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Introduction

Rhoifolin loaded in PLGA nanoparticles alleviates
oxidative stress and inflammation in vitro and

in vivof

Eveen Al-Shalabi, Samah Abusulieh, Alaa M. Hammad and Suhair Sunogrot (= *

Rhoifolin (ROF) is a bioactive plant flavonoid with potent antioxidant and anti-inflammatory activity.
However, no delivery system has yet been developed for ROF to overcome its biopharmaceutical limit-
ations. The purpose of this study was to design a ROF-loaded polymeric nanocarrier as a potential anti-
inflammatory nanomedicine. ROF was isolated from Jordanian Teucrium polium L. and entrapped into
poly(lactide-co-glycolide) nanoparticles (PLGA NPs), followed by tannic acid-mediated surface modifi-
cation with poly(ethylene glycol) (PEG). The optimal ROF NPs were highly monodisperse with an average
diameter of 204 nm, a zeta potential of =28 mV, an entrapment efficiency of 45%, and drug loading of 9%
w/w. The NPs exhibited excellent colloidal stability during storage and in the presence of serum and
achieved sustained drug release for up to 96 h at physiologic (7.4) and acidic pH (5.0). In vitro cell-free
antioxidant assays confirmed the potent radical scavenging activity of free ROF and ROF NPs. Moreover,
ROF NPs were superior to free ROF in relieving oxidative stress in stimulated RAW 264.7 murine macro-
phages, which was attributed to enhanced cellular uptake of the NPs as confirmed by confocal
microscopy and fluorimetry. In vivo anti-inflammatory activity was evaluated in a formalin-induced rat
paw edema model. The results showed that ROF NPs were superior to free ROF in mitigating the histo-
pathological changes in the inflamed paw tissues. Moreover, the NPs were equally potent to free ROF and
the nonsteroidal anti-inflammatory drug diclofenac in terms of inhibiting the increase in paw thickness,
normalizing nitric oxide levels, and modulating the gene expression of pro-inflammatory cytokines in the
inflamed paw tissues. Our findings present a promising nanocarrier platform that can enhance the solubi-
lity and control the release of ROF, which will facilitate its administration in the treatment of inflammatory
diseases.

in the type of cells and released mediators, resulting in
chronic inflammation. If left uncontrolled, chronic inflam-

Inflammation is the underlying pathological process of most
human diseases and plays an essential role in host defense
against pathogens." The cardinal signs of inflammation
include heat, swelling, redness, pain, and loss of function,
which are mediated by the extravasation of leukocytes, vasodi-
lation, and excessive release of inflammatory mediators.>* The
acute phase of inflammation is characterized by vascular
changes along with the accumulation of fluids, neutrophils,
chemokines and cytokines, followed by tissue repair.
Persistent acute inflammation leads to a progressive alteration
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mation may lead to a variety of diseases such as rheumatoid
arthritis (RA), cancer, asthma, inflammatory bowel disease
(IBD), Parkinson’s disease, and auto-immune disorders.*
Corticosteroids and nonsteroidal anti-inflammatory drugs
(NSAIDs) are the primary treatments for inflammatory dis-
orders. However, studies have shown that their long-term use
causes many adverse effects, such as cardiovascular compli-
cations, infections, diabetes, osteoporosis, and gastrointestinal
ulcers and bleeding.”™® For this reason, it is highly desirable to
develop alternative drug candidates for the treatment of
inflammation.

Over the last few decades, there has been a growing interest
in isolating and analyzing the bioactive constituents of medic-
inal plants to elucidate their health benefits, including their
potential role in immunomodulation and inflammation.'®™?
Plant polyphenols are among the leading candidates as anti-
inflammatory agents due to their free-radical scavenging pro-
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Fig. 1 An overview of the preparation of ROF-loaded PLGA NPs.

perties and their ability to modify the expression of pro-inflam-
matory mediators.">'®>  Rhoifolin (ROF, apigenin 7-O-
B-neohesperidoside) (Fig. 1) is a trisubstituted flavone and a
naturally occurring glycoside of apigenin. It is found in several
dietary sources and edible plants such as grapefruit, bitter
orange, lemon, grapes, tomatoes, and bananas.'® Preclinical
studies have shown that ROF possesses a variety of significant
biological activities including anti-inflammatory,'””'® anti-
arthritic,'® and anticancer effects.”® However, clinical use of
plant polyphenols such as ROF has been limited due to many
challenges such as poor water solubility, low stability, poor
bioavailability and permeability, and fast release.>" Therefore,
designing an appropriate drug delivery system is necessary to
conquer those limitations.

