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ABSTRACT

A comprehensive in vitro testing method has been developed and validated for
accurately quantifying N-Carbamylglutamate (Carglumic acid) using a high-
performance liquid chromatography instrument with a diode array detector. A
method specifically developed for pharmaceutical quality control utilizes a
reverse-phase C18 column for precise and reliable measurement of Carglumic acid.
The chromatographic parameters were refined for peak resolution, employing a
phosphate buffer and acetonitrile as the mobile phase, with detection setup at 205
nm. The method was validated under ICH Q2(R2) requirements. The approach
exhibited a significant level of specificity, with no interference from excipients or
other possible impurities. Linearity was achieved across the entire concentration
range, yielding an R? value of 0.999. Precision (RSD < 2) was demonstrated
by intra- and inter-day variability being within acceptable limits. Recovery tests
validated accuracy (98 — 102%). Determining the limit of detection (LOD, 0.1
ppm) and the limit of quantitation (LOQ, 0.5 ppm) was conducted. This in vitro
test method was valid and effective for the routine quantification of Carglumic
acidin pharmaceutical formulations, serving as a crucial tool for ensuring product
quality and regulatory compliance. The methods’ elevated sensitivity and
endurance make it appropriate for bioanalytical applications, such as dissolution
testing and stability analysis.

Keywords: CarglumicAcid,N-Carbamylglutamate, invitro, N-carbamylglutamate
dissolution
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1. Introduction

The development of reliable, accurate, and precise
analytical methods is essential in the pharmaceutical
sector to ensure the safety and efficacy of such medi-
cations. N-Carbamylglutamate, a synthetic deriva-
tive of Carglumic Acid, has a very significant role
in the management of inherited urea cycle disorders
[1-10]. The rising need for precise quantification of
Carglumic acid highlights the necessity for a reliable
analytical approach. Present techniques are either
unsuitable or not fully set for pharmaceutical appli-
cations [11].

N-carbamyl-L-glutamic acid (Carglumic acid) is a
white to off-white crystalline powder. The molecu-
lar weight is 190.17 g/mol, and it exhibits polymor-
phism, which influences its physical stability and
solubility under various conditions. Although it is
highly soluble in water, it has low solubility in or-
ganic solvents such as methanol and ethanol, mak-
ing aqueous solutions the preferred medium for its
production. Carglumic acid’s hygroscopic character-
istics need storage in moisture-controlled conditions
to prevent deterioration and maintain its therapeutic
integrity over time [12,13].

This substance’s pKa value is approximately 3.1,
indicating its acidic properties and optimal stability
in slightly acidic to neutral pH circumstances. It is
prone to degradation in highly acidic or basic set-
tings, which can reduce its potency if not properly
prepared and stored. As a result, understanding its
physicochemical properties is critical for developing
reliable analytical processes and ensuring consist-
ency in pharmaceutical manufacturing [14].

Because of their sensitivity, high-performance lig-
uid chromatography (HPLC) methods are ideal for
precisely measuring carglumic acid. These charac-
teristics also influence its dissolving properties, par-
ticularly in formulations designed for oral adminis-
tration. Enhancing dissolution profiles, which com-
monly involve using phosphate buffer solutions at
pH 6.8, ensures bioavailability and therapeutic effi-
cacy. These characteristics underline the importance
of methodically designing analytical and stability
testing to maintain the purity and efficacy of carglu-
mic acid in pharmaceutical applications [15-19].

This study aims to provide a validated in vitro as-
say utilizing use of high-performance liquid chro-
matography via a diode array detector (HPLC-DAD)
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for the precise quantification of Carglumic acid in
pharmaceutical formulations. The methodology
prioritizes the optimization of chromatographic pa-
rameters, including mobile phase composition and
detection wavelength, to ensure the precise separa-
tion and quantification of Carglumic acid [20-23].
A reverse-phase C18 column was eluted by a buffer
and acetonitrile-containing mobile phase, and DAD
was set to 205 nm [24]. Validation was performed
under The International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for
Human Use (ICH Q2(R2)) recommendations, ad-
dressing essential parameters like specificity, linear-
ity, precision, accuracy, and sensitivity. This in vitro
assay method offers accurate quantification and ena-
bles key quality control protocols in pharmaceutical
production [25-29]. This assay method signifies a
major enhancement in the analytical testing of Carg-
lumic acid, providing increased sensitivity, accuracy,
and robustness relative to current methodologies.
The validated method is also appropriate for exten-
sive bioanalytical applications, such as dissolution
and stability testing, rendering it a significant asset
in pharmaceutical quality control [30].

Besides the HPLC-DAD method, an in vitro dissolv-
ing system was utilized to assess the release profile
of Carglumic acid (Figure 1) from pharmaceutical
formulations [14, 23, 24]. Dissolution tests were
conducted with a phosphate buffer (pH 6.8) as in-
vitro system media, effectively simulating the intes-
tinal environment and rendering it appropriate for
orally administered medicines [22, 25]. The dissolv-
ing method guarantees precise measurement of the
drug’s release kinetics, yielding critical data for bio-
availability and therapeutic efficacy [34—37]. The pH
6.8 buffer was chosen for its applicability in mimick-
ing the physiological setting of the small intestine,
the primary site for medication absorption [38—41].
This configuration facilitates the examination of dis-
solving rates and guarantees that the formulations
comply with regulatory standards for dissolution
testing [42—48].

This study highlights the necessity of establishing an
efficient in vitro test method for quantifying Carg-
lumic acid, given its significance in treating genetic
urea cycle diseases [49]. Contemporary analytical
techniques, especially those derived from established
pharmacopeial standards, may exhibit insufficient
sensitivity and robustness for regular pharmaceuti-
cal testing. The novel HPLC-DAD test method intro-
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duced here seeks to address these flaws by providing
improved precision, sensitivity, and reproducibility
[19, 42-51]. Moreover, the verified method could
significantly improve laboratory efficiency, facilitat-
ing quality control and regulatory compliance in the
pharmaceutical industry [21, 52-55].
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Figure 1. Chemical Structure of Carglumic Acid

2. Material and Methods

Carglumic acid, which was procured from Nuray
Chemicals, India, had an assay of 99.6% w/w on
an as-is basis. In addition, HPLC-grade LiChrosolv
acetonitrile, as well as 85% (LiChropur, Germany)
ortho-phosphoric acid and potassium dihydrogen
phosphate (LiChropur, Germany), were sourced,
through Supelco (Merck, Darmstadt). Furthermore,
other reagents, including hydrochloric acid (ACS
Reagent, Germany), sodium chloride (Emsure, Ger-
many), sodium acetate (Emsure, Germany), glacial
acetic acid (Emsure, Germany), and sodium hydrox-
ide (Emsure, Germany), were also obtained from the
same supplier (Merck, France). Moreover, Milli-Q
water, generated by the Millipore purification sys-
tem, was consistently used as the dissolving medium,
diluent, and for the preparation of mobile phases.

