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Abstract: Poly(quercetin) (p(QR)) particles were synthesized by using poly (ethylene glycol) diglycidyl ether
(PEGGE) crosslinker in a single step via a microemulsion system. The morphological, size, and functional
analysis of the prepared particles were examined by optical microscope, scanning electron microscope
(SEM), dynamic light scattering (DLS) measurements, and FT-IR spectroscopy. P(QR) particles were found to
have spherical shape with 372+9 nm size range based on SEM images and DLS measurements. The zeta
potential measurements, performed at different pH conditions, and potentiometric titration of p(QR)
particles revealed that the isoelectric point and pKa values were around pH 2.5 and 2.3, respectively. Ferric
reducing antioxidant power (FRAP) was determined for QR and p(QR) particles at pH 3.6 and found to be 9.4
and 0.43 ug of reduced Fe(ll). The effects of QR and p(QR) particles on a-glucosidase enzyme activity were
investigated at pH 6.9 and QR molecules and p(QR) particles can inhibit the a-glucosidase enzyme by 89.3%
and 24.7%, respectively. The fluorescence spectroscopy of QR and p(QR) with fibrinogen showed that p(QR)
particles do not induce clotting of blood.
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INTRODUCTION

Polyphenolics obtained from natural sources are
known as flavonoids and have natural antioxidant
and antibacterial properties due to the hydroxyl
groups in their chemical structure. They are usually
found in fruits, roots, leaves or stems of plants (1-3).
As they possess antioxidant, antimicrobial and
hemostatic properties, polyphenolics are potentially
considered as drugs for healing cancers and wounds
and attract great interest in many areas including
medicine, food, and cosmetics (4-7). Quercetin (QR)
is a flavonoid commonly found in many plants such
as onion, tea, apple peel, parsley, citrus, sage, white
grapes, red grapes and so on. It was shown in vivo
and in vitro that quercetin can prevent oxidative
stress by capturing free radicals in the body due to
antioxidant properties, can be used in the treatment
of hypertension by lowering blood pressure, and can
prevent inflammation with anti-cancer effects (3).

Some flavonoids such as quercetin are used in the
body and they can interact with enzymes causing
their activation and/or inactivation (inhibition) (8).

It is recognized that enzymes break down sugar and
when long chain sugars are broken down into a sin-
gle molecule sugar unit in the body, they can pass
into the blood causing an increase in glucose level
of the blood. There are many treatments for high
glucose levels, e.g., the use of insulin hormone for
the treatment of hyperglycemia. Also, one of these
treatments is inhibition of the a-glucosidase en-
zyme, and some flavonoids are known to inhibit the
a-amylase enzyme (8-10).

In the biomedical applications of any materials,
there are always interactions with blood and cells
that need to be considered seriously. Fibrinogen is
one of the human plasma proteins that has signifi-
cant and effective role in the coagulation of blood

443


https://doi.org/10.18596/jotcsa.825868
mailto:sahinerm78@gmail.com
https://doi.org/10.18596/jotcsa.825868
https://doi.org/10.18596/jotcsa.825868
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:sahinerm78@gmail.com
https://orcid.org/0000-0001-8666-7954
mailto:sagbasselin@gmail.com
https://orcid.org/0000-0002-3524-0675

Sahiner M, Sagbas Suner S. JOTCSA. 2021; 8(2): 443-452.

and cell adhesion. The concentration of fibrinogen in
the human body can change in the 2-4 g/L range
(11). During the blood coagulation process, fibrino-
gen interacts with thrombin resulting in conversion
to fibrin and subsequent clot formation. Preserving
the proper protein structure and conformation are
also significant factors to maintain the activity of fib-
rinogen. Alteration of fibrinogen is therefore an es-
sential method to study the interaction between ma-
terials and blood (12).

Earlier, our group reported the preparation of p(QR)
nanoparticles by cross-linking QR molecules with
polyethylene glycol glycidyl ether (PEGGE) in
lecithin-gasoline reverse micellar microemulsion
(13). The hydrolytic degradation, hemolysis, blood
clotting index for human blood, cytotoxicity, and
cancer cell viability were reported (13). Here, we re-
port the effects of QR and p(QR) on a-glucosidase
enzyme activity. The solutions of QR molecule and
p(QR) particles at different concentrations were in-
cubated with a-glucosidase enzyme at pH 6.9 to de-
termine the inhibition capability. Furthermore, the
interaction of QR and p(QR) with fibrinogen was in-
vestigated to estimate the coagulation effects in
blood.