Nanocarriers have achieved considerable steps forward in
bringing anti-inflammatory phytochemicals closer to thera-
peutic applications.>* Polymeric nanoparticle (NP) drug deliv-
ery systems provide a versatile paradigm for targeting inflam-
mation because of their biocompatibility, low toxicity, and bio-
degradability.?® In addition, they can enhance drug absorption
because of their nanometer size and ability to permeate across
biological barriers. They can protect drugs from premature
enzymatic degradation, increase the stability and solubility of
hydrophobic drugs, and offer sustained drug release and pro-
longed circulation times, which can increase patient compli-
ance. Furthermore, they can be prepared using cost effective
and scalable methods.>*">® Poly(lactide-co-glycolide) (PLGA) is
among the commonly used polymers for NP fabrication
because of its biocompatibility, biodegradability, stability, and
possibility to modify surface properties. It is also approved by
the US Food and Drug Administration (FDA) for human
administration.?”*

Despite the potent role of ROF as an anti-inflammatory
agent,"””° like other molecules in its class, it suffers from
poor aqueous solubility,”® which can greatly hinder its clinical
application. At the same time, no delivery system has yet been
developed for this promising drug candidate. Thus, we hypoth-
esized that PLGA polymeric NPs could serve as a delivery plat-
form for ROF to overcome its biopharmaceutical challenges in
therapeutic applications such as inflammation. To validate our
hypothesis, ROF was first isolated from Jordanian Teucrium
polium (germander), an herbaceous medicinal plant known to
be rich in flavonoids and abundant in the Mediterranean

region.>*™? ROF was then entrapped in poly(ethylene glycol)
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(PEG)-modified PLGA NPs. The NPs were prepared, optimized,
and characterized to determine their physicochemical pro-
perties. Then, the antioxidant and anti-inflammatory activities
of the optimized NPs were evaluated in vitro in RAW
264.7 murine macrophages and in vivo in a formalin-induced
rat paw edema model.

Materials and Methods

Materials

ROF was isolated from Jordanian T. polium (germander) as
described below. PLGA (lactide/glycolide ratio 50:50,
5-10 kDa) and bicine were purchased from Acros Organics
(USA). Poly(vinyl alcohol) (PVA, MW 13-23 kDa, 87-89% hydro-
lyzed), tannic acid (TA), Nile red (NR), acetic acid, and formalin
(~37% in water) were purchased from Sigma-Aldrich (USA).
Diclofenac deanolate (DIC, Tratul® ampoules) was obtained
from Gerot Pharmazeutika (Australia). Methoxy poly(ethylene
glycol)-thiol (mPEG-SH, MW 5 kDa) was purchased from
Laysan Bio (USA). Dimethyl sulfoxide (DMSO), dichloro-
methane (DCM), and potassium bromide (KBr) were obtained
from Fisher Chemicals (Thermo Fisher Scientific, UK).
Phosphate buffered saline solution (PBS, 10x, pH 7.4) was pur-
chased from Fisher Bioreagents (USA). Tween 80 was procured
from RCFL Limited (India). 2,2’-Azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS diammonium salt chromogenic
peroxidase substrate) was obtained from Abcam (UK).
Potassium permanganate (KMnO,) was purchased from
Riedel-de Haén (Germany). Ultrapure water was prepared
using an EMD Millipore Direct-Q 5UV system (USA).

Isolation of ROF from T. polium

Jordanian T. polium was collected, defatted, and extracted
using ethanol as described in our previous publication.*® The
crude ethanolic extract was dried under vacuum and then par-
titioned between chloroform and water (1.1 L:1.1 L). The
water layer was extracted with 2.5 L butanol to give 264 g of
butanol extract and 120 g of water extract. The butanol extract
(TB, 146 g) was adsorbed on 150 g of silica gel 60 and sub-
jected to column chromatography (62 x 7.0 cm) using 800 g of
the same adsorbent. The column was packed in chloroform
and the polarity was gradually increased using methanol, till
pure methanol was added. Five hundred milliliter fractions (a

Biomater. Sci, 2022, 10, 5504-5519 | 5505


https://doi.org/10.1039/d2bm00309k

Published on 29 juli 2022. Downloaded on 27.06.2024 06.56.11.

