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ABSTRACT: Naringin (NR, 4′,5,7 trihydrocyflavanone-7-O-
rhamnoglucoside) is a flavanone found in citrus fruit that is
composed of a phenolic compound, naringenin, and a
disaccharide, neohesperidose. Poly(NR) [p(NR)] particles
in the size range of few micrometers to few hundred
nanometers were prepared from highly purified NR and
subsequently characterized using UV/visible spectroscopy,
Fourier transform infrared spectroscopy, nuclear magnetic
resonance spectroscopy, scanning electron microscopy,
thermogravimetric analysis, and zeta potential measurements.
The hydrolytic degradation of p(NR) particles at 37.5 °C was
investigated at pHs 5.4, 7.4, and 9.0. The particles degraded most rapidly at pH 7.4, with >90% degradation after 5 h. The
cytotoxicity was assessed by growing COS-1 fibroblasts for 5 days in the presence of increasing concentrations of NR or eluates
from the p(NR) particles. Both NR and p(NR) particles were nontoxic for these mammalian fibroblasts; at the highest
concentration tested (571 μg/mL), the percentages of surviving cells after 5 days in culture were 96.7 ± 0.93 and 91 ± 11% for
NR and p(NR), respectively. The effect of p(NR) on red blood cell hemolysis was also negligible (<2%) at concentrations up to
100 μg/mL; unpolymerized NR showed slightly higher levels of hemolysis than the p(NR) particles, but values never exceeded
5% at 50 and 100 μg/mL. Both NR and p(NR) stimulated blood coagulation in a dose-dependent manner; the hemostatic
effect was greater for p(NR), which, at 100 μg/mL, stimulated in vitro blood clotting by ∼50%. Neither NR nor eluates from
p(NR) particles inhibited α-glucosidase activity; in fact, both provided a modest (10−30%) stimulation at concentrations from
0.67 to 1.67 mg/mL. p(NR) particles are easily synthesized, break down readily at physiological pH, and have excellent blood
and biocompatibility. As such, they will be a useful carrier for drug delivery and as an oral antioxidant supplement.

■ INTRODUCTION

In recent years, phenolic compounds have attracted attention
because of their inherit antioxidant, antimicrobial, nontoxic,
and natural characteristics. Plants and citrus fruits contain a
wide variety of different phenolic compounds including, but
not limited to limonene, naringin (NR), naringenin,
hesperetin, neohesperidin, poncirin, and neoeriocitrin. Citrus
flavanones also exist in both glycoside or aglycone forms.1 NR
is the form of naringenin that is substituted with a disaccharide
composed of glucose and rhamnose. The sugars stabilize the
aglycone, increase water solubility, and enhance bioavailability
and biocompatibility.2 As a flavone glycoside, NR is the
predominant bitter component in grapefruit. In citrus juice
industries, methods for eliminating NR, either by trans-
formation to the flavorless aglycone or by selective absorption,
are in demand to decrease the bitter taste of citrus juice.3

However, this compound also has many health benefits,
including antioxidant, anti-inflammatory, and anti-apoptotic
properties.3,4 Other reported biomedical benefits included:
lowering of cholesterol via inhibition of HMG-CoA reductase;
relieving neurodegenerative disorders; improving patients with
diabetes mellitus; reducing osteoporosis and hypertension; and
ameliorating rheumatological disorders.4 The compound has
also been reported to have anticancer, hepatoprotective,
antimutagenic, and redox protective effects.5−7 NR has low
water solubility, lipophilicity, and a bitter taste.8 These
properties limit the quantities of NR that can be taken by
oral ingestion, which is one of the main restrictive factors for
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its use as an oral supplement. NR can be extracted from citrus
fruit and exists in relative high levels in grapefruit. In general,
flavonoids have weak stability against the diverse environment
stresses (heat, light, and oxidation).8−15 In the literature,
carriers that increase the stability and bioavailability of NR,
including metal nanoparticles and metal−organic frameworks,
have increased consumer acceptance.16,17 Although NR is one
of the primary flavonoids in grapefruit juice, it is not the
component that enhances the oral bioavailability of commonly
prescribed drugs, including statins, calcium channel blockers,
and sildenafil (Viagra).18 However, depending upon the
administered dose, NR can inhibit other transporters on
intestinal epithelial cells and may influence absorption of other
drug classes.19−21 Thus, methods to deliver NR orally without
the adverse effects from other components of grapefruit juice
could increase its use both as a natural antioxidant/anti-
inflammatory dietary supplement and a drug delivery vehicle.
In this study, NR particles were synthesized via a