2.1. Instrumentation

This study utilized an Agilent Infinity II HPLC
(1260) system (USA), which included a 1260 Quat
Pump (G7111B), a 1260 MCT (G7116B), a 1260 Vial
Sampler with a column oven (G7129A), and a 1260
DAD WR detector (G7115A) for analytical purposes.
In addition, the dissolution testing was performed
using a Distek Dissolution (USA) system that fea-
tured the Eclipse 5300 and Dissolution System 2500,

339

alongside Mettler Toledo (XPR205, Switzerland)
analytical balances and SevenExcellence pH me-
ters (S475-K, Switzerland). Furthermore, the Waters
(USA) HSS T3; Xselect Peptide column (186008870,
250 x 4.6 mm, 5.0 um particle size) was chosen for
the chromatographic separation.

2.2. Preparation of the Dissolution Media

pH 6.8 media: A 0.2 M solution of potassium di-
hydrogen phosphate was prepared by first weighing
27.22 g of KH,PO,, dissolving it in a minimal amount
of water, and then diluting it to a total volume of
1000 mL with filtered water. Additionally, a 0.2 M
sodium hydroxide solution was created by weighing
8.4 g of NaOH, dissolving it in a small amount of
water, and subsequently adjusting the final volume
to 1000 mL using distilled water. To formulate a pH
6.8 phosphate buffer, 250.0 mL of the 0.2 M potas-
sium dihydrogen phosphate solution was mixed with
112.0 mL of the 0.2 M sodium hydroxide solution,
and this mixture was further diluted to a final volume
of 1000 mL with distilled water.

PH 4.5 media: An acetate buffer solution with a tar-
get pH of 4.5 was prepared by first dissolving 17.94
g of sodium acetate trihydrate into 6000 mL of wa-
ter. After ensuring the complete dissolution of the
sodium acetate, 9.96 mL of glacial acetic acid was
gradually added to the solution, followed by thor-
ough mixing to ensure homogeneity. The solution’s
pH was then carefully monitored and adjusted to 4.5
+ 0.05 using a calibrated pH meter, adding small
amounts of either acetic acid or sodium acetate as
needed to achieve the desired pH range. Once the pH
was confirmed to be within the specified range, the
solution underwent filtration through a 0.45 pm hy-
drophilic membrane filter to remove any particulate
matter and ensure clarity.

PH 1.2 media: A 0.2 M sodium chloride solution was
prepared by accurately weighing 23.38 g of sodium
chloride (NaCl), which was then transferred into a
2000 mL volumetric flask. The salt was initially dis-
solved in 1000 mL of distilled water with constant
stirring until fully dissolved. The solution was then
diluted to a total volume of 2000 mL by adding more
distilled water. Similarly, a 0.2 M hydrochloric acid
solution was prepared by carefully adding 50.0 mL
of concentrated hydrochloric acid (HCI) to a 3000
mL volumetric flask partially filled with distilled
water. The mixture was stirred thoroughly to ensure
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even distribution, and then additional distilled water
was added to bring the final volume up to 3000 mL.
For the preparation of the pH 1.2 acid solution, a pre-
cise combination of 2550 mL of 0.2 N hydrochloric
acid, 1500 mL of 0.2 M sodium chloride, and 1950
mL of distilled water were mixed. This mixture was
thoroughly stirred to ensure uniformity and achieve
the intended pH level. [56, 57].

2.3. Preparation of the Mobile Phase

To prepare the solution, 27.2 g of potassium dihy-
drogen phosphate was carefully weighed and trans-
ferred into a suitable container. It was then dissolved
in 1000 mL of water, ensuring complete dissolution
by stirring thoroughly. Following this, the pH of the
solution was carefully adjusted to 2.5 £ 0.05 using
small increments of phosphoric acid, with constant
pH monitoring to achieve the desired range. After
reaching the target pH, the solution was combined
with acetonitrile in a 98:2 volume-to-volume ratio,
ensuring thorough mixing to achieve a homogeneous
mixture. The final step involved filtering the solution
through a 0.45 pm hydrophilic PTFE membrane filter
to remove any particulate matter, thereby ensuring a
clear and purified solution.

2.4. Preparation of Standard Solution

To prepare the standard solution, 20 mg of carglu-
mic acid reference standard was accurately weighed
and then transferred into a 50 mL volumetric flask.
The reference standard was initially dissolved with
a small amount of pH 6.8 phosphate buffer solution,
followed by further dilution up to the 50.0 mL mark
using the same buffer, ensuring complete dissolution.
The solution was then agitated for 30 minutes using
a magnetic stirrer to ensure uniformity. Next, 2.0 mL
of this primary solution was carefully pipetted and
transferred into a separate 20 mL volumetric flask. It
was further diluted to 20.0 mL with a diluent contain-
ing 40 ug/mL of carglumic acid, achieving the re-
quired concentration. The resulting standard solution
was found to be stable for up to 74 hours when stored
at a temperature of 5 °C, ensuring its suitability for
subsequent analytical procedures.

2.5. Preparation of the Test Solution

The process begins by placing a commercially avail-
able tablet (which contains 200 mg of carglumic acid
as the active ingredient) into a weighing container to
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record its initial mass accurately. The tablet is then
dissolved by adding 2.5 mL of water, ensuring it be-
gins to disintegrate. The partially dissolved tablet is
transferred into a dissolution vessel containing 700
mL of phosphate buffer solution, maintained at pH
6.8 and a constant temperature of 37 °C. To ensure
complete transfer, the container is rinsed with 50 mL
of pre-heated phosphate buffer solution, matching
the same pH and temperature. After the dissolution
period, a sample is collected from the medium for
analysis. Specifically, 3.0 mL of this sample is with-
drawn and mixed with 10.6 mL of pH 6.8 phosphate
buffer solution, followed by further dilution to a total
volume of 20.0 mL using a diluent containing 40 ug/
mL of carglumic acid. The prepared standard solu-
tion demonstrates stability for up to 60 hours when
stored at 5 °C, ensuring reliable results over this du-
ration.