MATERIAL AND METHOD

Materials

Quercetin dehydrate (QR, Sigma, =>95%), L-a-
lecithin (granular, Acros Organic, 98%), poly (ethyl-
ene glycol) diglycidyl ether (PEGGE, Mn: 500,
Aldrich), triethylamine (TEA, 99.5%, Sigma Aldrich)
sodium hydroxide (Sigma-Aldrich), gasoline (95 oc-
tane, Total), cyclohexane (99.5%, Sigma-Aldrich),
and ethyl alcohol (Birkim, 9%) were used as re-
ceived. Ultra-pure distilled water was obtained from
GFL, 2108 and Millipore Direct-Q3 UV (18,2 MQ.cm).
Sodium nitrite from Acros, aluminum chloride (Alfa
Aesar), 5,6-Diphenyl-3-(2-pyridyl)-1,2,4-triazine-4,4-
disulfonic acid disodium salt hydrate (Alfa Aesar),
sodium acetate anhydrous (Fisher, 99%), and hy-
drochloric acid (Sigma, 37%) were used for antioxi-
dant tests. Bovine fibrinogen (Alfa Aesar) was used
for fibrinogen interaction. a-Glucosidase from Sac-
charomyces cerevisiae (Sigma Aldrich) and p-nitro-
phenyl- a-D-glucopyranose (Sigma Aldrich) were
used for a-glucosidase activity.

Synthesis of p(QR) particles

P(QR) particles were synthesized by using PEGGE as
crosslinker in  lecithin-gasoline  microemulsion
medium according to a previous procedure with
some modifications (13,14). In short, 3 mL of 0.1 g/
mL concentration of QR in 1 M NaOH aqueous
solution was placed in 150 mL 0.1 M lecithin-
gasoline solution at 50 °C at 750 rpm mixing rate.
After 10 min, PEGGE at 300% mole ratio of QR and
20 pL triethylamine as accelerator were added into
the emulsion medium under constant mixing and
the reaction continued for 12 h at 50 °C. The
prepared p(QR) particles were precipitated via
centrifuge at 10,000 rpm for 10 min. Then, the
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precipitated p(QR) particles were washed with
gasoline and cyclohexane, ethanol:water mixture
three times and then with acetone by using
centrifugation to precipitate/resuspend at 10,000
rom for 10 min. The prepared p(QR) particles were
dried in an oven at 50 °C for further use.

Characterization of p(QR) particles

The morphological structure of p(QR) particles was
assessed by optical microscope (Olympus BX-53)
and scanning electron microscope (SEM, Jeol JSM-
5600 LV). For SEM analysis, p(QR) particles were
coated with gold/palladium and analyzed at 20 kV
operating voltage. Hydrodynamic size distribution of
p(QR) particles was determined by dynamic light
scattering (DLS, Brookhaven Ins. Corp.,
90PIus/BIMAS). Zeta potential (ZP) measurements of
the particles were completed by using Brookhaven
Inst. Corp., BIC ZetaPlus analyzer at different
solution pHs. Briefly, 10 mg of p(QR) particles were
dispersed in 0.001 M 50 mL KCI aqueous solution
and the ZP of the particles was measured in the pH
2-12 range to calculate the isoelectric point (IEP) of
p(QR) particles. DLS and ZP analyses were
measured ten times and the obtained results are
given as averages with corresponding standard
deviations. Potentiometric titration of p(QR) particles
was carried to determine the equivalent point and
pKa values of p(QR) particles. Briefly, 50 mg p(QR)
particles were suspended in 0.01 M 50 mL KCI
aqueous solution, and the pH of this suspension was
adjusted to 2 by using 0.01 M HCI aqueous solution
and titrated by using 0.01 M NaOH aqueous solution
up to pH 12. Thermogravimetric analysis (TGA) of
p(QR) particles was done by using a TG analyzer (SlI
TG/DTA 6300, Japan) in the temperature range 50-
1000 °C. P(QR) particles weighing about 5 mg were
heated at 10 °C/mL heating rate under N
atmosphere with 100 mL/min flow rate.

