulation was 4.5-fold higher than drug-loaded 2022)
microneedle .
microneedle.
Microneedles were applied to mice with keratitis
Dissolving Anterior whe.re they were ‘observed to be successfully (K. Lee et
Intracorneal microneedles Model drug seoment delivered to the inside of the cornea. Study al, 2018)
& results showed that the therapeutic efficacy of the v
microneedles persisted for 7 days.
Hyal i
ya uromie Posterior In vivo studies in mice showed a reduction in (Than et
Intracorneal acid-based DC-101 -
. segment neovascularization. al,, 2018)
microneedle
In vivo study in rats showed favorable clinically
Subconjunctival | Injectable gel- Anterior re.levant outhmes, with reduced cer.ltral corneal (Soiberman
N ? Dexamethasone thickness and improved corneal clarity compared
injection based dendrimer segment . etal, 2017)
to controls treated with the free drug and placebo
gel.
Subconjunctival . Anterior Inan in vivo study using a rabbit model, jche (Lin etal,
R Dendrimer Dexamethasone formulation was reported to suppress lacrimal
injection segment . : 2018)
gland inflammation.
A pharmacokinetic study in rats, along
with confocal microscopy, showed a higher
Subconjunctival | Chitosan coated . Posterior | COncentration 9f the drug and better penetratl.on (Pandit,
R . Bevacizumab of the formulation compared to the drug solution. | Sultana, &
injection nanoparticle segment . . .
In a retinopathy model, it demonstrated a greater | Agil, 2021)
reduction in VEGF levels compared to both topical
and intravitreal administration of the formulation.
Poly (lactic- Intravitreal injection of microparticles in mice
Suprachoroidal co-glycolic . Posterior suppressed choroidal neovascularization for at (Hackett et
o . Acriflavine . e
injection acid) (PLGA) segment | least 9 weeks, while suprachoroidal injection in rats | al., 2020)
microparticle suppressed it for at least 18 weeks.
In situ
Suprachoroidal hyaluronic acid- . Posterior | The release time of the formulation was evaluated | (Jung etal,,
L polyethylene Bevacizumab - . .
injection segment through in vivo studies in rabbits. 2022)
glycol (PEG)
hydrogel
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Figure 2. Routes of drug administration to the eye and drug delivery systems. Created with BioRender.com.

Route of Drug Administration to the Eye

Considering the literature studies, drugs can be
administered to the eye through systemic, topical,
intravitreal, intracorneal, subconjunctival, and su-
prachoroidal routes. The methods of drug admin-
istration approved by the FDA or supported by the
literature for ocular delivery are depicted in Figure
2., along with the sites of application. In Table 1, lit-
erature studies are presented with dosage forms and
the routes of drug administration to the eye. Further-
more, in subtenon, retrobulbar, and peribulbar injec-
tion methods, the drug is administered to the tissues

around the eye or intramuscularly. These methods are

generally preferred to provide regional anesthesia in
eye surgeries (Agban, Thakur, Mugisho, & Rupenthal,
2019). In the posterior juxtascleral route, the drug
is administered adjacent to the sclera, targeting the
posterior segment of the eye. This route enhances ap-
plication by delivering medication specifically to the
posterior segment (Kaiser, Goldberg, Davis, & Group,
2007). The advantages and disadvantages of ocular
drug administration methods are presented in Table
2. This section evaluates the routes of drug adminis-
tration to the eye concerning drug forms, and litera-

ture examples are provided.
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Table 2. Advantages and disadvantages of ocular drug delivery method.

Administration .
! : Advantages Disadvantages
Route
Provides widespread distribution; effective on the entire body.
. o o S . May affect non-target organs; low drug
Systemic (Especially in cases where the condition, such as a viral infection, o
. concentration in the eye.
spreads systemically.)
. . . Limited absorption due to tear drainage and
Topical Easy to apply; localized effects; widely used. P . 8
corneal barrier.
Direct deli into th ; effective f i . . . .
Intravitreal irect delivery into the eye etlective for posterior segment Requires an injection; risk of infection.
diseases.
Invasi thod; di fort
Intracorneal Direct effect on corneal diseases. fvastve method; may cause discomior
during application.
M ire local thesia; irritati
Subconjunctival | Direct drug delivery to tissues around the eye; broad distribution. ay require focalanes e.s 1 v1rr1 ation can
occur after application.
. . . . Difficult t ly; i i ith a risk of
Suprachoroidal Targeted drug delivery for posterior segment diseases. Hhiciittoapp ys nvastve with a risk 0
infection.
. . Risk of thesi lications; di fort
Subtenon/ Administered around the eye, often used for local anesthesia isk otanesthesia comprications; discomior
. and infection risk in intramuscular
Retrobulbar during surgery. s
applications.
Posterior Allows direct drug delivery to the posterior segment; specific Only used for posterior segment treatments;
Juxtascleral targeting. the technique can be difficult and invasive.
Systemic Application loaded into the lipophilic double-layered membrane

When drugs are administered systemically, they
distribute throughout the body via the bloodstream.
Consequently, systemic drug administration often re-
quires high doses to achieve therapeutic effects in the
target area. However, this approach carries a high risk
of side effects and toxicity due to the need for elevated
drug concentrations throughout the body. Moreover,
the eye’s lower vascularity compared to other organs
poses a challenge, and the blood-retinal barrier (BRB)
restricts the transfer of drugs to the retina. Only a
small fraction of the drug administered systemical-
ly permeates through the inner BRB and reaches the
vitreous, where it exerts its effects (29). Visudyne®
(Verteporfin), indicated for neovascularization due to
age-related macular degeneration (AMD), represents
the first clinically validated liposomal photosensitizer
system (Thrimawithana, Young, Bunt, Green, & Ala-
ny, 2011). It is administered via intravenous infusion
over 10 minutes. Approximately 15 minutes after drug
application, verteporfin is activated by a non-thermal
red laser (50 J/cm2, 83 sec) aimed at the relevant area
in the posterior segment of the eye. If necessary, treat-
ment can be repeated every 3 months. Verteporfin has
hydrophobic properties, leading to its tendency to ag-