microemulsion method using highly purified NR with
trimethylolpropane triglycidyl ether (TMPGDE) as a cross-
linker. The NR monomer and the corresponding particles were
characterized via Fourier transform infrared (FT-IR) spectros-
copy, nuclear magnetic resonance (NMR), high-performance
liquid chromatography (HPLC), thermogravimetric analysis
(TGA), and scanning electron microscopy (SEM) imaging.
Antioxidant activities and biocompatibility of these particles
were studied using tests that measured phenol content, free-
radical scavenging activity, cytotoxicity, blood compatibility,
and inhibition of the digestive enzyme, α-glucosidase. These
studies demonstrate that poly(NR) [p(NR)] has excellent
blood and biocompatibility and could be a natural, nontoxic
carrier for use in biomedical applications.

■ EXPERIMENTAL SECTION

Materials. The following reagents were used as received:
NR (≥95%, HPLC, Sigma), TMPGDE (technical grade,
Aldrich) as a cross-linker, triethylamine (TEA, 99.5%, Sigma-
Aldrich) as an accelerator, Span 80 (viscosity 1200−2000 mPa
s20 °C, Fluka) and L-α-lecithin (granular, 98%, Acros
Organic) as surfactants, and cyclohexane (ACS reagent, 99.5%,
Sigma-Aldrich), gasoline (95 octane, local vender), acetone
(99%, BRK), and ethanol (99%, Birkim) as solvents. Folin−
Ciocalteau’s (FC) phenol reagent (Sigma-Aldrich) and 2,2′-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, Al-
drich) were used for antioxidant studies. All aqueous solutions
were freshly prepared using ultrapure distilled water, 18.2 MΩ
cm (Millipore-Direct-Q UV3).
Biocompatibility Tests. Neutral buffered formalin and

toluidine blue were from Sigma-Aldrich Chemicals (St Louis,
MO). Costar tissue culture plates (24-well) were obtained
from Fisher Scientific. COS-1 cells (African monkey
fibroblasts) were obtained from the American Type Culture
Collection [(ATTC), Manassas, VA] and maintained as
described by the ATCC. Fetal bovine serum (FBS) was
purchased from Atlanta Biologicals (Lawrenceville, GA).
Dulbecco’s modified Eagle’s medium (DMEM), L-glutamine,
sodium pyruvate, and antibiotic−antimycotic (AA) solution
(100×, containing penicillin, streptomycin, and amphotericin
B) were from Life Technologies (Grand Island, NY). All
reagents were used as received, without further purification.
Antioxidant Testing. Folin and Ciocalteu’s phenol reagent,

potassium persulfate, gallic acid, trolox (6-hydroxy-2,5,7,8-

tetramethylchromane-2-carboxylic acid), ABTS, and diammo-
nium salt were purchased from Sigma-Aldrich.

α-Glucosidase Activity. α-Glucosidase from Saccharomyces
cerevisiae and p-nitrophenyl-α-D-glucopyranoside were ob-
tained from Sigma-Aldrich. Buffers were prepared using
reagent grade chemicals.

Synthesis of NR Particles. p(NR) particles were
synthesized via a microemulsion cross-linking method in the
lecithin/gasoline solution. NR solution was prepared by
dissolution of 1 g of NR in 10 mL of 0.5 M NaOH solution.
Then, 1 mL of NR solution was placed into 30 mL of 0.1 M
lecithin in gasoline and stirred at 1000 rpm for 1 h. TEA (10
μL) and TMPGDE (89 μL, 200 mol % of NR) were added to
this solution under constant mixing. After 4 h of reaction at
room temperature, the particles were washed sequentially by
suspension in 15 mL of the indicated solvents and subsequent
centrifugation at 10 000 rpm: gasoline (1×), ethanol (3×),
50:50 ethanol/water (3×), and acetone (1×). Finally, the
obtained particles were dried in an oven at 50 °C and stored in
closed containers for further use.