2.6. Method Development Studies

Initially, a suitable dissolution medium was chosen
for the method development studies, and the stabil-
ity and solubility of Carglumic acid in this medium
were evaluated. This investigation utilized a 750
mL phosphate buffer at pH 6.8. In the profile tests
performed in pH 1.2 and pH 4.5 conditions, sam-
ples obtained from the dissolving system were di-
luted with pH 6.8 buffer to preserve a consistent pH
and assure stability throughout the testing process.
In the HPLC system, the introduction of organic
solvent resulted in peak shifting or distortion over
time, possibly due to the elevated buffer concentra-
tion. Consequently, a completely aqueous mobile
phase was selected and the Waters HSS T3 col-
umn was chosen. The total analysis duration was
12 minutes, with a column temperature of 30 °C.
A sample temperature of 5 °C was maintained to
guarantee sustained stability. A wavelength of 205
nm was selected for this procedure, informed by the
UV spectra from previously established impurity
methods. The analytical technique parameters are
detailed in Table 1, while the parameters of the dis-
solution system are enumerated in Table 2.

2.7. Validation Parameters

ICH, plays a crucial role in establishing the accuracy
and reliability of analytical procedures used within
the pharmaceutical industry. This methodology was
developed in accordance with both ICH Q2(R2)
guidelines and the European Pharmacopoeia (EP)
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Table 1. Method Parameters of HPLC Instrument

Parameters
Column C18; HSS T3; Xselect Peptide; 250 x 4.6 mm,
5 pm (Waters)
Wavelength (nm) 205 nm
Mobil Phase 200 mM, pH 2.5 phosphate buffer: Acetonitrile 98:2 (v/v)

Flow Rate (mL/min)
Column Temperature (°C)
Sampler Temperature (°C)

Injection Volume (pL)

Run Time (min)

1.1 mL/min
30°C
5°C
100 uL

12 min

Table 2. Method Parameters of Dissolution System

Parameters

Apparatus

Volume

Rate

Temperature

Medium

Time

Apparatus II (Paddle)
750 mL
100 rpm
37°C
pH 6.8 Phosphate buffer

15 min

standards, ensuring compliance with global require-
ments. The validation process included a thorough
evaluation of several critical parameters, such as
stress testing to assess method stability, specific-
ity to confirm the method’s ability to identify the
analyte accurately, system compatibility to verify
the instrument’s performance, as well as precision,
linearity, and range to determine the method’s con-
sistency and scope. Additionally, robustness testing
was performed to evaluate the method’s reliability
under varied conditions, while limits of quantifica-
tion (LOQ) and detection (LOD) were established to
ensure the method’s sensitivity. This rigorous vali-
dation confirmed that the analytical procedure was
well-suited for its intended purpose. Furthermore,
stability assessments were carried out across differ-
ent storage conditions to verify the method’s durabil-
ity over time.
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2.7.1. System Suitability

The implementation of this test is crucial for suc-
cessful method development, ensuring that both the
LC equipment and the analytical method consist-
ently deliver accurate and reproducible results. To
assess system suitability, six consecutive injections
of a standardized solution were performed. During
this assessment, key parameters such as capacity fac-
tor (k’), retention time (tR), theoretical plates, peak
area, and the tailing factor of carglumic acid were
carefully measured at a wavelength of 205 nm. The
relative standard deviation (RSD) percentage was
calculated for the peak area, retention time (tR), the-
oretical plates, and tailing factor to confirm the sys-
tem’s performance. According to the standards estab-
lished by the European Directorate for the Quality of
Medicines & HealthCare (EDQM, EP 2.2.46), it is
mandated that the RSD for the peak area should not
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exceed 0.85% across the six injections. Additionally,
the tailing factor is required to be within an accept-
able range of 0.8 to 2.0, while the number of theoreti-
cal plates must be greater than 2000 to demonstrate
adequate column efficiency and separation quality.
This comprehensive evaluation ensures that the sys-
tem and method meet stringent criteria, thereby af-
firming their reliability for analytical applications.

2.7.2. Specificity

Specificity is an essential parameter in liquid chro-
matography, as it demonstrates the method’s abil-
ity to distinctly separate the analyte from complex
sample matrices, ensuring that no interference is
present from solvents in the chromatograms of car-
glumic acid and its related impurities at the speci-
fied wavelength. To confirm the specificity of the
method, a thorough analysis was conducted on chro-
matograms obtained from blank solutions, including
the mobile phase and solvents, along with placebo
formulations and their mixtures. These evaluations
were performed rigorously at various quality control
levels to ensure the method’s ability to accurately
identify and quantify carglumic acid without inter-
ference from other components. This comprehensive
approach verifies that the method is highly selective
for the analyte, thereby supporting its suitability for
analytical purposes.

2.7.3. Linearity and Range

To evaluate the linearity of the method, five cali-
bration solutions with varying concentrations were
prepared, covering a range of the limit of quantifica-
tion up to 60 ug/mL. A calibration curve was con-
structed by plotting the concentration of carglumic
acid on the x-axis and the corresponding peak areca
on the y-axis, which enabled a clear visualization of
the relationship between concentration and detec-
tor response. From this plot, a regression equation
was derived, providing a mathematical expression of
the linear relationship. For each calibration solution,
the response ratio was calculated by dividing the
observed peak area by the respective concentration.
This step ensured a consistent measure of detector re-
sponse across the different concentrations, confirm-
ing the method’s linearity within the specified range.

2.7.4. Accuracy

This study involved the preparation of three samples
at the limit of quantification, specification value, and
150% concentration levels. The objective was to as-
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sess the alignment between anticipated and actual
outcomes. The assessment criteria established that
the relative standard deviation (RSD) for each re-
sult must remain below 2%, with a recovery range
0f 95-105%.