gregate in hydrophilic environments. Therefore, it is
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of liposomes (Ghosh, Carter, & Lovell, 2019). Cymev-
ene®; indicated for cytomegalovirus retinitis (CMVR),
is administered via intravenous infusion over at least
one hour, 1-3 times daily for 2-3 weeks. High doses
of antiviral agents are required to achieve therapeutic
levels in the posterior segment through intravenous
infusion. Consequently, severe systemic side effects
such as neutropenia, anemia, and thrombocytopenia
may occur (Hughes, Olejnik, Chang-Lin, & Wilson,
2005). Additionally, long-term treatment may increase
the risk of bone marrow toxicity and the development

of viral drug resistance (Gilbert & Boivin, 2005).
Local Application
Topical Application

Applying medication to the eyes surface in the
form of eye drops is the most common and tradi-
tional method. While eye drops are widely used for
ocular treatment, they have limitations such as low
bioavailability and short retention time on the ocular
surface due to factors like tearing and reflexive blink-
ing. Typically, liquid medications applied as eye drops
are washed away from the eye’s surface within about
5 minutes after application. Consequently, less than
3% of the administered dose manages to penetrate

through the eye’s surface and reach the intraocular
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tissues. (Kearns & Williams, 2009). Although topical
application is effective for treating diseases in the an-
terior segment of the eye, it poses challenges in reach-

ing the posterior segment with traditional eye drops.

In cases where a disease primarily affects the ante-
rior segment of the eye, enhancing the effectiveness of
topically applied drugs can be crucial. Here are some

strategies to achieve this:

1. The time the formulation remains on the eye
surface can be increased. For this purpose, formula-
tions can be designed to increase viscosity (e.g. gel,
ointment) (El-Sayed et al., 2017; Fang et al., 2021;
Gupta et al., 2007; Shi et al., 2019; Srividya, Cardoza,
& Amin, 2001) or increase mucoadhesive properties
(Swain et al.,, 2023; Verma et al,, 2019; Zeng et al,
2016).

2. Strategies to increase penetration can be devel-
oped by adding penetration enhancing substances to
the formulation (Afouna et al., 2010; Afouna, Khedr,
& Al-Marzoqi, 2009; Asim et al., 2021; El-Gendy et

al.,, 2020) or by choosing high elasticity nanocarriers.

When commercial drugs are evaluated, eye drops
in the form of solution, suspension, or emulsion are
the usual preparations. Besides, dosage forms in the
form of ointment or gel and applied topically are also
available in the market. Through drug forms that can
be applied topically to the eye, such as drug-loaded
contact lenses, film, insert, or in situ gel, retention
time on the eye’s surface can be extended, and as a re-
sult, its transfer rate can be increased (Gade, Nirmal,
Garg, & Venuganti, 2020; R. C. Li et al., 2020; Maulvi
et al,, 2017; Pollard et al., 2023; Sarmout, Xiao, Hu,
Rakhmetova, & Koole, 2023).

In recently study, it was reported that spanlastic
containing levofloxacin increased the penetration of
the drug through the rabbit cornea by approximately
1.5 times compared to the drug solution (Agha, Gir-
gis, El-Sokkary, & Soliman, 2023).

In a different recent study, terpesomes contain-
ing fenticonazole nitrate were developed as an ocular

carrier system. In formulations containing a single

terpene species, fenchone, eugenol, or limonene were
used as terpenes. As a result of the in vivo study, it was
reported that terpesomes loaded with fenticonazole
nitrate optimized for drug suspension remained on
the eye surface significantly longer than the drug sus-
pension (Albash, Al-Mahallawi, Hassan, & Alaa-El-
din, 2021).

Subconjunctival Route

In this method, the drug solution is administered
under the conjunctiva by implant or liquid injection.
Since the application area is close to the surface, a
smaller needle is used compared to intravitreal injec-
tion, and applying a form of drug, such as an implant,
is much easier. In general, there is no damage to the
tissues, and it is a less invasive and painless method
(Soiberman et al., 2017). Administration via the sub-
conjunctival route eliminates the conjunctival epithe-
lial barrier, which is rate-limiting for the permeation
of water-soluble drugs. There are studies on hydrogel,
in situ hydrogel, solution or implant placement under
the conjunctiva (Lin et al., 2018; Misra et al., 2009;
Pandit et al., 2021; Voss et al., 2015).

Rong et al. developed a hydrogel system contain-
ing insulin-loaded chitosan nanoparticles and applied
it to rats with DR by subconjunctival injection (Rong
et al.,, 2019). After subconjunctival injection, it was
observed that structural damage in the retina, reti-
nal cell apoptosis, and VEGF protein expression de-
creased significantly. There was no apparent damage
to retinal function, structure, or neurons after injec-
tion. As a result, they reported that subconjunctival

injection is safe.
Intravitreal Route

The intravitreal route is the administration of the
drugs directly into the vitreous. This method provides
the highest amount of drug reaching the vitreous with
minimal systemic absorption and has been used in
clinical practice for a long time. However, since it is an
invasive method, it may cause some ocular complica-
tions. Inserting a needle through the sclera or making

an incision here may cause bacterial inflammation. In
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these patients, cataract formation, increased intraoc-
ular pressure and glaucoma, choroidal hemorrhage,
endophthalmitis, vitreous hemorrhage, retinal breaks,
and retinal detachment (separation of the retinal nerve
layer from the underlying pigment epithelial layer)
may develop over time (Thrimawithana et al,, 2011).
When the literature is examined, studies are on devel-
oping intravitreal implants that are biodegradable and
have an extended release period (Bendicho-Lavilla et
al., 2023; Guerra et al.,, 2023). Intravitreal injections
on the market are in solution form and dose intervals
are short. Examples of these are presented in the dis-
eases of the eye section. To extend the release time of
a formulation administered by intravitreal injection,
in situ gels can be used or the drug can be loaded into
a nanocarrier (Famili, Kahook, & Park, 2014; S. Lee et
al., 2023; Lopez-Cano et al., 2021).