Characterization of Particles. Optical (BX54, Olympus)
and SEM (Jeol JSM-5600 LV) were employed to assess the
shape, size, and surface structure of the particles.
For SEM, the particles were secured on a carbon tape and

coated with gold to a few nanometers thickness in vacuum.
Imaging was performed using an operating voltage of 20 kV.
The particle sizes were also assessed using dynamic light
scattering (DLS, Brookhaven Ins. Corp. 90 plus particle size
analyzer) with a 35 mW solid-state laser detector at an
operating wavelength of 658 nm. The purity of p(NR) particles
was assessed by using HPLC (Thermo Ultimate 3000) with a
diode-array detector and Inertsil ODS-3 5 μm, 4.6 mm × 150
mm C18 column (GL Sciences Inc.). Briefly, NR and p(NR)
particles were placed in 10 mL of methanol at 1 mg/mL
concentration at room temperature at 300 rpm mixing rate for
1 h. Then, these solutions were filtered through an 0.45 μm
syringe filter and analyzed with HPLC at 1 mL/min flow rate
with 15 min run time at 40 °C column temperature employing
20 μL of injection volumes. The mobile phase was 230:768:2
mL acetonitrile/water/formic acid, in accordance with the
literature.22

The structural characterizations of NR and p(NR) particles
included solid-state NMR spectroscopy and FT-IR spectros-
copy. NMR experiments employed a CP/MAS 13C NMR
method (JEOL ECZ500R, 11.75 T) at 6 kHz spinning rate.
FT-IR spectroscopy was performed using a Nicolet iS10
(Thermo) in the spectral range of 4000−650 cm−1 at a
resolution of 4 cm−1 using an ATR technique. TGA provided
information about the thermal degradation behavior of
particles and monomers. Samples weighing about 4 mg were
placed in the TGA pan of the thermal analyzer (Seiko, SII TG/
DTA 6300 model) and heated from 50 to 800 °C under N2
atmosphere with 100 mL/min flow rate and a 10 °C/min
heating rate, and the weight loss versus temperature was
recorded. The surface charge of the phenolic particles was
measured by zeta potential measurements in 0.001 M KCl
using a zeta potential analyzer (Brookhaven Inst. Corp.).
Hydrolytic degradation of the particles was studied at

different pHs, for example, pH 5.4 in 0.1 M citrate buffer, pH
7.4 in PBS, and pH 9 in 0.01 M borate buffer. In these
experiments, p(NR) particles weighing 0.010 g were suspended
in 1 mL of the buffer solutions and transferred to a dialysis
membrane (molecular weight cutoff 12 000 Da, Aldrich).
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Then, the dialysis membrane was placed into a closed beaker
containing 30 mL of buffer solution in a shaking water bath at
37.5 °C. Hydrolytic degradation of p(NR) was determined
using UV/vis spectroscopy (T80 UV/vis spectrometer, PG Ins.
Ltd.) by measuring absorbance values from the elution
solutions at 283 nm. The amounts of NR in the solution
outside of the dialysis tubing were determined from previously
constructed calibration curves at 283 nm in pH 5.4, pH 7.4,
and pH 9 buffers. All experiments were carried out in triplicate,
and the results are reported as the average values with standard
deviation.
Antioxidant Properties of the Particles. Total phenol

content of the monomers and the particle forms were
evaluated by FC test according to the literature with some
modifications.23,24 For this purpose, 0.1 mL of a 170 μg/mL
particle suspension was reacted with 1.25 mL of 0.2 N solution
of FC phenol reagent for 4 min. Then, 1 mL of 0.7 M sodium
bicarbonate solution was placed into the reaction medium and
kept in the dark. After 2 h, the total phenol content or
antioxidant capacity of the particles was measured by using a
UV/vis spectrophotometer at 760 nm wavelength and
expressed as μg/mL of gallic acid equivalents.
The antioxidant capacity of the phenolic monomers and

their particle forms was also evaluated by the ABTS scavenging
assay in accord with the literature with slight modification.20,24

A solution was prepared by mixing 2.45 mM potassium
persulfate (2.5 mL) and 7 mM ABTS solution in deionized
(DI) water (7.5 mL); the mixture was kept in the dark for 12−
16 h at 4 °C to obtain stock ABTS•+ solution. This stock
ABTS•+ solution was diluted with PBS to adjust to an
absorbance of 0.7 ± 0.05 at 734 nm using a UV/vis
spectrophotometer. Then, 10 mL of 170 μg/mL concentration
of the phenolic monomer and/or the corresponding particle
suspension was prepared, and various amounts of this
suspension (5−300 μL) were reacted with 3000 μL of
ABTS•+ solution for 6 min. The absorbance of the diluted
ABTS•+ solution without the antioxidant material at the zero
time (Ablank) and the absorbance of the ABTS solution with
antioxidant materials after 6 min reaction were recorded. The
antioxidant scavenging capacity of the material was calculated
using following eq 1

= [ − ] ×A A A(Inhibition, %) ( )/ 100blank sample blank (1)