2.7.5. Precision

Precision evaluates the consistency and reliability of
an analytical method. This is established by modi-
fying several factors and verifying that these altera-
tions do not affect the method or its efficacy. Consid-
ered factors include

e intraday variability.

e employment of an alternative analytical column
(same brand, differing lot number)

o utilization of distinct instruments
2.7.6. Limit of Quantification and Limit of Detection

The method’s sensitivity was assessed by determin-
ing the limit of quantification (LOQ) and limit of
detection (LOD), both essential for identifying sam-
ples at low concentrations, which is significant for
in vitro analysis. The LOQ denotes the minimum
concentration for accurate quantification, whereas
the LOD signifies the lowest detectable level of im-
purities. The calculation method for LOQ and LOD
was based on the signal-to-noise ratio (S/N) method
described in EP 2.2.46, and the calculations were
performed using HPLC software (Openlab CDS).
The method consistently measures carglumic acid
at low concentrations, enhancing its applicability in
pharmaceutical quality control and ensuring accu-
rate detection of trace dissolution during dissolution/
in vitro testing.

2.7.7. Solution Stability

To evaluate the practical application of the proposed
analytical method, an extensive study was conduct-
ed to assess the stability of carglumic acid solutions
over time. Solution stability is a vital aspect, as it di-
rectly influences the integrity of the impurity profile,
ensuring that it accurately reflects real-world condi-
tions. This study involved monitoring carglumic acid
solutions under the specified storage conditions and
duration to determine whether any degradation oc-
curred. The findings indicated that carglumic acid
solutions maintained their stability throughout the
entire storage period, with no significant changes in
composition. This result not only validates the ro-
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bustness and reliability of the method but also dem-
onstrates its suitability for routine analysis, ensuring
consistent and accurate impurity profiling during
real-world applications.

2.7.8. Filter Selection

Selecting an appropriate filter is a crucial step in im-
purity analysis, as it impacts both the accuracy and
precision of the results. Extensive research and test-
ing were conducted to identify the optimal filter for
sample preparation, ensuring the effective removal
of potential interferences while preserving the target
impurities. Among the various filters tested (0.45
pm hydrophilic PTFE, 0.45 um Nylon, 0.45 um Cel-
lulose acetate), the hydrophilic PTFE filter showed
superior performance by efficiently retaining im-
purities while minimizing sample loss. This not
only enhanced the overall efficiency of the sample
preparation process but also improved the method’s
reliability. To validate the performance of the fil-
ters, samples prepared using different types of filters
were analyzed via HPLC over six consecutive injec-
tions, with results compared to non-filtered samples
obtained through centrifugation. This comparative
analysis confirmed that the hydrophilic PTFE filter
consistently provided accurate and precise results,
making it the preferred choice for the analytical
method.

2.7.9. Robustness (Design of Experiment)

A robustness study employing the Plackett—Burman
design was conducted to systematically evaluate the
influence of multiple factors on the performance of
the analytical method, particularly for impurity anal-
ysis in carglumic acid. The primary objective of this
study was to identify key factors that could poten-
tially affect the method’s robustness and to assess its
sensitivity to variations in these parameters.

3. Results and Discussion

3.1. Method Development for HPLC and

Dissolution System

The method development efforts were advanced pri-
marily for two systems: the HPLC component and
the simultaneous development of the dissolution
method. The decisions regarding the dissolution sys-
tem, such as the selection of the appropriate mobile
phase and working range, were interdependent and
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progressed concurrently.

One of the key aspects of method development in the
HPLC system was ensuring an appropriate separa-
tion and peak shape. The differing pH levels of the
dissolution media resulted in alterations to the pH
of the mobile phase, leading to complications such
as peak shifts and distortions in peak shape, nota-
bly manifested as tailing factors. To address this, a
200 mM phosphate buffer was selected as the mobile
phase. Previous studies have shown that the optimal
pH for obtaining a suitable peak shape for Carglu-
mic acid was 2.5 or lower. Consequently, this pH
was adopted based on experimental results, and an
aqueous mobile with a low amount of organic (ace-
tonitrile) solvent was preferred. In routine analyses,
to preserve the longevity of the column, a guard col-
umn may be utilized, or the column may need peri-
odic washing with water.

3.2. Validation Results of HPLC Analysis

The result of the developed methods’ specificity is
shown in Figure 2, which demonstrated no inter-
ference to Carglumic acid in HPLC analysis due to
placebo and blank injections. The specificity results
from the validation study are presented below in
Figure 2. All validation results are summarized in a
tabulated form in Table 3.

The method’s robustness was further validated
through the Plackett-Burman experimental design.
The findings of this experimental design are present-
ed in Tables 5 and 6. This robustness study indicated
that the method remained unaffected by minor vari-
ations, and the validation of the method was final-
ized. The method yielded linear results from 0.5 ppm
(LOQ) to 60 ppm.

During the evaluation of chromatographic parame-
ters using the Plackett-Burman experimental design,
the statistical analysis revealed that the model lacked
statistical significance and displayed a low explana-
tory coefficient, indicating that the model did not
adequately explain the variations observed. Despite
this outcome, the analytical method itself proved to
be robust, as it maintained consistent performance
even when subjected to minor variations in chro-
matographic conditions. This robustness suggests
that the method is reliable and capable of produc-
ing accurate results, despite potential fluctuations in
operational parameters, thus confirming its suitabil-
ity for routine analytical use. To achieve robustness,
key chromatographic parameters were carefully op-
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Figure 2. Representative chromatograms obtained by developed HPLC method: a) pH 1.2 media, b) pH 4.5 media, c) Placebo
solution, d) Standard solution, e) Test solution and f) pH 6.8 media.

Table 3. Summary of validation results of each parameter

Validation Parameters Acceptance Criteria Results
0 —
System Suitability %RSD < 0.85 for N = 6 injections A’REID: 2'17
P No interference from blank, placebo between carglumic No interference
Specificity .

acid peak observed

. 2 .