Tsujinaka et al. self-aggregating microparticles
containing the VEGF receptor inhibitor sunitinib
have been developed (Tsujinaka et al., 2020). In vivo
experiment results indicated that the effect persists
for 6 months after a single dose of microparticles in-
jection containing sunitinib. Factors influential in the
sustained release were the sustained release of suni-
tinib from microparticles and the formation of a solid

depot by microparticles containing sunitinib.
Intracorneal Route

Drugs can be applied into the cornea via mi-
croneedles. Than et al. developed a tape carrying
microneedles containing a series of drugs, which
is applied to the cornea by the patient (Than et al,
2018). In the study, a controlled-release hyaluronic
acid-based microneedle containing DC101, an an-
ti-angiogenic monoclonal antibody, was designed.
The in vivo study results reported approximately 90%
reduction in neovascular area in eyes treated with the
microneedle they developed. An eye patch applied
over the cornea is an easy and non-invasive method to
increase patient compliance. Such intracorneal drug
delivery strategies promise the ability to easily treat

many eye diseases at home.
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Suprachoroidal Route

Suprachoroidal space (SCS) is the space between
the sclera and choroid surrounding the posterior seg-
ment of the eye. Drug delivery to the SCS is a new and
exciting way to deliver medication to the posterior
segment. It does not involve risks related to penetra-
tion into the eye and can accommodate up to 1 mL of
fluid. While BRB is not omitted in this method, it may
be the preferred method for administration of drugs
targeting the RPE. Drug delivery from SCS to the vit-
reous has been shown to decrease as drug lipophilici-
ty and molecular weight increase. SCS can be injected
with small-sized microneedles, an implant can be ap-
plied or a catheter can be placed (Bhattacharyya et al.,
2022; Hackett et al., 2020; Jung et al., 2022; Patel et al.,
2012; Sher, Goldberg, Bubis, Barak, & Rotenstreich,
2021). In 2004, microcannulated sclerotomy for SCS
was approved by the FDA (iScience catheter, Ellex
Medical, Adelaide, Australia) (FDA, 2004). Clinical
trials testing the safety and effectiveness of micronee-
dle injections into the SCS are ongoing. Studies to date
reported the safety and effectiveness of this procedure
and that it can be performed under local anesthesia
(Chiang, Jung, & Prausnitz, 2018). Ongoing clinical
trials testing the safety and effectiveness of micronee-
dle injections into the SCS have shown that this pro-
cedure is safe and efficient and can be performed un-

der local anesthesia.

Jung et al. developed a hyaluronic acid cross-
linked with poly(ethylene glycol) diacrylate hydro-
gel containing bevacizumab (Bev-HA) and applied it
to SCS in rabbit eyes with microneedle (Jung et al.,
2022). They reported that Bev solution cleared from
SCS within 5 days, even if formulated with high vis-
cosity. To extend the release time, they synthesized in
situ Bev-HA hydrogel. In vivo studies in rabbits re-
ported Bev release from the Bev-HA to be >6 months.
The Bev-HA hydrogel was well tolerated as assessed
by clinical, histological analysis, fundus imaging, in-

traocular pressure measurement, and examination.
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CONCLUSION

Drug delivery to the eye can be administrated via
topical, periocular, intravitreal, and other intraocular
routes, depending on the disease area. Although the
intravitreal route is the most effective method for dis-
eases affecting the posterior segment, it has many side
effects and being invasive is a great difficulty. Studies
are being carried out to extend the release time of the
formulation applied intravitreally and to reduce the
side effects caused by drug administration into the
vitreous. Nanosystems are promising in this regard.
Drug administration via the subconjunctival and su-
prachoroidal route can be considered a less invasive
and safer method. Effective and safe drug carrier
systems can be developed by applying a controlled
release system with an extended dose range via sub-
conjunctival route, suprachoroidal route, and intra-

corneal route.

Considering the topical method, it is a method
that is easy to apply because the patient can apply it
herself without the need for a healthcare institution
and has a low probability of side effects since it is not
an invasive method. It is aimed at developing topical-
ly applied drug carrier systems that have an extended
stay on the eye surface and can pass through the eye
surface for anterior and posterior segment diseases.
The primary issue in topical application is the low oc-
ular residence time, leading to a significant part of the
drug being removed before exerting its effect. In con-
nection with this matter, with penetrating and flexible
nano drug carrier systems, the bioavailability of the
topically applied drug can be increased by extending
its release time and increasing its permeability.
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Nanomaterials Marvels: Transformative Advancements in
Biomedicine, Drug Delivery, and Pharmaceutical Analysis

SUMMARY

Nanoparticles are solid colloidal particles ranging in size from 10
to 1000 nm having high surface area-to-volume ratio which allows
them for efficient interaction with biological systems. Nanoparticles
offer many benefits in comparison to larger particles such as
increased surface-to-volume ratio and increased magnetic properties.
Nanomaterials hold the potential to revolutionize critical domains
like Biomedicine, Drug Delivery, and Pharmaceutical Analysis.
These particles can be functionalized with specific molecules to
target diseased cells or tissues, enbancing the efficacy of drugs
while minimizing side effects. For instance, gold nanoparticles
conjugated with antibodies can be used for targeted cancer therapy,
delivering therapeutic agents directly to tumor cells. Similarly,
drugs encapsulated within nanoparticles can be protected from
premature degradation and released in a controlled manner at the
target site improving their drug solubility, and enhance cellular
uptake, leading to better therapeutic effect in treatment strategies.
Polymeric nanoparticles, liposomes, and micelles are some examples
of commonly used nanocarriers for drug delivery. Nanomaterials are
finding increasing applications in pharmaceutical analysis and can
be employed as highly sensitive detection probes for drugs, metabolites,
and biomarkers. Additionally, nanomaterials can be used for the
separation and purification of biomolecules, facilitating accurate
and efficient analysis. This review explores different types of nano
material’s used exploring their new advances and applications in
biomedicine, drug delivery, and pharmaceutical analysis. As research
continues to overcome current challenges, nanomaterials unique
properties hold immense promise for revolutionizing healthcare and
improving patient outcomes.