The amount of antioxidant materials was determined for the
values of 20−80% reduction of the blank absorbance. Trolox
equivalent antioxidant capacity (TEAC) was determined
against the slope of a trolox standard curves and expressed
as “mM trolox/g of the sample”.
Biocompatibility Test. Biocompatibility was assessed by a

modification of a previously described method;25 the assay
described herein used 24-well rather than 12-well culture
plates. After dry sterilization by UV irradiation for 2 min,
p(NR) particles (1000 μg/mL) were suspended in the sterile
DMEM medium that lacked labile components (glutamine,
pyruvate, AA, and FBS). After 24 h at 37 °C in a 5% CO2/95%
air atmosphere, no residue of the particles was observed. This
eluate was subsequently diluted with additional incomplete
DMEM to generate lower concentrations of the test samples.
Before use in the biocompatibility assay, these solutions were
supplemented with 1/5 volume of DMEM containing 20 mM
glutamine, 5 mM pyruvate, 1/20 dilution of AA, and 50% FBS.
Purified monomeric NR was treated in an identical manner.

COS-1 cells from the stock culture were seeded in 24-well
microassay plates at a density of 5 × 103 cells/well in 0.5 mL of
complete culture medium (DMEM + 4 mM glutamine, 1 mM
pyruvate, 1/100 dilution of AA, and 10% FBS). The cells were
allowed to incubate in the wells at 37 °C until they attached
(∼1 h); then, 1.25 mL of the supplemented culture medium
containing either NR or the eluate from the NR particles was
added to each well, so that each well contained a total of 1.75
mL of complete medium ± the test sample. The final
concentrations of the test samples in the wells were 571,
171, 57, 17, and 0 μg/mL.
The cells were incubated at 37 °C in a 5% CO2/95% air

atmosphere for 5 days without a medium change. The culture
medium was carefully removed, and the cells were washed
gently three times with PBS. An aliquot (0.5 mL) of neutral
buffered formalin was added to each well, and the cells were
fixed for 30 min. The neutral buffered formalin was removed
by aspiration and replaced with 0.5 mL of toluidine blue in
neutral buffered formalin (2.5% w/v toluidine blue). After an
additional 1 h incubation, the toluidine blue was removed and
all of the wells were washed four times with DI water and
allowed to dry for 24 h. The plates were photographed, and the
cell number was subsequently assessed by solubilizing the
bound toluidine blue dye in 0.5 mL of 2% sodium dodecyl
sulfate/water. After 15 min, a 200 μL aliquot of the solubilized
dye could be read directly at 650 nm in a 96-well plate.
Strongly colored samples were diluted with water to ensure
that their absorbance values were within the linear range of the
microplate reader (VersaMax tunable microplate reader,
Molecular Devices). For statistics, t tests were used to
determine whether the viability of cells grown in the presence
of NR or p(NR) particles was significantly different from the
control. The data are expressed as *p < 0.05, **p < 0.0001
versus control. In a separate series of experiments, COS-1 cells
were treated with NR at concentrations of 100, 300, and 1000
μg/mL as described above for phase contrast microscopy. A
Nikon Eclipse TE300 phase contrast microscope equipped
with an Olympus DP70 camera was used to prepare
micrographs.

Blood Compatibility of NR and p(NR) Particles. The
blood compatibility tests of NR and p(NR) particles were
performed according to the previous studies26,27 using a
procedure approved by Human Research Ethics Committee of
Canakkale Onsekiz Mart University (KAEK-2016-27).

Hemolysis Test. Fresh human blood was taken from healthy
donors and immediately put into hemogram tubes containing
ethylenediaminetetraacetic acid (EDTA) as the anticoagulant.
Separately, a concentrated stock of NR or p(NR) particles was
prepared at 10 mg/mL in 0.9% saline solution. This stock was
further diluted by suspending 0, 25, 50, and 100 μL of the
stock into 10 mL of 0.9% saline solution at 37.5 °C. Then, 2
mL of blood was diluted with 2.5 mL of 0.9% saline solution at
37.5 °C, and 0.2 mL of this diluted blood was added into NR
and p(NR) particle suspensions. These samples were
incubated in a shaking bath at 37.5 °C for 1 h and then
centrifuged at 100g for 5 min. The absorbance of each
supernatant was measured at 542 nm to quantify the amount
of hemolysis (Asample). The absorbance of 0.2 mL of diluted
blood in 10 mL of water was used as a positive control
(Apositive), and the absorbance of 0.2 mL of diluted blood in 10
mL of saline solution was used as a negative control (Anegative).
The hemolysis ratio of the materials was calculated by
following eq 2
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= − − ×A A A A

Hemolysis ratio %

( )/( ) 100sample negative positive negative (2)