Determination of antioxidant properties of
p(QR) via iron reduction potential FRAP TEST
The iron reduction potential (FRAP) of QR and p(QR)
particles was investigated with a UV-Vis
spectrophotometer at 595 nm according to the
literature (15,16). Briefly, 0.3 M acetate buffer was
prepared at pH 3.6. Tripyridyl triazine (TPTZ)
solution at 10 mM concentration was prepared using
2.5 mL 40 mM HCI. Acetate buffer with 25 mL
volume was mixed with 2.5 mL of TPTZ solution and
2.5 mL of 20 mM FeClsH,0 (in acetate buffer) was
mixed to obtain Fe(lll)- TPTZ complex. P(QR) were
suspended in acetate buffer at 0.5 mg/mL and QR
molecules were dissolved in ethanol at 0.5 mg/mL.
The FRAP test was done using 3 mL of the prepared
Fe-TPTZ complex solution.

QR solution and p(QR) suspended particles were
prepared as 0.5 mg/mL solution. First, the UV-visible
spectra of the Fe-TPTZ complex was measured at
595 nm, and 5-80 pL volumes of QR and/or p(QR)
particle suspensions were placed into Fe-TPTZ
complex solution and stirred for 4 minutes with
plastic pipette tips. Then, the UV-Vis spectra was
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recorded and the difference between the
absorbance values was calculated as pmol Fe(ll)
reduced. FeS0O,-7H,0 was used as the Fe(ll) source
to complex with TPTZ as standard to generate a
calibration curve to be used in determination of
Fe(ll) reduced by QR and/or p(QR) particles. Gallic
acid (GA) was taken as a reference material.

Total flavonoid content (TFC) of QR and p(QR)
particles

The TFC tests for QR and p(QR) were done using a
UV-Vis spectrophotometer at 405 nm in accordance
with the literature with some modifications (17). QR
solution and p(QR) particle suspension in distilled
water at 170 ppm and 0.5 mL volume was placed in
10-mL tubes. Distilled water, 2 mL, was added to
these 10-mL tubes. 5 minutes later, 0.15 mL of 5%
NaNO, was added and after another 5 minutes, 0.15
mL of 10% AICI;:6H,O was added to this medium.
After another 5 minutes, 1 M 1 mL of NaOH was
added to this mixture. After keeping this solution
still for another 15 minutes, the UV-Vis spectrum of
this solution was read at 405 nm. NaNO, and
AICl3.6H,0 mixture solution in DI water was used as
blank. Gallic acid was used as standard.

Inhibitory capacity of QR and p(QR) for a-
glucosidase

The inhibition capacity of QR and p(QR) particles for
the enzyme, a-glucosidase, was examined according
to the reported literature (18-20). The QR solution
was prepared at 0.075, 0.15, 0.3 and 0.375 mg/mL
concentrations. From these solutions, 70 pL was
taken, placed in 96 well-plates and incubated for 10
minutes. To these solutions, 70 pL of enzyme
solution at 0.06 unit/mL was added. Then, 70 pL
substrate (1.66 mM p-nitrophenyl-a-D-glucoside
solution in 67 mM phosphate buffer) was added and
left for 30 minutes and the absorbance value was
measured at 405 nm using a micro plate reader
(Thermo Multiskan Go). Inhibition% values were
calculated using equation (1) and compared to a
control with 70 uL buffer solution in place of the QR
or p(QR) eluate (18, 20). For p(QR) particles, 0.375,
0.75, 1.5 and 3 mg/mL suspensions were prepared
and added to the well-plates and the same
procedures were carried out.
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Sample
Inhibition of a — glucosidase enzyme % = ([1 - %]) x 100

o ) AASample
Inhibition of a — glucosidase enzyme % = ([1 - WZWD x 100

Equation (1)

Fibrinogen interaction

The interactions of QR and p(QR) particles with
fibrinogen were investigated according to the
literature (13). The effect of QR and p(QR) on the
fluorescence properties of fibrinogen was monitored
by fluorescence spectroscopy (Thermo Scientific
Lumina Spectrophotometer). A fibrinogen solution at
0.2 mg/mL concentration was prepared in distilled
water. Different concentrations of QR or p(QR), 15-
250 pg/mL in PBS, were mixed with fibrinogen
solution in 1:1 ratio by volume. The width of the
excitation and emission slit was set as 5 nm and the
excitation wavelength of 280 nm was used. The
scanning range was set between 280-420 nm. The
interaction of QR and p(QR) particles with fibrinogen
was determined in terms of the reduction in the
fluorescence intensity.