Key Words: Biomedicine, Nanoparticles, Carbon nanotubes, Drug
Delivery.

Nanomalzemeler Harikalar ~ Yaratwyor: Biyomedikal, Ilag
Tasinmast ve Farmasitik Analizde Doniigtiiriicii Gelismeler

0z

Nanoparcaciklar, 10 ila 1000 nm boyutlarinda, biyolojik sistemlerle
etkin etkilesime olanak taniyan biiyiik yiizey alani-hacim oranina
sahip olan kats kolloidal parcaciklardir. Nanoparcaciklar, daha biyiik
partikiillerle karsilastirildiginda, artan yiizey-hacim oraninin artmas:
ve manyetik ozelliklerin artmast gibi bir cok avantaj sunmakradyr.
Nanomalzemeler, Biyomedikal, llag Tasinmast ve Farmasitik Analiz
gibi kritik alanlarda devrim yaratma potansiyeline sabiptir. Bu
parcaciklar, hastalikly hiicreleri veya dokular: hedeflemek i¢in belirli
molekiillerle islevsellestirilebilin, biylece ilaglarin etkinligi artirilirken
yan etkiler en aza indirilebilir. Ornegin, antikorlarla konjuge edilmis
altin nanoparcaciklar, hedefli kanser tedavisi igin kullanilabilir
ve terapitik ajanlar: dogrudan tiimor hiicrelerine iletebilir. Benzer
sekilde, nanoparcaciklarin icine  kapsiillenmis  ilaglar,  erken
bozunmaya karsi korunabilir ve hedef bilgeye kontrollii bir sekilde
salabiliy, boylece ilag ¢oziiniirliikleri iyilestirilebilir ve hiicresel
tutulum artirilabiliv, bu da tedavi stratejilerinde daba iyi terapitik
etkiye yol acabilir. Polimerik nanoparcaciklar, lipozomlar ve miseller,
ilag taginmas: icin yaygin olarak kullanilan nano tasiyicilarm baz
grnekleridir.  Nanomalzemeler,  farmasitik — analizlerde  giderek
daha fazla wygulama alani bulmakta olup ilaclar, metabolider
ve biyobelirtecler icin son derece hassas tespit problart olarak
kullanilabilmektedir.  Ayrica  nanomalzemeler  biyomolekiillerin
ayristiridmast ve saflagtirilmasinda da kullanilabiliv, bu da dogru ve
etkili analizlerin yapilmasini kolaylastirir. Bu derlemede biyomedikal,
ilag tasinmast ve farmasitik analiz alanlarindaki yeni gelismeleri ve
wygulamalar: kegfederek farkls tipteki nano malzemelerin kullanimi
ele alinmakradyr.
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INTRODUCTION

In 21* century where research and innovation are
increasing the life span of human beings, the science
of nanotechnology has offering unprecedented op-
portunities in the field of biomedicine, drug delivery,
and pharmaceutical analysis.Nanoparticles have gar-
nered significant attention for their potential in en-
hancing drug delivery (Wilczewska et al., 2012; Din
et al., 2017; Etheridge et al., 2013; Fay et al., 2017),
where they used for precise release of therapeutic
agents in controlled manner reducing both the dos-
age and frequency. These materials show distinctive
chemical, physical, and biological characteristics pos-
sessing larger surface-area-to-volume ratio, tenable
geometry, and interactive potential with biomolecules
which makes them an ideal candidate for targeted
drug delivery. This transformative approach aims to
minimize side effects, reduce dosages, and enhance
therapeutic outcomes. The application of nanoma-
terials in drug delivery represents a paradigm shift
in pharmaceutical sciences. Their ability to interact
with biomolecules facilitates efficient uptake across
cell membranes, maximizing drug efficacy. Nanoma-
terials’ capacity to regulate the rate of drug release
is a crucial feature in the biomedicine, which is the
branch of medicine concerned with the practical ap-
plication of principles from biology and physiology.
One of the most critical areas of study for creating
new nanomaterials for use in biomedicine is the hunt

for better diagnostic agents.

The vast family of nanomaterials, both organic
and inorganic, allows for selective design tailored to
specific applications. Their distinct properties like
interactions with ligands, smaller drug molecules, or
antibodies make them invaluable tools for advancing
analytical techniques. Despite the numerous advan-
tages, nanoparticles pose challenges such as non-tox-
icity, bio-distribution, accumulation, and clearance
from the human body. Nanoparticles are effective in
drug delivery due to increased ligand binding, in-

creased binding efficiency, and thereby achieve great-
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er therapeutic efficiency (Hainfeld et al., 2014). Nano-
materials have revolutionized drug delivery by en-
hancing the pharmacokinetics and therapeutic effica-
cy of drugs (Egwu et al., 2024). Liposomes, polymeric
nanoparticles, and dendrimers are some examples of
nanocarriers used to encapsulate drugs and improve
their bioavailability. This review gives brief insights
the vivid role of nanomaterials, emphasizing their
significance into the biomedicine, drug delivery, and
pharmaceutical analysis. Exploring of these marvels
opens new frontiers, paving the way for groundbreak-
ing advancements with far-reaching implications for

healthcare and pharmaceuticals.
Recent advancements in nanomaterials

Nanomaterials encompass a diverse range of mate-
rials, including nanoparticles, nanotubes, nanofibers,
nanogels, and more. Researchers are developing new
nanomaterials with tailored properties to meet spe-
cific biomedical needs. For instance, graphene oxide,
a two-dimensional nanomaterial, has gained atten-
tion for its exceptional mechanical strength, electrical
conductivity, and significant role in tissue engineering
and drug delivery. Different types of nano materials

are discussed below,
1. Carbon nanotubes(CNTs)