The analysis was repeated three−six times, and the average
values with standard deviations are reported.
Blood Clotting Test. Fresh human blood was taken from

healthy donors and immediately put into hemogram tubes
containing EDTA as the anticoagulant. Separately, a 10 mg/
mL suspension of NR and p(NR) particles was dispersed in
0.9% saline solution and four different amounts: 10, 25, 50,
100 μL were placed into flat-bottomed centrifuge tubes. Then,
0.24 mL of 0.2 M CaCl2 solution was added to 3 mL of blood,
and 0.27 mL of this blood−CaCl2 mixture was layered on top
of the NR-based materials and incubated at 37.5 °C in a
shaking bath. After 10 min, 10 mL of DI water was added to
each tube and the tubes were subsequently centrifuged at 100g
for 30 s to pellet the clot. The supernatant solution, containing
free red blood cells, was removed, diluted with 40 mL of DI,
and incubated at 37.5 °C with shaking for 1 h. The absorbance
of the blood sample in contact with NR or p(NR) (Asample) and
the absorbance of the diluted blood (0.25 mL of blood in 50
mL of DI water) (Ablood) were measured by using a UV/vis
spectrophotometer at 542 nm. Blood clotting index of the
materials was calculated by following eq 3

= ×+A ABlood clotting index ( / ) 100particle blood blood (3)

The analysis was repeated three to six times, and the means
with standard deviations are reported.
α-Glucosidase Activity Assays. NR and p(NR) particles

were dissolved or suspended in 67 mM pH 6.9 phosphate
buffer solution at a concentration of 5 mg/mL and incubated
at 37.5 °C in a shaking bath for 24 h. The solutions were
subsequently filtered through an 0.22 μm pore size filter and
diluted to different concentrations (0.5, 1.0, 2.0, 4.0, and 5.0
mg/mL) with 67 mM pH 6.9 phosphate buffer.
The α-glucosidase assays were performed using the

colorimetric substrate, p-nitrophenyl-α-D-glucopyranoside, ac-
cording to the technical information provided by the
manufacturer. Briefly, sample solutions (70 μL) with different
concentrations of monomer or eluate from dissolved particles
(0.5, 1.0, 2.0, 4.0, and 5.0 mg/mL) were mixed with α-

glucosidase solution (70 μL, 0.02 U/mL in 67 mM phosphate
buffer, pH 6.9 containing 0.2 mM reduced glutathione). The
mixtures were incubated in 96-well plates at 25 °C for 10 min.
The substrate (70 μL of 5 mM p-nitrophenyl-α-D-glucoside
solution in 67 mM phosphate buffer, pH 6.9) was then added
to each well at timed intervals. The reaction mixtures were
incubated at 25 °C for 15 min. Before and after incubation, the
absorbance readings were recorded at 405 nm using a
VersaMax tunable microplate reader (Molecular Devices)
and compared to a control which had 70 μL of buffer solution
in place of the NR or p(NR) eluate.
The effect of NR or p(NR) particles on α-glucosidase

activity was calculated as the fraction of activity, as compared
to the sample without added NR monomer or p(NR) eluate,
using eq 4

=Fraction of activity
Abs

Abs
405
sample

405
control

(4)

where Abs405
control is the color (absorbance at 405 nm) developed

in the absence of added NR monomer or particle eluate and
Abs405

sample is the color (absorbance at 405 nm) developed in the
presence of the added NR monomer or p(NR) eluate.

■ RESULTS AND DISCUSSION

In the preparation of p(NR) particles, a water-in-oil micro-
emulsion cross-linking method was used. As illustrated in
Figure 1, the NR particles are formed readily within the water
phase of the lecithin/gasoline system, via cross-linking of
hydroxyl groups on the NR unit with TMPGDE. It is apparent
from the SEM images that p(NR) particles are within the size
range of 1−10 μm.
The purity of the p(NR) particles was tested using HPLC

and compared with the NR monomer; the corresponding
chromatograms are provided as Figure S1 (in the Supporting
Information). In the NR chromatogram, obtained from 1 mg/
mL NR in methanol solution, there is a solvent peak that elutes
between 1.4 and 2.4 min and a peak for NR at 6.25 min.
Similarly, the chromatogram of p(NR) particles revealed the
same peaks because of the degradation of p(NR) into the
monomer. The absence of additional peaks in the HPLC