Lincarity and Range R2>0.99 Complies (R*>0.9997 in the range of

0.5 ppm to 60 ppm)

Should be within the

0.5 pg/mL (1.0%), 40 pg/mL Complying, all accuracy results are

1 1 0/ 0,
Accuracy (100%), 60pg/mL (150%) limit of 98%102% within the limit of 98-102%, Table 4.
for each sample
%RSD of precision and intermediate
precision complies with the limit.
Precision=99.25 + 0.45
. . %RSD= 0.18 (N=6)
0, =
Precision 7RSD <2 N =6 cach day, intra days Intermediate Precision=98.94 + 0.38
%RSD= 0.15 (N=6)
Intra days=99.10 £ 0.12
%RSD=0.18 (N=12)
LOQ _ _ _ _
s/N>10 (RSD % < 10)N=6 Xs/N= 12'3?2?)];_3'2’ N=6)
LOD/LOQ Lon SN~ 25 (N=2)
2<s/N<3 0-1 ppm
timized to ensure that minor fluctuations would not Afiltration study was necessary for the samples taken
impact analytical outcomes. This optimization con- from the dissolution medium and transferred to the
firmed the method’s resilience, supporting its reli- HPLC system. The results of this study are presented
ability for routine analytical applications. below in Table 7. The suitable filter was determined
to be a 0.45 pm hydrophilic PTFE syringe filter.
Volume 44 / Number 4 / December 2024 / pp. 337-350 344 Arabaci et al.
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Table 4. Results of accuracy parameter.

Accuracy Solution Concentration (pg/mL) Recovery (%) Mean (%)

101.55%
Accuracy Solution (a) 0.5 pg/mL 101.51% 101.38%
101.09%

100.71%
Accuracy Solution (b) 40 pg/mL 100.67% 100.70%
100.72%

100.78%
Accuracy Solution (c) 60 ng/mL 101.15% 100.78%
100.40%

Table 5. Plackett - Burman Experimental Design run order

Run Order pH of Mobile Phase Column Temperature (°C) Flow Rate (mL/min) ‘Wavelength (nm)
1 2.4 28 1.15 203
2 24 32 1.15 207
3 2.6 28 1.15 207
4 24 28 1.05 203
5 2.6 32 1.05 207
6 2.6 32 1.15 203
7 2.4 32 1.15 203
8 2.4 28 1.05 207
9 24 32 1.05 207
10 2.6 28 1.15 207
11 2.6 32 1.05 203
12 2.6 28 1.05 203

Table 6. Results of Plackett — Burman Experimental Design Analysis

H of Mobil Col Flow Rat L/ R Value
Results piL ot Mobile olumn ow ? e(m Wavelength (nm)  Model
Phase Temperature (°C) min)
Model
%Carglumic Acid 0.112 0.226 0.762 0.412 0.305 0.4581
Tailing Factor 0.485 0.811 0.655 0.354 0.581 0.8894

345 ISSN: 2458 - 8806
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Dissolution studies were conducted in three different
in vitro environments, which will be utilized during
the product development. The specification for the
product’s dissolution medium is Q > 90% within 15
minutes. This dissolution criterion was achieved in
all environments tested. Results of dissolution analy-
sis is shown in Figure 3.

Table 7. Filter Selection Results

4. Conclusions

The present study efficiently developed and validated
a reliable in vitro method for quantifying Carglumic
acid, combining high-performance liquid chroma-
tography with a diode array detector (HPLC-DAD).
The method’s efficacy is attributed to its reliability,

0.45 pm 0.45 pm 0.45 pm
o,
Run Order Unfiltered Results % Hydrophilic PTFE Nylon Cellulose Acetate
1 500.1 500.2 495.1 495.4
2 500.8 500.7 497.5 4933
3 500.4 501.1 494.2 491.1
4 501.5 500.9 496.2 492.5
5 500.4 500.1 495.8 492.7
6 500.2 500.4 4943 494.8
Mean 500.6 500.6 495.5 4933
RSD 0.10 0.08 0.25 0.32
%Consistency - 100.0 98.9 98.6
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Figure 3. Dissolution profiles of in-house carglumic acid tablet in pH 1.2, pH 4.5, and pH 6.8 dissolution media
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precision, and sensitivity, according to ICH Q2(R2)
guidelines and conforming to pharmaceutical in-
dustry requirements. The approach demonstrated
excellent specificity, precision, and linearity across
a broad concentration range, achieving a correla-
tion coefficient (R?) of 0.99. This high level of per-
formance was attained by utilizing a reverse-phase
C18 column, which effectively separated the analyte
from potential impurities. The chromatographic pa-
rameters were carefully optimized, including adjust-
ments to the mobile phase composition and setting
the detection wavelength to 205 nm, which enhanced
the sensitivity and selectivity of the analysis. This
optimization ensured that the method could consist-
ently deliver accurate and reproducible results over
a wide concentration range, confirming its reliabil-
ity for analytical applications. The findings demon-
strated negligible interference from excipients and
contaminants, rendering it exceptionally appropriate
for standard quality control applications within the
pharmaceutical sector.

Additionally, the study validated the method’s ro-
bustness to slight variations in chromatographic
conditions, as confirmed by employing the Plackett-
Burman experimental design. Despite the model cre-
ated to evaluate the impact of chromatographic con-
ditions lacking statistical significance, the approach
consistently shows durability and precision. This
analytical method has also demonstrated applicabil-
ity for extensive bioanalytical applications, such as
dissolution and stability testing, rendering it a sig-
nificant instrument in evaluating product quality and
bioavailability.

The in vitro dissolution method, developed to simu-
late the conditions of the intestinal environment (pH
6.8), employs a medium specifically chosen based on
its inclusion in the reference product’s patent speci-
fications. [66] This choice underscores the relevance
of pH 6.8 as a critical parameter for assessing the
release profile of orally administered pharmaceuti-
cals. By providing significant insights into the drug
release kinetics, this method proves essential for un-
derstanding the dissolution behaviour of Carglumic
acid formulations. Furthermore, the study validates
a reliable analytical approach for quantifying Carg-
lumic acid, thereby contributing to enhanced phar-
maceutical quality control, improved therapeutic
outcomes, and compliance with stringent regulatory
standards for products containing this active phar-
maceutical ingredient. This study provides a validat-
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ed method for quantifying Carglumic acid, thereby
improving pharmaceutical quality control and as-
suring enhanced therapeutic efficacy and regulatory
compliance for formulations containing this active
pharmaceutical ingredient.

Acknowledgments

This research is funded by Elixir Pharmaceuticals
Corporation.