These nanoparticles have nanometer diameter and
a length of micrometres and they are made up of en-
rolled cylindrical graphitic sheets (named graphene)
wrapped up into a seamless cylinder with a nanome-
ter sized diameter. Due to their nano size they can
easily make their way to inside cells, delivering drugs
directly to the cytoplasm or nucleus that improve the
pharmacological and therapeutic efficacy of the drug.
CNTs possess some unique properties in their struc-
ture which, makes them suitable for drug delivery for
the treatment of various diseases (Rozhin et al., 2022;
Bolshakova et al., 2022; Alberto et al., 2005). The elec-
tron transport within carbon nanotubes (CNTs) oc-
curs through quantum effects due to their nanoscale
dimensions, propagating exclusively along the tube’s

axis. Owing to their small size in the nanometer scale,
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CNTs offer the advantage of delivering smaller drug
doses to specific diseased cells, minimizing side ef-
fects on healthy cells a significant improvement over
conventional drug. These results in enhanced efficien-
cy in targeting disease cells (Harris 2009). The ideal
property of CNTs for easy movement in the human
body is due to their enhanced solubility when com-
bined with lipids by reducing the risk of blockage of
vital body organ pathways. Regarding optical prop-
erties, CNTs exhibit robust absorbance in specific
spectral windows, such as near-infrared (NIR) light.
Functionalizing them with binding entities specif-
ic to tumor cells enables the selective destruction of
disease cells, particularly in cancer, in drug delivery
applications using NIR light. Due to better cell pen-
etration qualities and high drug loading capacities in
comparison to dendrimers, polymers, and liposomes,
carbon nanotubes have wide spread applications in
drug delivery for cancer treatment. These nanotubes
have lager inner volume, making them suitable as drug
containers and ease of cell uptake (Mishra & Sahu
2020). Still, the particles have some problems in drug
delivery due to their lack of solubility, clumping oc-
currences, and half-life (Gupta & Nayak 2019). CNTs
prove advantageous as nanovectors for drug delivery,
as evidenced by efficient cell uptake and prominent
effects, demonstrating their potential as less harmful
drug nanovehicles (Ashwin et al., 2009). Also, encap-
sulation of drugs in CNTs helps to enhance water dis-
persibility, better bioavailability, and reduced toxicity
resulting, in controlled release of loaded molecules
(Zhu et al., 2005). In recent developments, Yinghuai
Zhu, & Narayan S Hosmane introduced a novel meth-
od for cancer treatment and the technique is called
Boron Neutron Capture Therapy. They successfully
attached substituted C2B10 carborane cages to sin-
gle-wall carbon nanotubes (SWCNTs) via nitrene
cycloaddition. The resulting water-soluble SWCNTs,
functionalized with carborane units and ethoxide
moieties, demonstrated concentrated boron atoms in
tumor cells compared to blood and other organs. This

highlights their potential as effective nano vehicles for

boron neutron capture therapy in cancer treatment (
Zhu et al.,, 2017). Their strong optical absorbance in
the 700 to 1,100 nm near-infrared window, combined
with suitable functionalization chemistry, allows for

optical stimulation inside living cells.
2. Nanofibres

Nanofibers encapsulate drug molecules and re-
lease them through different mechanisms, such as
burst release, sustainable release, or tunable release.
Most conventional drug delivery systems are admin-
istered through enteral routes, like tablets, capsules,
and granules, or parenteral routes, including intrave-
nous, intra-arterial, intramuscular, or subcutaneous.
However, the main drawbacks through these routes
are first-pass metabolism, discomfort, and pain. So,
direct administration of drugs into the buccal cavity
offers a solution to these issues. Incorporating active
substances into nanofibers facilitates drug delivery
in the buccal cavity. Nanofibers, particularly those
prepared by electro spinning, are designed to quick-
ly interact with saliva, dissolving or disintegrating
in the mouth of patient. This results in the rapid re-
lease of drugs into the buccal mucosa for immediate
absorption. In controlled-release scenarios, the drug
delivery system must dissolve or disintegrate within
a defined timeframe. Both oral and transcutaneous
controlled-release methods enable pharmaceutical
drug administration once or twice a day, enhancing
patient compliance and reducing toxic plasma peak
concentrations associated with multiple administra-
tions of immediate-release formulations (Sarma et al.,
2024; Contreras-Céceres et al., 2019; Thakur & San-
kar, 2023).

3. Nanogels

Nanogels are single or multiple types of nanopar-
ticles surrounded by a cross-linked hydrophilic poly-
mer network. In the biomedical and pharmaceutical
fields, nanogels find applications in regeneration of
body tissues, wound healing, surgical devices, im-
plantation, and various drug delivery methods such

as peroral, rectal, vaginal, ocular, and transdermal
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routes. While still in the early stages of development,
the utilization of 3D printing has gained attention in
nano gel production, but still this technique is consid-
ered one of the most convenient methods for nano gel
manufacturing, especially as the demand for precise
nanogels production increases for personalized med-
icine, biomedical applications, and specialized drug
delivery. Nanogels are use in drug delivery system due
to their high drug encapsulation capacity, uniformi-
ty, tunable size, ease of preparation, minimal toxicity,
stability in the presence of serum, and stimuli respon-
siveness property. Nanogels utilize active targeting
moieties for the delivery of drugs by altering their sta-
bility in an environment (temperature, pH, and con-
centration of glutathione) sensitive manner (Liu et al.,
2022; Li et al., 2024; Liwei et al., 2019 ; Murphy et al.,
2011; Wu et al., 2016).