Figure 1. (a) Schematic representation of the polymerization of p(NR) particles from NR; (b) NR powder; (c) dried p(NR) particles; (d) light
microscopy of p(NR); and (e) SEM image of p(NR) particles.
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analyses confirms that there are no significant contaminants in
the synthesized p(NR) particles.
The structural analysis of NR and p(NR) particles was

performed using solid-state NMR employing proton decoupled
13C NMR spectroscopy, and corresponding result is shown in
the Supporting Information as Figure S2a,b. All of the chemical
shifts for NR were assigned in according to the literature,28 and
we discovered that there were some chemical shifts upon
p(NR) particle formation. In the 13C NMR spectra of p(NR)
particles, some characteristic changes in the C atom shifts
occurred when compared with the spectrum of the NR. The
CO(7) carbon, observed at δ = 245 ppm for NR, is shifted
to δ = 247 ppm for the p(NR) particle. The aromatic carbon
signals of particles C1 to C6 and C10 to C13 were observed at
104−213 ppm regions, as shown in Supporting Information
Figure S2b. The saccharide carbons of p(NR) chemical shifts
are greater than those of the NR monomer; they are appeared
between δ = 66−100 ppm for p(NR) particles in comparison
to δ = 65−94 ppm for the NR monomer. Surprisingly, the
chemical shifts for −CH3(25) and −CH2(8) carbons were
observed in the high region with 23 and 41 ppm chemical
shifts, respectively, whereas the chemical shift for CH2OH(19)
carbon was observed in the low chemical region with 45 ppm
chemical shift for p(NR) particles.
FT-IR spectroscopy was used for functional group analysis

and structural characterization of phenolic particles. For this
purpose, the FT-IR spectrum of the phenolic monomer, NR,
and its corresponding polymeric particles was recorded, as
shown in Figure 2a. Because all of the phenolic monomers
used in this study possess −OH groups attached to the
benzene rings and NR also has −OH groups from glycoside
structure, a clear wide peak between 3000 and 3500 cm−1 can
be assigned to −OH stretching.

Also, the common bonds such as carbonyl (CO) and C−
C for benzene rings were all observed in the 1680−1750 range,
and at about 1500−1700 cm−1 range in accordance with IR
atlas.23,29 Upon cross-linking of all of the phenolic monomers
with the epoxide-based cross-linker, the new ether bonds
formed as a result of the cross-linking are shown with
stretching frequencies of about 1072 and 1077 cm−1 for all
p(NR) particles, as given in Figure 2a. Furthermore, the
intensity of the −OH stretching frequency between 3000 and
3500 cm−1 belonging to −OH groups is increased because of
cross-linking of NR units with TMPGDE.
For thermal characterization, TGA of NR and p(NR) is

shown in Figure 2b. According to the thermogram, NR was
degraded at two steps from 243 to 319 °C with 31.4% weight
loss in the first step; the main degradation started at 354 °C,
and NR was totally degraded at 589 °C. For the p(NR)
particles, the slight weight loss (4%) observed between 74 and
211 °C was most likely related to bound water and then two
main degradations were observed at 224−513 and 412−513
°C with a 38.3 and 53.7% weight loss, respectively. Finally,
5.1% residual material was determined at 994 °C for p(NR)
particles, most likely because of the cross-linker in the polymer
structure.
To assess the surface charge characteristic of the prepared

p(NR) particles, zeta potential measurements at different pH
conditions were performed in 0.001 M KCl solution and
results are summarized in Figure 3. It is obvious that as the pH

of the solution increases, the zeta potential values of the
particles decrease because of the acidic character of the NR.
The isoelectric point (IEP), as determined from zeta potential
measurements at various pHs, was at pH 4.0, as indicated by
the arrow. Additionally, the size of particles was measured with
DLS after filtration of the particle suspension with a 2 μm filter.
The size of p(NR) was in the 535 nm range (primary data not
shown) and thus at the lower end of the size range determined
via SEM analysis.
To determine the degradation profile of p(NR) in different

pH media, a small quantity of the particles (10 mg/mL) was
suspended in suitable buffer solutions, transferred to dialysis
membranes, and placed in buffers with the pH values of 5.4,
7.4, and 9. The amount of NR released from the particles was

Figure 2. (a) FT-IR spectra of NR and p(NR) particles. (b)
Thermogram of NR (solid line) and p(NR) particles (dashed line).

Figure 3. Zeta potential values of p(NR) particles at different pH
conditions in 0.001 M KCl solution. The IEP (4.0) is indicated by the
arrow. Data represent mean ± standard deviation (SD) (n = 3).
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measured by UV/vis spectroscopy of the surrounding solution,
using previously prepared calibration curves of NR, as
described in the Experimental Section. Figure 4 shows the
degradation profile of p(NR) particles in different pH buffers.