Conflict of Interest

The author/editor has no conflicts of interest, finan-
cial or otherwise, to declare.

Statement of Contribution of Researchers
(Bold, First Letters are Capital Letters)

Example: Concept — B.A., N.E.B.A.; Design — B.A.,
N.E.B.A.; Supervision — N.E.B.A.; Resources B.A.;
Materials — B.A.; Data Collection and/or Process-
ing — B.A.; Analysis and/or Interpretation — B.A.;
Literature Search — B.A.,N.E.B.A.; Writing -
B.A.,N.E.B.A.; Critical Reviews —-N.E.B.A.)

References

1. Levrat V, Forest I, Fouilhoux A, Acquaviva C, Vianey-Saban
C, Guffon N. Carglumic acid: An additional therapy in the tre-
atment of organic acidurias with hyperammonemia? Orphanet
J Rare Dis 2008;3. https://doi.org/10.1186/1750-1172-3-2

2. Sattar Y, Wasiq S, Yasin W, Khan AM, Adnan M, Shrestha S,
et al. Carglumic Acid Treatment of a Patient with Recurrent
Valproic Acid-induced Hyperammonemia: A Rare Case Re-
port. Cureus 2018. https://doi.org/10.7759/cureus.3292

3. Abacan M, Boneh A. Use of carglumic acid in the tre-
atment of hyperammonaemia during metabolic decom-
pensation of patients with propionic acidaemia. Mol Ge-
net Metab 2013;109:397-401. https://doi.org/10.1016/].
ymgme.2013.05.018

4. Alfadhel M, Nashabat M, Saleh M, Elamin M, Alfares A, Al
Othaim A, et al. Long-term effectiveness of carglumic acid
in patients with propionic acidemia (PA) and methylmalonic
acidemia (MMA): a randomized clinical trial. Orphanet J Rare
Dis 2021;16. https://doi.org/10.1186/s13023-021-02032-8

5. Valayannopoulos V, Baruteau J, Delgado MB, Cano A, Co-
uce ML, Del Toro M, et al. Carglumic acid enhances rapid

ammonia detoxification in classical organic acidurias with a

ISSN: 2458 - 8806



Hacettepe University Journal of the Faculty of Pharmacy

10.

11.

12.

13.

14.

15.

16.

17.

favourable risk-benefit profile: A retrospective observational
study. Orphanet J Rare Dis 2016;11. https://doi.org/10.1186/
$13023-016-0406-2

Carglumic acid: new preparation. An advance in rare urea
cycle disorders. Prescrire Int 2004;13:3—4

Carglumic acid: a second look. Confirmed progress in a rare

urea cycle disorder. Prescrire Int 2008;17:50—1
Sharma P, Shah PA, Sanyal M, Shrivastav PS. Challenges in

optimizing sample preparation and LC-MS/MS conditions for
the analysis of carglumic acid, an N-acetyl glutamate derivati-
ve in human plasma. Drug Test Anal 2015;7:763—72. https://
doi.org/10.1002/dta.1774

Daniotti M, la Marca G, Fiorini P, Filippi L. New develop-
ments in the treatment of hyperammonemia: Emerging use
of carglumic acid. Int J Gen Med 2011;4:21-8. https://doi.
org/10.2147/1JGM.S10490

Kiykim E, Zubarioglu T. Low dose of carglumic acid for treat-
ment of hyperammonemia due to N-acetylglutamate synthase
deficiency. Indian Pediatr 2014;51:755-6

United States Pharmacopeia. USP-NF Carglumic Acid. PF
47(6) n.d.

Hart EJ, Powers-Lee SG. Role of Cys-1327 and Cys-1337 in
Redox Sensitivity and Allosteric Monitoring in Human Carba-
moyl Phosphate Synthetase. Journal of Biological Chemistry
2009;284:5977-85. https://doi.org/10.1074/jbc.M808702200

Kasapkara CS, Ezgu FS, Okur I, Tumer L, Biberoglu G, Ha-
sanoglu A. N-carbamylglutamate treatment for acute neona-
tal hyperammonemia in isovaleric acidemia. Eur J Pediatr
2011;170:799-801. https://doi.org/10.1007/s00431-010-1362-
9

National Center for Biotechnology Information (2024). PubC-
hem Compound Summary for CID 121396, Carglumic Acid.
Https://PubchemNcbiNImNihGov/Compound/Carglumic-
Acid n.d.

SrinivasaRao D, Venkateswarlu T, Rama Krishna G. Interna-
tional Journal of Pharmaceutical, Chemical and Biological
Sciences Development and Validation of HPLC Method of
Dissolution Test for Metoprolol Succinate and Cilnidipine. Int
J Pharm Chem Biol Sci n.d.;2015:971-81

Xu X, Gupta A, Faustino P, Sathe PM, Sayeed VA, Khan MA.
Development and Validation of a HPLC Method for Dissoluti-
on and Stability Assay of Liquid-Filled Cyclosporine Capsule
Drug Products. AAPS PharmSciTech 2013;14:959-67. https:/
doi.org/10.1208/s12249-013-9983-8

Upadhyay Y, Sharma N, Sarma GS, Rawal RK. Application of
RP-HPLC method in dissolution testing and statistical evalua-
tion by NASSAM for simultaneous estimation of tertiary com-
bined dosages forms. J Pharm Anal 2015;5:307—15. https://doi.
org/10.1016/j.jpha.2014.11.001

Volume 44 / Number 4 / December 2024 / pp. 337-350

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

Xu X, Gupta A, Faustino P, Sathe PM, Sayeed VA, Khan MA.
Development and validation of a HPLC method for dissolu-
tion and stability assay of liquid-filled cyclosporine capsule
drug products. AAPS PharmSciTech 2013;14:959-67. https://
doi.org/10.1208/s12249-013-9983-8

Arisoy S, Sayiner O, Comoglu T. Development and Validation
of an In Vitro; Dissolution Method Based on HPLC Analysis
for L-Dopa Release From PLGA Nanoparticles. Bezmialem
Science  2021;9:9-19.  https://doi.org/10.14235/bas.gale-
n0s.2020.3860