The research work published by Wang et al. sug-
gests formulation of nano gel taking chitosan-poly
(N-isopropylacrylamide-co-acrylamide) for pacli-
taxel delivery taking acryl amide at 5.5% w/w and
to increase the volume phase transition temperature
from 32 °C to 38 °C and thereby decrease the critical
aggregation concentration from 5 pg/mL to 1.1 pg/
mL that shows effective cellular uptake of payloads
through electrostatic absorptive endocytosis which
exhibits outstanding anticancer efficacy in HT-29
human colon cancer (Wang et al, 2014). Similar-
ly various other researchers like Oh et al. develop a
self-organized 3-diethylaminopropyl bearing glycol
chitosan nanogel containing drug doxorubicin and
In vitro evaluation report shows release was signifi-
cantly accelerated when placed in the acidic medium
of pH 6.8 (Oh et al,, 2010). Other notable work like
by Chen et al. prepared dual thermo- and pH-sensi-
tive micellar nanogels composed of m PEG-iso pro-
pylidene glycerol containing drug paclitaxel for tu-
mor treatment (Chen et al., 2014). So, these research
outcomes suggest the potential of nanogels in targeted
drug delivery and their role in enhancing therapeutic

outcomes.
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4. Polymeric nanoparticles

Polymeric nanoparticles (NPs) fall within the size
range of 1 to 1000 nm and can be loaded with active
compounds entrapped within or surface-adsorbed
onto the polymeric core. These particles due to their
small size have gained significant attention in recent
years for drug carriers in controlling drug release
by protecting drugs and other bioactive molecules
against the environment, and there by improves the
bioavailability and therapeutic index (Soppimath et
al., 2001; Cano et al.,, 2019).

The production of polymeric NPs depends on the
type of drug to be loaded and its specific requirements
for administration. The methods are based on two
main strategies: the dispersion of preformed polymers
or the polymerization of monomers (Jawahar et al.,
2012). During preparation process, organic solvents
must have to be dissolve in polymer, as these solvents
may possess toxicity problems. Similarly, removing
solvent residues from the final product becomes nec-
essary. Polymeric nanoparticles possess a wide range
of different physical properties, such as composition,
concentration, size, shape, surface properties, crys-
tallinity, and dispersion state, which are assessed by
near-infrared spectroscopy, electrophoresis, electron
microscopy, dynamic light scattering (DLS) or photon
correlation spectroscopy (PCS), and chromatography
(Doktorovova et al., 2014). The comprehensive char-
acterization of polymeric NPs is crucial not only for
their applicability but also to address concerns related
to nanotoxicology and exposure assessment in work-
places. This is essential for evaluating health and safe-

ty hazards and controlling manufacturing processes.
5. Inorganic nanoparticles

The drug delivery system containing inorganic
nanoparticles is often achieved through surface func-
tionalization with specific ligands. Gold nanoparticles
have also been investigated for their response to local
near-infrared (NIR) light as a stimulus for drug re-
lease. In a particular study, gold nanoparticles func-

tionalized with double-stranded DNA encapsulating
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drug molecules exhibited controlled release upon
NIR light irradiationreleasing the drugs at the target
site (Xiao et al., 2012; Arruebo, 2011). Due to the
well-defined surface properties like higher pore vol-
ume, higher surface area and narrower pore diameter
distribution, allow the entrapment of drugs, proteins
and other biogenic molecules with predictable and re-
producible release patterns with inorganic nanoparti-
cles (Vallet-Regi 2006; Wang 2009).

6. Nanoparticle Albumin-bound (nab) Tech-
nology

Nanoparticles composed of albumin have emerged
as an effective strategy in the clinical research for
treating various diseases due to its natural ability to
transport hydrophobic particles and transcytose mol-
ecules bound to it. The nanoparticle albumin-bound
(nab) technology employs the protein albumin as a
carrier for hydrophobic chemotherapy drugs through
noncovalent binding. (Khakpour et al., 2024)

7. Dendrimers

Dendrimers are highly branched, monodisperse
polymeric materials macromolecules. The structure
of dendrimers has a significant impact on their phys-
ical and chemical properties. Dendrimers, owing to
their unique properties, find applicability in a broad
spectrum of biomedical and industrial domains. They
possess empty internal cavities and numerous func-
tional end groups contributing to high solubility and
reactivity. Synthesized through an iterative sequence
of reaction steps, each interaction in the process re-
sults in a higher generation dendrimer. In the pursuit
of creating a delivery vehicle for poorly water-solu-
ble anticancer agents, a collaborative effort between
Boston University and the Research Triangle Institute
(RTI) has yielded a biocompatible dendrimer. This
dendrimer wraps around water-insoluble drugs, of-
fering a promising solution for improving the solu-
bility and delivery of anticancer agents. Polyamido-
amine (PAMAM) dendrimers have received much
attention for their ability to solubilize water -insoluble

drugs and their ability to promote the transport of

drugs across biomembranes (Kaurav et al., 2023; Abe-
di-Gaballu et al., 2018; Almalki et al., 2022; Bohr et
al., 2020; Li et al., 2018 ; Prusty 2012).