As can be seen from Figure 4, physiological pH (7.4) is the
most effective pH for p(NR) particle degradation; 95 ± 8.9%
of p(NR) is degraded in about 5 h. The lowest rate of
degradation was observed at pH 9 where 42 ± 1.2%
degradation was observed. At pH 5.4, 69 ± 5.3% degradation
was seen at the end of the third day, with no additional
degradation at longer incubation times.
The antioxidant activity of NR and p(NR) was assessed

using both total phenol content and TEAC, with gallic acid as
the reference compound, and the results are summarized in
Table 1.

As can be seen in Table 1, NR and p(NR) had very modest
antioxidant activity when compared to gallic acid, one of the
most widely used standard materials for antioxidant properties.
The total phenol content of NR and p(NR) particles was 2.74
and 2.78 μg/mL, respectively, as compared to gallic acid,
whose phenol content was more than 60-fold higher (170 μg/
mL). A second measure of antioxidant capacity, TEAC, also
showed that NR and p(NR) were ∼36 times less active than
gallic acid, 0.26 and 0.25 μmol trolox equivalent/g,
respectively, compared to 9.14/g for gallic acid. These results
are in agreement with other studies, which have also reported
low antioxidant activity of NR in both in vivo and in vitro
studies.30−32 The disaccharide present in NR may contribute
to its low antioxidant activity; previous studies have reported
that the sugar moieties cause steric hindrance of the scavenging
group.33

Tests for biocompatibility of the phenolic molecules and the
corresponding particles were carried out using the COS-1 cell
line. Figure 5 illustrates the biocompatibility of NR and
p(NR), expressed as % viability as compared to cells grown for

5 days without added NR or p(NR). Both the monomer and
the polymerized particles showed very good biocompatibility.
Only at the highest concentration tested (571 μg/mL) was any
cytotoxicity detected and even these levels had a minimal
effect; viability was 96.7 ± 0.93% for NR and 91 ± 11% or
p(NR).
In a separate series of experiments, COS-1 cells were treated

with varying concentrations of NR monomer and cell
morphology was assessed by phase contract microscopy
(Figure S3 in the Supporting Information). NR concentrations
of 100 and 300 μg/mL had no statistically significant effect on
cell morphology (Figure S3, panels b,c, respectively) or cell
number. However, at a concentration of 1000 μg/mL (panel
d), the NR was not completely soluble and the NR crystals
present on the cell cultures reduced the cell by ∼75% (primary
data not shown). Thus, the solubility of NR may ultimately
control its cell toxicity. A similar lack of NR toxicity has been
reported for nucleus pulposus cells and mesenchymal stem
cells.34,35 The low level of toxicity may have been due to the
presence of the disaccharide moiety in NR. Koganov et al. have
reported that quercetin (a polyphenol) was a strong fibroblast
growth inhibitor, whereas its corresponding glycoside, rutin,
did not possess this toxicity.36

It is important to note that the effects of NR may differ for
different cell types. Glioblastomas are the most aggressive
cancer of the brain. NR exhibits inhibitory effects on the
invasion and adhesion of U87, a human glioblastoma cell line.
NR inhibited cell invasion into Matrigel in a concentration-
dependent manner and also inhibited the migration of U87
cells in a concentration-dependent manner in a wound-healing
assay.37

NR and p(NR) particles were also tested for their blood
compatibility, and the results are shown in Figure 6.
Hemolysis is the rupture of red blood cells with the release

of their contents, and the maximum hemolysis ratio must be
under 5% for biocompatible materials.26 Hemolysis was
significantly greater than controls with no added NR or
p(NR) (p < 0.0001) for all concentrations tested, but NR and
p(NR) both showed acceptable properties. In general, the
p(NR) particles appeared to induce less hemolysis than
corresponding levels of NR, as shown in Figure 6a. The effect
of p(NR) on blood clotting is shown in Figure 6b, with data
reported as the blood clotting index. An index of 100 indicates
no effect, an index >100 indicates that the biomaterial
interferes with blood clotting, whereas an index <100 indicates
that the material under study stimulates clotting.26 The data
show that p(NR) has a minor stimulatory effect on blood
clotting at all concentrations tested, whereas NR has much less
effect at the same concentrations.38 Thus, NR is safe for blood
with the minimum 80.6 ± 1.2% blood clotting index up to 100
μg/mL. p(NR) has a slightly little lower compatibility, with the
minimum 73.08 ± 2.1% blood clothing index up to 50 μg/mL.
The highest concentration of p(NR) tested (100 μg/mL) has a
blood clotting index of 51.9 ± 13.7.
As a final test of biocompatibility, the effect NR and p(NR)

on α-glucosidase activity was determined. The enzyme α-
glucosidase is very important for carbohydrate absorption in
the small intestine, and many natural products have been
reported to inhibit the degradation of maltose to glucose, the
final step before the entry of glucose into the bloodstream.39,40

It is now believed that inhibition of the enzymes involved in
the digestion of carbohydrates can significantly decrease the
postprandial increase of blood glucose level after a mixed

Figure 4. Degradation of p(NR) particles at pHs 5.4, 7.4, and 9. Data
represent mean ± SD (n = 3).