RESULTS AND DISCUSSION

Quercetin (QR) is a well-known flavonoid-based
phenolic that has promising use in a wide range of
biological applications including as antimicrobial,
antioxidant, anticancer, and anti-inflammatory
material (21-24). The phenolic structure of QR was
considered to be monomeric and was crosslinked
with an epoxy group containing crosslinkers, e.g.,
PEGGE, to prepare degradable p(QR) particles. In
p(QR) particle synthesis, QR was dissolved in basic
aqueous solution and transferred to a lecithin-
gasoline microemulsion solution to create water-in-
oil emulsion medium. PEGGE as crosslinker was
added into the reaction medium containing epoxy
groups can readily react with phenolic hydroxyl
groups on gquercetin in basic conditions. Sahiner et

al. reported the synthesis, characterization, and
degradability of p(QR) particles crosslinked with
PEGGE (14). Also, the antioxidant, blood

compatibility, cytotoxicity, and anticancer properties
of these particles were reported (14). In this study,
the degradable p(QR) particles were prepared with
the same process to investigate their binding and/or
inhibitory effect on alpha glycosidase enzyme
activity for blood clotting mechanisms. The sizes of
p(QR) particles were illustrated by optic microscope
and SEM images as shown in Figure 1a and 1b.
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Figure 1. (a) Optical microscope and (b) SEM images of p(QR) particles and (c) hydrodynamic size
distribution.

It is obvious from the images that p(QR) particles
are spherical with sub-micron size range. The
hydrodynamic size distribution of the p(QR) particles
was measured between 160 nm and 820 nm size
range with 372+9 nm average particle size. These
results signified that the prepared p(QR) particles
have nanometer size range and can be used as an

Thermal degradation of PEGGE-crosslinked p(QR)
particles was determined by thermogravimetric
analysis (TGA) by heating about 5 mg p(QR)
particles from 50 °C to 1000 °C wunder N
atmosphere. The corresponding TGA thermogram is
shown in Figure 2.
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Figure 2. Thermogram of PEGGE-crosslinked p(QR) particles.
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The first degradation was obtained in the 118-154
°C range with slight weight loss about 1.4% because
of bound water in the polymeric structure. Then,
two main degradations were observed in 205-350
and 370-490 °C ranges with 39.2 and 69.6%
cumulative weight loss, respectively. After 500 °C,
degradation was slightly increased with 79.4%
cumulative weight loss. As reported in an earlier
study, QR monomer was reported to be thermally
more stable than PEGGE-crosslinked p(QR) particles
up to nearly 900 °C because of more oxyethylene
structure coming from the PEGGE crosslinker into
the particle network (3).
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Zeta potential values of p(QR) particles were
measured in pH 2-12 solution to determine the
isoelectric point, as shown in Figure 3a. According to
the results, p(QR) particles had slightly positive
character with +5.5£3.2 mV at pH 2 in acidic pHs,
whereas zeta potential values gradually decreased
to -27.2 from -3.7 mV up to pH 7 and were almost
stable at pH 7-12 with more negative charges. The
isoelectric point of p(QR) particles was found to be
pH 2.5 where the zero zeta potential value was
measured and there is a balance between positive
and negative charges on the particle surface.
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Figure 3. (a) Zeta potential values of p(QR) particles in different solution pHs, and (b) potentiometric
titration of p(QR) particles by using 0.1 M NaOH aqueous solution.