Role of Nanomaterials in Exploring New Ad-

vances and Applications in Biomedicine

Nanomaterials mainly due to their high surface
atom ratio, leading to modified physicochemical
properties and heightened chemical reactivity, holds
immense potential in these domains. CNTs, in par-
ticular, have emerged as a formidable tool to advance
biomedical methodologies in treating of various dis-
eases. The exceptional capability of CN'Ts to permeate
cell membranes, coupled with the sp2 hybridization
of all carbons, facilitates their functionalization with a
many of bio molecules or compounds. This versatility
enables them to target cells and deliver drugs in re-
sponse to specific environmental stimuli. The diverse
roles of nanomaterials in the 20th century are cited

below
i. Theranostic Nanomaterials:

Theranostic is an emerging field that combines
therapeutic and diagnostic capabilities in a single
entity. Nanomaterials play a crucial role in theranos-
tic by providing a platform for simultaneous disease
detection, monitoring, and treatment. Nanoparticles
loaded with therapeutic agents and imaging probes
enable real-time monitoring of treatment progress, al-
lowing clinicians to adjust therapies as needed (Chen
et al., 2014; Jokerst et al., 2011; Xie et al., 2010).

ii. Nanomaterials in Imaging:

In biomedicine, imaging technologies have bene-
fited mainly largely from nanomaterials. Nanomateri-
als like quantum dots, gold nanoparticles, and super-
paramagnetic iron oxide have all been employed as
contrast agents in various imaging modalities, includ-
ing fluorescence imaging, magnetic resonance imag-
ing (MRI), and computed tomography (CT). These
nanomaterials enhance the sensitivity and resolution
of imaging techniques, enabling early disease detec-

tion and accurate diagnosis (Han et al., 2019).
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iii. Nanomaterials in Regenerative Medicine:

Tissue engineering and regenerative medicine are
rapidly advancing fields in today’s world. These fields
utilize nanomaterials to create biomimetic scaffolds
and promote tissue regeneration. Nanofibers, hydro-
gel, and nanocomposites provide a three-dimension-
al environment that mimics the extracellular matrix
and supports cell growth, differentiation, and tissue
formation. Nanomaterials-based scaffolds have been
used for bone, cartilage, skin, and nerve tissue regen-

eration (Arora et al., 2012).
iv. Nanomaterials for Cancer Therapy:

Nanomaterials due to their ability to target and
selectively destroy cancer cells, they show immense
promise in cancer treatment. Gold nanoparticles, for
example, can be functionalized with antibodies to
bind to cancer cells specifically. Once targeted, these
nanoparticles can generate localized heat upon ex-
posure to near-infrared light, leading to cancer cell
death. Nanomaterials can also deliver chemothera-
peutic drugs directly to tumor sites, minimizing sys-

temic side effects.

So compared with traditional approach of drug
therapy, the discovery and wide range of application
of nanomaterials in biomedicine continues to provide
better therapeutic effect by reducing toxicity. Though
regulatory frameworks for the approval and use of
nanomaterials-based products in medicine require
careful consideration to ensure their effectiveness and
safety, but still the multifunctional property of nano-
materials with integrated diagnostic, therapeutic, and
targeting capabilities are expected to become more
prevalent. As nanotechnology advances, personalized
medicine and patient-tailored therapies will likely be
enabled through the use of nanomaterials (Shan et al.,
2022 ; Nazarkina et al,, 2023 ; Zhou et al., 2023 ; Feng
etal., 2022; Dallari et al., 2022; Gali¢ et al., 2022; Feito
et al., 2022; Arcos et al., 2023; Jiménez-Holguin et al,,
2022).
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Role of Nanomaterials in Exploring Novel Inno-

vations and Applications in Drug Delivery

Nanotechnology makes a remarkable transfor-
mation in designing and, developing of innovative
drug delivery systems (Marovic et al., 2022). Due to
their extraordinary chemical diversity, chemical and
biological properties with macromolecular specific-
ity and less toxicity, their use as therapeutic agents
increased rapidly in comparison to chemicals that
are prepared by synthetic sources (Thilakarathna &
Rupasinghe 2013 ; Chen et al., 2014; Swierczewska et
al., 2016; Chen & Chen 2010; Yhee et al., 2014).

Role
i. Applications in Cancer Therapy

To overcome challenges and side effects asso-
ciated with traditional therapy involved in treatment
of cancer, nanomaterials are proved to be efficient.
Lipid-based nanoparticles, such as liposomes and
micelles, encapsulate chemotherapeutic drugs, en-
hancing their solubility and reducing systemic tox-
icity. Moreover, nanoparticles functionalized with
tumor-specific ligands enable targeted drug delivery
to cancer cells, minimizing damage to healthy tissues.
This approach improves drug accumulation at tumor

sites, increasing treatment efficacy.
ii. Innovative Drug Delivery Systems

Innovative nanomaterials-based drug delivery
is used mainly in disease treatment to specific target
cells. Stimuli-responsive nanoparticles can release
drugs in response to changes in pH, temperature,
enzyme activity, or other physiological conditions,
improving therapeutic outcomes. For example, tem-
perature-sensitive nanoparticles release drugs upon
exposure to hyperthermia, a technique used in treat-

ing cancer (Liu et al., 2016).
iii. Enhanced Therapeutic Payload

Nanomaterials have enabled the delivery of a
wide range of therapeutic agents beyond conventional

small molecules, including genes, proteins, and RNA
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molecules. Polymeric nanoparticles, for instance, can
efficiently encapsulate nucleic acids and protect them
from degradation. This capability holds great promise
for gene therapy, where nucleic acids are delivered to
correct genetic disorders or modulate gene expression

to treat diseases.
iv. Overcoming Biological Barriers

Nanomaterials can overcome biological barri-
ers that hinder effective drug delivery. Due to their
surface modifications, nanoparticles can deliver me-
dicaments to the brain bypassing the Blood Brain
Barrier which will helpful for treating neurodegener-
ative diseases and brain tumours (Blanco et al., 2015;
Maeda et al.,, 2013).

v. Personalized Medicine and Tailored Therapies

The advent of nanomaterials has paved the way
for personalized medicine, where therapies are tai-
lored to individual patients. These particles can car-
ry specific drugs, diagnostics, and targeting ligands
based on a patient’s genetic profile and disease state.
This approach maximizes treatment efficacy while
minimizing adverse effects, leading to more precise

and effective treatments.