Table 1. Total Phenol Content and TEAC Values of NR and
p(NR)

antioxidant
materials

total phenol content, as gallic
acid equivalentsa (μg/mL)

TEAC values
(μmol trolox equivalents/g)

NR 2.74 ± 0.8 0.26 ± 0.02
NR
particles

2.78 ± 0.4 0.25 ± 0.02

gallic acid 170.0 ± 0.00 9.14 ± 0.43
aNR, p(NR) and gallic acid were assessed at concentrations of 170
μg/mL.
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carbohydrate diet and therefore can be an important strategy in
the management of type-II diabetes.41 As shown in Figure 7,
low levels (0.17 mg/mL) of NR and p(NR) stimulated α-
glucosidase by 13 and 30%, respectively. At higher

concentrations of NR and p(NR) (0.33−1.67 mg/mL), the
stimulatory activity decreased in a dose-dependent fashion,
from 20 to 7%, but there were no significant differences
between NR and p(NR) at these concentrations.
Literature on the properties of herbal extracts suggests that

there is a strong correlation between antioxidant activity and
the inhibition of enzymes involved in carbohydrate digestion.40

In the present studies, there is a similar correlation between the
modest antioxidant activity of NR and p(NR) particles and the
failure of these agents to inhibit α-glucosidase. In our
experiments, NR and p(NR) have low antioxidant properties
and actually stimulate α-glucosidase activity, as assessed with a
colorimetric substrate.

■ CONCLUSIONS
Polyphenolic particles of cross-linked NR can be prepared in
an oil-in-water microemulsion system in a single step using
TMPGDE as a cross-linker. These particles possess negative
surface charges, suggesting the abundant amounts of −OH
functionality that can be further used for drug conjugation

Figure 5. Representative photographs of 24-well cell culture plate after fixation and toluidine blue staining. (a) Treatment with NR and (b)
treatment with NR particles p(NR). Cell-bound dye was eluted from the plates and quantified as absorbance at 650 nm. Cell viability was expressed
as the % color in control cultures. (c) Treatment with NR monomer (NR) or (d) NR particles p(NR). Data represent mean ± SD (n = 3). A t-test
was used to determine if treated samples were significantly different from the control; *p < 0.05, **p < 0.0001 vs control.

Figure 6. (a) Hemolysis (%) induced by NR and p(NR) particles at
different concentrations. (b) Blood clotting index of p(NR) at
different concentrations. Data represent mean ± SD (n = 3).

Figure 7. Effect of NR and p(NR) on α-glucosidase activity. Data are
reported as a fraction of activity in the absence of NR or p(NR)
particles at the indicated concentrations.
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and/or other biomedical applications. Synthesized p(NR)
particles are biodegradable at physiological pH and have high
biocompatibility, blood compatibility, and low antioxidant
properties. In general, polyphenols show α-glucosidase
inhibitory activity; however, NR and its corresponding
particles do not inhibit α-glucosidase and even show a modest
ability to stimulate this activity enzyme (∼7−30%), depending
upon the concentration.
Now that biocompatibility has been established, future

studies will concentrate upon developing p(NR) particles as an
adjunct to drug delivery that can enhance the pharmacokinetic
properties of specific drug classes. NR is rapidly converted to
its aglycone, naringenin, by bacterial in the small intestine,42

and naringenin is a known inhibitor of the Pgp transporter in
intestinal epithelial cells.43 Because of the Pgp transporter’s
localization on the side of the epithelial cell membrane that
faces the gut lumen, this transporter pumps many orally
administered drugs back into the lumen and thus inhibits their
absorption.44 Both in vitro and in vivo studies have
demonstrated that inhibition of this transporter significantly
increases drug absorption.45−47 Recent in vivo studies with NR
have shown that its co-administration with both tamoxifen and
colchicine enhances drug bioavailability.48,49 The slow,
controlled release of NR, from the p(NR) particles described
herein, as they transit through the gut lumen, could provide a
unique new tool for drug delivery.
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