Cao W, Xiao L, Liu G, Fang T, Wu X, Jia G, et al. Dietary ar-
ginine and: N -carbamylglutamate supplementation enhances
the antioxidant statuses of the liver and plasma against oxi-
dative stress in rats. Food Funct 2016;7:2303—11. https://doi.
org/10.1039/c5fo01194a

Tuchman M. N-carbamylglutamate Markedly Enhances Urea-
genesis in N-acetylglutamate Deficiency and Propionic Acide-
mia as Measured by Isotopic Incorporation and Blood Biomar-
kers. 2008. https://doi.org/10.1203/PDR.0b013¢318179454b

Arabaci B, Yerlikaya F, Basci Akduman NE. A Novel Method
for Development and Validation of the Degradation Products
Analysis of N-Carbamylglutamate with UHPLC by Using De-
sign of Experiment Approach. ACS Omega 2024. https://doi.
org/10.1021/acsomega.4c01183

Frank JW, Escobar J, Nguyen H V, Jobgen SC, Jobgen WS,
Davis TA, et al. The Journal of Nutrition Nutrient Physio-
logy, Metabolism, and Nutrient-Nutrient Interactions Oral
N-Carbamylglutamate Supplementation Increases Protein
Synthesis in Skeletal Muscle of Piglets 1. vol. 137. 2007.
https://doi.org/10.1093/jn/137.2.315

Debrus B, Guillarme D, Rudaz S. Improved quality-by-
design compliant methodology for method development in
reversed-phase liquid chromatography. J Pharm Biomed Anal
2013;84:215-23. https://doi.org/10.1016/j.jpba.2013.06.013
ICH. Analytical Procedure Development Q14. 2022

Sathuluri K, Bakam R, Jain R, Dande A, Gajbhiye R, Ra-
vichandiran V, et al. Analytical quality by design (AQbD)
in the ICHQ14 guidelines for analytical procedure develop-
ment. Accreditation and Quality Assurance 2024. https://doi.
org/10.1007/s00769-024-01587-w

ICH. Committee for Medicinal Products for Human Use ICH
Q2(R2) Guideline on validation of analytical procedures. 2023
ICH. International Conference on Harmonization of Techni-
cal Requirements for registration of pharmaceuticals for hu-
man use. Harmonised Guideline Quality Risk Management
QI(R1).2023

International Conference on Harmonisation of Technical Re-

quirements for Registration of Pharmaceuticals for Human

Arabaci et al.



Hacettepe University Journal of the Faculty of Pharmacy

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Use Ich Harmonised Tripartite Guideline Validation of Analy-
tical Procedures: Text and Methodology Q2(R1). 2005

ICH. ICH guideline Q4B annex 7 (R2) to note for evaluation
and recommendation of pharmacopoeial texts for use in the

ICH regions on dissolution test-general chapter. 2010

Marzouk HM, Rezk MR, Gouda AS, Abdel-Megied AM. A
novel stability-indicating HPLC-DAD method for determina-
tion of favipiravir, a potential antiviral drug for COVID-19 tre-
atment; application to degradation kinetic studies and in-vitro
dissolution profiling. Microchem J 2022;172:106917. https://
doi.org/10.1016/j.microc.2021.106917

Sahu PK, Ramisetti NR, Cecchi T, Swain S, Patro CS, Panda J.
An overview of experimental designs in HPLC method deve-
lopment and validation. J Pharm Biomed Anal 2018;147:590—
611. https://doi.org/10.1016/j.jpba.2017.05.006

Fda. Dissolution Testing and Acceptance Criteria for Immedia-
te-Release Solid Oral Dosage Form Drug Products Containing
High Solubility Drug Substances Guidance for Industry. 2018

Lee JS, Feijen J. Polymersomes for drug delivery: De-
sign, formation and characterization. Journal of Controlled
Release  2012;161:473-83.  https://doi.org/10.1016/j.jcon-
rel.2011.10.005

Talelli M, Barz M, Rijcken CJF, Kiessling F, Hennink WE,
Lammers T. Core-crosslinked polymeric micelles: Principles,
preparation, biomedical applications and clinical translation.
Nano Today 2015;10:93-117. https://doi.org/10.1016/j.nan-
t0d.2015.01.005

Kamaly N, Xiao Z, Valencia PM, Radovic-Moreno AF, Fa-
rokhzad OC. Targeted polymeric therapeutic nanoparticles:
design, development and clinical translation. Chem Soc Rev
2012;41:2971. https://doi.org/10.1039/c2cs15344k

Croissant JG, Fatieiev Y, Khashab NM. Degradability and Cle-
arance of Silicon, Organosilica, Silsesquioxane, Silica Mixed
Oxide, and Mesoporous Silica Nanoparticles. Advanced Ma-
terials 2017;29. https://doi.org/10.1002/adma.201604634.

Kassem AA, Abd El-Alim SH, Basha M, Salama A. Phosp-
holipid complex enriched micelles: A novel drug delivery
approach for promoting the antidiabetic effect of repaglini-
de. Eur J Pharm Sci 2017;99:75-84.https://doi.org/10.1016/j.
¢jps.2016.12.005.

Butt S, Hasan SMF, Hassan MM, Alkharfy KM, Neau SH.
Directly compressed rosuvastatin calcium tablets that of-
fer hydrotropic and micellar solubilization for improved
dissolution rate and extent of drug release. Saudi Pharm J
2019;27:619-28. https://doi.org/10.1016/j.jsps.2019.03.002

Sahle FF, Balzus B, Gerecke C, Kleuser B, Bodmeier R. For-
mulation and in vitro evaluation of polymeric enteric nanopar-

ticles as dermal carriers with pH-dependent targeting potential.

349

41.

42.

43.

44,

45.

46.

47.
48.
49.

50.

S1.

52.

53

54.