So, the field of nanomaterials in drug delivery is
rapidly evolving, with researchers continuously ex-
ploring new materials, fabrication techniques, and
delivery strategies. Hybrid nanomaterials that com-
bine the properties of multiple components are being
developed to further enhance drug delivery efficiency.
Integrating artificial intelligence and machine learn-
ing can also optimize the design and performance of
nanomaterials-based drug delivery systems (Ryu et
al., 2014).

Nanomaterials in Pharmaceutical Analysis

Nanomaterials have emerged as a revolutionary
tool in pharmaceutical analysis, offering unparalleled
opportunities to enhance sensitivity, selectivity, and
efficiency in drug testing and quality control. With
their unique physicochemical properties, nanoma-
terials have revolutionized various aspects of phar-

maceutical analysis, enabling advancements in drug

detection, quantification, and characterization. This
essay explores the recent findings and applications of
nanomaterials in pharmaceutical analysis, shedding
light on their transformative impact on the industry
(Pandit &Zeugolis, 2016; Vertelov et al., 2007; Her-
nandez-Santos et al., 2002; Li et al., 2012; Kumar et al.,
2015; Woltbeis 2015).

Different Role

i. Nanomaterials in Drug Analysis

Nanomaterials have redefined drug analysis by

providing novel platforms for the detection and quan-
tification of pharmaceutical compounds. One signif-
icant application is chromatographic separations,
where nanoparticles are utilized as stationary phases
to improve resolution and selectivity. Using magnetic
nanoparticles in sample preparation has also gained
prominence, enabling efficient extraction and puri-
fication of analytes from complex matrices (Sharma
&Chaudhery, 2020; Priscila et al., 2017).

ii. Nanoparticles in Spectroscopic Techniques

Spectroscopic techniques, such as UV-Vis,
fluorescence, and Raman spectroscopy, have seen re-
markable enhancements by incorporating of nanoma-
terials. Quantum dots, gold nanoparticles, and carbon
nanotubes have been employed as labels or probes to
amplify signals and increase sensitivity. Moreover,
surface-enhanced Raman scattering (SERS) has lev-
eraged the plasmonic properties of nanoparticles for

ultrasensitive detection of drugs, even at trace levels.
iii. Nanomaterials in Mass Spectrometry

Nanomaterials have revolutionized mass spec-
trometry-based pharmaceutical analysis. Nanoparti-
cles are employed as matrix-assisted laser desorption/
ionization (MALDI) matrices, improving analyte
ionization and detection. Additionally, nanomaterials
such as graphene and metal-organic frameworks have
been utilized for selective enrichment of analytes, en-
hancing detection limits and, reducing matrix inter-
ferences (Hecht et al., 2021).

iv. Biosensors and Nanomaterials

Nanomaterials-based biosensors have trans-
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formed pharmaceutical analysis by providing rapid,
specific, and sensitive detection methods. Nanopar-
ticles are functionalized with bio receptors, such as
antibodies or aptamers, to recognize target analytes.
These biosensors have applications in detecting drugs,
pathogens, and biomarkers, offering point-of-care di-
agnostics and real-time monitoring.

v. Nanomaterials for Imaging

Nanomaterials have enabled revolutionary ad-
vances in pharmaceutical imaging techniques. Vari-
ous nanoparticles, such as magnetic nanoparticles,
quantum dots, and silica nanoparticles, enhance the
quality and sensitivity of imaging modalities like
magnetic resonance imaging (MRI), computed to-
mography (CT), and fluorescence imaging. These
advances have facilitated non-invasive monitoring of
drug distribution, metabolism, and targeting within

biological systems.
vi. Nanomaterials in Quality Control

Pharmaceutical quality control relies on rigor-
ous testing to ensure drug safety and efficacy. Nano-
materials have streamlined this process by offering
rapid and sensitive analytical methods. Nanoparticles
can be used as indicators for colorimetric and elec-
trochemical assays, providing easy-to-read results
for pharmaceutical analysis. These tools expedite re-
lease testing and batch-to-batch consistency checks
(Bhavyasri et al., 2023; Nkanga, 2023).

While integrating nanomaterials in pharmaceutical
analysis holds immense potential, challenges persist.
Issues related to reproducibility, standardization, and
regulatory approval must be addressed. Additionally,
nanomaterial’s potential toxicity requires careful eval-
uation to ensure their safe application in pharmaceu-
tical analysis. The future of nanomaterials in pharma-
ceutical analysis is promising. Continued research and
development are expected to yield innovative nanoma-
terials-based analytical platforms, providing enhanced
accuracy, speed, and sensitivity. As nanotechnology
continues to evolve, collaborations between research-
ers, pharmaceutical companies, and regulatory bodies
will be crucial to harness its full potential and ensure

its safe and effective implementation.
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CONCLUSIONS

So nanotechnology has led to the creation of a
diverse array of nanomaterials with distinct proper-
ties, functionalities, and applications in every aspect
of drug delivery and biomedicine, which will help in
the longevity of human life span. These materials can
encapsulate drug molecules, target them, and release
therapeutic agents with precision, which has opened
new avenues in personalized medicine and improved
patient outcomes. Though these miracle particles
are front runner in disease treatment, still many ar-
eas must have to be addressed and solved related to
their stability, biocompatibility, and potential toxicity
through thorough evaluation to ensure patient safety.
Additionally, the scalability of nanomaterial synthesis
and the regulatory approval process require careful
consideration to bring these innovative technologies
from the lab to clinical practice. As the field of nano-
materials continues to evolve, the pharmaceutical
industry stands poised to benefit from their transfor-
mative impact, ultimately leading to safer and more
effective drugs for patients worldwide.
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