Furthermore, potentiometric titration of p(QR)
particles was carried out in pH 2-12 range to
calculate equivalent point and pKa values of the
p(QR) particles, as demonstrated in Figure 3(b). It
was found that the equivalent point of p(QR)
particles was about pH 7.6 with 2.3 pKa value. It is
clear that p(QR) particles have only one pKa value
coming from the phenolic hydroxyl groups in the
particle structure and the pKa value of p(QR)
particles was very close to the isoelectric point of
the particles as expected since some of the hydroxyl
available on QR molecules are used up during
crosslinking with PEGGE. These results support the
view that p(QR) particles are negatively charged at
physiological conditions, e.g., at pH 7.4, and these
negative p(QR) particles can readily interact with
positively-charged  biomacromolecules including
some enzymes and proteins.

Ferric reducing antioxidant power (FRAP Test)
of p(QR) particles

The FRAP test is an antioxidant test that is generally
carried out at pH 3.6. It was reported that reduction
of Fe(lll) to Fe(ll) ion by phenolic compounds can be
used for the determination of their antioxidant
power (25). Since, QR is not soluble in acetate
buffer, the ethanolic solution of QR was used as
comparison for p(QR) particles. As presented in
Figure 4, the QR molecule reduces Fe(lll) ions well
compared with gallic acid (GA) which is generally
used as reference. Gallic acid of 5 pg and QR were
found to reduce Fe(lll) to 15.75*1.5 pg and
9.4+1.74 pg Fe(ll), respectively. The same amount
of p(QR) particles (5 ug) in acetate buffer resulted in
0.43+0.07 ug Fe(ll).
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Figure 4. FRAP test for QR in ethanolic solution and p(QR) solution in acetate buffer at pH 3.6 (Gallic acid is
used for comparison).

Although the Fe(lll) reduction capacity of p(QR)
seems to be lower than the QR molecule, p(QR)
particles still have reducing capability as 10 pg
p(QR) can result in about 1 pg of Fe(ll) ions. The
reducing capacity of p(QR) particles revealed a
linear relationship with amount of p(QR) particles
used and reduced forms of Fe(lll) ions (Fe(ll)).

Total flavonoid content (TFC TEST) of p(QR)
particles

Total flavonoid content is another assay to
determine the antioxidant properties of materials.
The TFC of QR and p(QR) particles were examined,
and the results are given in Table 1. GA equivalent
value (pg/mL) was taken as standard. It is apparent
that QR molecules and p(QR) values are higher than
GA. As GA is not a flavonoid, this outcome is
reasonable. As 170 ppm QR cannot be prepared in
DI water, 170 ppm QR solution was prepared in
ethanol and used in TFC tests. The results for TFC
and FRAP that were only tested for 5 pg of material
are summarized in Table 1.

Table 1. TFC (170 ppm) and FRAP (5 ug) values for
GA, QR and p(QR) particles.

Materials| *TFC (ppm) *FRAP (5 pg)
GA 170 15.8+1.8
QR 275.3+22.6 9.4+0.8
P(QR) 439.9+93.3 0.4+0.1

* The results shown are expressed as means +SD of
three independent experiments.

It is obvious from the table that the TFC values are
much higher for QR and p(QR) in comparison to GA,
and the FRAP values at low concentration of 5 ug is
much higher for GA than for QR and p(QR). This is
reasonable as GA has much higher Fe(lll) reducing
capacity than QR molecule and p(QR) particles. The
antioxidant capacity of a phenolic compound
strongly depends on the chemical nature of the
flavonoid and the nature of the employed tests.

The inhibitory effect of p(QR) particle on a-
glucosidase

The effect of QR and p(QR) particles on the enzyme
activity of a-glucosidase was determined by
interacting them at pH 6.9 in PBS. The inhibition
values of a-glucosidase enzyme are given in Figure 5
(a) and (b), respectively.

As clearly seen in Figure 5 (a), as the cIfll2
concentration increased from 0.025 to 0.12 mg/mL,
the a-glucosidase enzyme inhibition increased from
27.4 to 89.3% with an almost linear relationship
between the amount of QR and the inhibition% of a-
glucosidase enzyme. The p(QR) particles, on the
other hand, as demonstrated in Figure 5 (b) revealed
lower enzyme inhibition capability. From the figure,
p(QR) particles can only inhibit 24.7% of a-
glucosidase enzyme at 0.06 unit/mL mg/mL
concentration against a maximum concentration of
1.0 mg/mL.
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Figure 5 a-glucosidase enzyme inhibition % of (a) QR molecules, and (b) p(QR) particles.