European Journal of Pharmaceutical Sciences 2016;92:98—
109. https://doi.org/10.1016/j.ejps.2016.07.004

Lovskaya DD, Lebedev AE, Menshutina NV. Aerogels as drug
delivery systems: In vitro and in vivo evaluations. J Superc-
rit Fluids 2015;106:115-21. https://doi.org/10.1016/j.supf-
1u.2015.07.011

Takagi T, Ramachandran C, Bermejo M, Yamashita S, Yu LX,
Amidon GL. A Provisional Biopharmaceutical Classification
of the Top 200 Oral Drug Products in the United States, Great
Britain, Spain, and Japan. Mol Pharm 2006;3:631-43. https://
doi.org/10.1021/mp0600182

Yu LX. Pharmaceutical Quality by Design: Product and Pro-
cess Development, Understanding, and Control. Pharm Res
2008;25:781-91. https://doi.org/10.1007/s11095-007-9511-1

Amidon GL, Lennernds H, Shah VP, Crison JR. A Theore-
tical Basis for a Biopharmaceutic Drug Classification - The
Correlation of In-Vitro Drug Product Dissolution and In-
Vivo Bioavailability. Pharm Res 1995;12:413-20. https://doi.
org/10.1023/A:1016212804288

USP <711> Dissolution. Stage 6 Harmonization. Official De-
cember 1, 2011.

USP-NF (1088) in Vitro and in Vivo Evaluation of Oral Dosa-

ge Forms n.d.

USP-NF (1711) Oral Dosage Forms—Performance Tests n.d.
USP-NF (724) Drug Release n.d.

Singh RH, Rhead WIJ, Smith W, Lee B, King LS, Sum-

mar M. Nutritional Management of Urea Cycle Disorders.
Crit Care Clin 2005;21:S27-35. https://doi.org/10.1016/j.
ccc.2005.08.003

Patel MN, Kothari CS. Multivariate approaches for simulta-
neous determination of avanafil and dapoxetine by UV che-
mometrics and HPLC-QbD in binary mixtures and pharma-
ceutical product. J AOAC Int 2016;99:649-63. https://doi.
org/10.5740/jaoacint.15-0259

ACE UHPLC and HPLC Columns Cannabinoids in Rat Plas-

ma Conditions. n.d.

Azhakesan A, Kuppusamy S. Analytical Quality by Design-
Assisted HPLC Method for Quantification of Canagliflozin
and Stability Studies. ACS Omega 2023;8:7407—14. https:/
doi.org/10.1021/acsomega.2c06038

Azhakesan A, Kuppusamy S. Analytical Quality by Design-
Assisted HPLC Method for Quantification of Canagliflozin
and Stability Studies. ACS Omega 2023;8:7407—14. https://
doi.org/10.1021/acsomega.2c06038

Garg LK, Reddy VS, Sait SS, Krishnamurthy T, Vali SJ, Reddy
AM. Quality by design: Design of experiments approach prior
to the validation of a stability-indicating HPLC method for

ISSN: 2458 - 8806



Hacettepe University Journal of the Faculty of Pharmacy

55.

56.

57.

58.

59.

60.

61.

62.

63.

Montelukast. Chromatographia 2013;76:1697-706. https://
doi.org/10.1007/s10337-013-2509-4

Mahrouse MA, Lamie NT. Experimental design methodo-
logy for optimization and robustness determination in ion
pair RP-HPLC method development: Application for the
simultaneous determination of metformin hydrochloride,
alogliptin benzoate and repaglinide in tablets. Microchemi-
cal Journal 2019;147:691-706. https://doi.org/10.1016/j.mic-
r0c.2019.03.038

Sharma S, Gupta P, Gupta A, Kawish S, Igbal Z, Vohora D,
et al. Rapid Analytical Method Development and Validati-
on of RP-HPLC Method for the Simultaneous Estimation of
Exemestane and Genistein with Specific Application in Li-
pid-Based Nanoformulations. ACS Omega 2023. https://doi.
org/10.1021/acsomega.3c01791

Rozet E, Ziemons E, Marini RD, Boulanger B, Hubert P. Qu-
ality by design compliant analytical method validation. Anal
Chem 2012;84:106—12. https://doi.org/10.1021/ac202664s

Sahu PK, Ramisetti NR, Cecchi T, Swain S, Patro CS, Panda J.
An overview of experimental designs in HPLC method deve-
lopment and validation. J Pharm Biomed Anal 2018;147:590—
611. https://doi.org/10.1016/j.jpba.2017.05.006

De Backer B, Debrus B, Lebrun P, Theunis L, Dubois N, Decock
L, et al. Innovative development and validation of an HPLC/
DAD method for the qualitative and quantitative determinati-
on of major cannabinoids in cannabis plant material. J Chro-
matogr B Analyt Technol Biomed Life Sci 2009;877:4115-24.
https://doi.org/10.1016/j.jchromb.2009.11.004

Hussain A, Ramzan M, Altamimi MA, Khuroo T, Mohd Siddi-
que MU, Alnemer OA. HSPiP, Computational Modeling, and
QbD-Assisted Optimized Method Validation of 5-Fluorou-
racil for Transdermal Products. ACS Omega 2024;9:903—-16.
https://doi.org/10.1021/acsomega.3c07061

Kovaé L, Casar Z, Trdan Lusin T, Roskar R. Development of
an Analytical Method for Determination of Related Substan-
ces and Degradation Products of Cabotegravir Using Analyti-
cal Quality by Design Principles. ACS Omega 2022;7:8896—
905. https://doi.org/10.1021/acsomega.1c07260

Pawar R, Naresh P, Kalva B, Kumar MR, Ravichandiran V,
Ramalingam P. Analytical quality by design approach for the
development of high-performance liquid chromatography
method for simultaneous analysis of metformin and sitaglip-
tin in the presence of major degradation products. J Sep Sci
2024;47. https://doi.org/10.1002/jssc.202300605

Prajapati P, Patel M, Shah S. A robust high-performance thin-
layer chromatography method for the simultaneous estimation
of chlorthalidone and metoprolol succinate using quality risk
assessment and design of experiments-based enhanced analy-

tical quality by design approach. J Planar Chromatogr - Mo-

Volume 44 / Number 4 / December 2024 / pp. 337-350

64.

65.

66.

dern TLC 2021;34:229-42. https://doi.org/10.1007/s00764-
021-00107-7

USP-NF Reagents and Reference Tables, Solutions, Volumet-
ric Solutions. n.d.

United States Pharmacopeia (2024). Reagents, Buffer Soluti-
ons. USP-NF. Rockville, MD: United States Pharmacopeia

Alberto Mattel, Marco Barchielli, Stefano Selva, Eduardo Bol-
zan, (2020), Pharmaceutical formulation for carglumic acid
(W02020239882A1)

Arabaci et al.