The interaction of QR and p(QR) particles with
fibrinogen

In the coagulation process, fibrinogen, a plasma
protein, interacts with thrombin to form fibrin. The
protein structure and conformation are significant
factors in retaining the activity of fibrinogen.
Biomaterials can interact with plasma protein and
may influence or trigger the clotting mechanism.
Therefore, analysis of and changes in protein
molecules upon interaction with biomaterials in the
blood has paramount significance. Generally,
fluorescence spectroscopy is employed as an
effective and comparable tool to determine these
interactions. Fluorescence intensity is related and
associated with the number of tryptophan residues
in fibrinogen and tryptophan residues are generally
located in the hydrophobic core of fibrinogen (12).
The change in the tryptophan residue conformation
results in a change in the intensity of the fluorescent
emission. So, fluorescence spectroscopy can be

readily employed to probe the microenvironment of
fibrinogen (12,26).

QR and p(QR) were interacted with fibrinogen at
varying concentrations and the corresponding
fluorescence emission spectroscopy is presented in
Figure 6 (a) and (b), respectively. The emission of
fibrinogen at 0.1 mg/mL in DI water has a florescent
intensity of about 64,700 at 341 nm. As seen in
Figure 6 (a), the peaks for fibrinogen started to
decrease with the increase in the concentration QR,
e.g., 15, 31,62.5, 125, and 250 pg/mL. A similar test
was also done for p(QR) particles as shown in Figure
6 (b). It is apparent from the figure that p(QR)
particles are not as effective as QR molecules in
reducing the fluorescence emission of fibrinogen.
Only 250 pg/mL p(QR) particles decreased the
fibrinogen peak to 51762 intensity as seen in Figure
6 (b).
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Figure 6. Fluorescent emission of (a) QR molecule (b) p(QR) particles at different concentrations [Excitation

wavelength: 280 nm].

Earlier, p(QR) particles were reported to degrade to
about 2.4% in PBS over 100 hours at pH 7.4 (14),
suggesting that lower amounts of QR molecules
(e.g., <15 pg/mL) cannot trigger a clotting effect by
interacting with fibrinogen residues in blood
proteins. Therefore, p(QR) particles with controllable
degradation profile can be used without triggering
blood clotting.

CONCLUSION

The isoelectric point of p(QR) particles was found to
be pH 2.5 and the particles are negatively charged
above this value. As a-glucosidase inhibition is
important in connection with diabetes, defined as
abnormal elevation of blood glucose levels, and is
associated with cardiovascular diseases such as
hypertension, the use p(QR) to inhibit this enzyme
may be very useful in biomedical applications. The

hydrolytic enzymes such as a-glucosidase play
significant roles in controlling blood sugar for
carbohydrate nutrition in the treatment of type 2
diabetes. The a-glucosidase enzyme interaction with
QR and p(QR) particles resulted in inhibition of the
enzyme, suggesting higher inhibition values for QR
molecules even at extremely low concentrations. As
the degradation of p(QR) particles can be controlled
with the amount of crosslinker (PEGGE) used, the
amount of QR molecules released can also be
controlled resulting in inhibition% of the enzyme.
These results show that QR is a good a-glucosidase
enzyme inhibitor and can be used for lowering blood
sugar after digestion in patients with high blood
sugar. The p(QR) particle, on the other hand, does
not exceed 24.7% inhibition even at a concentration
of 1 mg/mL. It was also shown that fibrinogen
residues in blood proteins can interact with QR
molecule in concentration depending on manner as
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QR and p(QR) could affect the structure and
conformation of fibrinogen. Also, p(QR) particles
have negligible effect on fibrinogen residue
suggesting that these particles can be readily used
in blood contacting biomedical applications by
specifically controlling the amount of QR molecules
coming from the corresponding particles. Therefore,
QR molecules and p(QR) particles may be used for
biomedical applications. For example, QR molecules
may be suitable for bleeding wounds or to control +
bleeding after tooth extraction, while p(QR) particles
maybe used up to 125 pg/mL concentration for
intravenous applications without any thrombus.
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