Paper

total of 110 fractions) were collected and grouped into six
groups designated TBI-TBVI. Fraction TBVI was further treated
with methanol, which led to precipitation of a yellow UV-active
solid (2993 mg) that was identified as ROF. M. p.: 312 °C.
HRMS (Bruker Daltonics Apex IV, 7.0 T Ultra Shield Plus) m/z:
601.15278 [M + Na]'. IR (KBr; Thermo-Nicolet Nexus 870 FT-IR
spectrophotometer) » max cm™ 3275, 2904, 1654, 1602, 1586,
1495, 1344, 1292, 1180, 833. UV An.c (MeOH; Shimadzu
UV-1800 spectrophotometer) nm: 333 (band I), 226 (band II); +
NaOMe: 391 (band I), 229 (band II); + AlCl;: 387 (band 1), 229
(band 1I); + HCL: 387 (band I), 229 (band II). 'H NMR
(300 MHz, DMSO-ds) 6 ppm: 3.12-5.44 (complex CH, CH,,
CHj;, diglucoside moiety), 6.42 (1H, d, J = 1.2 Hz, H-6), 6.76
(1H, d, J = 1.3 Hz, H-8), 6.83 (1H, s, H-3), 6.92 (2H, d, J = 8.6
Hz, H-3',5'), 7.91 (2H, d, J = 8.6 Hz, H-2',6"), 12.93 (C5-OH). *C
NMR (75 MHz, DMSO-d¢) § ppm: 18.3 (C-6""), 66.5 (C-6"), 68.8
(C-5""), 70.0 (C-4"), 70.8 (C-3""), 71.2 (C-2""), 72.5 (C-4""), 73.6
(c2m, 76.1 (C-5"), 76.7 (C-3"), 95.3 (C-8), 100 (C-6), 100.3
(C-1"), 101.0 (C-1""), 103.6 (C-3), 105.9 (C-10), 116.6 (C-3',5"),
121.5 (C-1'), 129.1 (C-2',6'), 157.4 (C-9), 161.7 (C-4'), 161.9 (C-5),
163.3 (C-7), 164.8 (C-2), 182.5 (C-4). Spectral characterization
of ROF is presented in the ESL

Preparation of ROF-loaded PEGylated PLGA NPs

Preparation of ROF-loaded PLGA NPs. In this study, PLGA
NPs loaded with ROF were prepared by the single emulsion
(O/W) solvent evaporation technique according to a previous
study with some modification.** Briefly, 10-50 mg of PLGA
and 2.5-10.0 mg of ROF (from a stock solution in DMSO) were
dissolved in 1 mL DCM to obtain a clear solution. The organic
phase was emulsified with the aqueous phase consisting of
3% w/v PVA solution (4 mL) using an ultrasonic homogenizer
(Omni Sonic Ruptor 400, Omni International, USA). Sonication
was performed in a 50 mL glass vial immersed in an ice bath
at 70 W and 80% power for 1 min. The resulting O/W emulsion
was quickly poured into 16 mL of 0.3% w/v PVA aqueous solu-
tion and kept under magnetic stirring overnight at room temp-
erature to allow complete evaporation of DCM. The obtained
NP suspension was centrifuged (Hermle Z326K centrifuge,
Germany) at 10 000g for 40 min at 4 °C and washed with water
to remove trace DMSO, PVA, and unentrapped drug. The super-
natant was collected, and the NP pellet was resuspended in
ultrapure water under sonication (Elmasonic S 40-H, Germany)
and stored at 4 °C. For the preparation of NR-labeled PLGA
NPs, ROF was replaced with 0.5 mg NR and the NPs were pre-
pared using 50 mg PLGA as described above.

PEGylation of ROF-loaded PLGA NPs

The optimal NP formulation was chosen based on drug
loading efficiency and coated with TA as an adhesive layer to
facilitate PEGylation as previously reported.®® Briefly, NPs were
suspended in 2 mL bicine buffer (0.1 M, pH 8) containing
1 mg mL™" of TA and incubated for 30 min under sonication
(Elmasonic S 40-H), then for 90 min under vigorous stirring.
The NP dispersion was then centrifuged at 10 000g for 40 min
at 4 °C and washed with water to remove excess bicine and TA.
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The supernatant was discarded, and the NP pellets were col-
lected and called PLGA@TA NPs. For PEGylation, PLGA@TA
NPs were conjugated with mPEG-SH by relying on the reactivity
of oxidized TA toward nucleophiles as previously described.*®
Briefly, NPs were resuspended in 2 mL bicine buffer (0.1 M,
pH 8) containing 50 mg mPEG-SH and incubated for 30 min
under sonication (Elmasonic S 40-H) and then for 90 min
under vigorous stirring. The NP dispersion was then centri-
fuged at 10 000g for 40 min at 4 °C and washed with water to
remove excess bicine and mPEG-SH. The supernatant was dis-
carded, and the NP pellets were collected, resuspended in
ultrapure water under sonication (Elmasonic S 40-H), stored at
4 °C, and called PLGA@PEG NPs (ROF NPs). NR-labeled PLGA
NPs were also primed with TA and PEGylated as described
above for ROF NPs.

Particle size and zeta potential analysis

The particle size and polydispersity index (PDI) of the prepared
NPs were measured by dynamic light scattering (DLS). Freshly
prepared NPs were diluted appropriately with ultrapure water
and the measurements were acquired using a Nicomp® Nano
Z3000 particle sizing system (Entegris, USA). Zeta potential
was measured via electrophoretic light scattering using the
same instrument in the zeta potential mode. Measurements
were reported as the mean + standard deviation (SD) from at
least three different NP batches.

Entrapment efficiency (EE) and drug loading (DL)
determination

The entrapment efficiency of ROF in the various batches of
PLGA NPs was determined indirectly by analyzing the super-
natant from the first centrifugation step by UV-Vis (UV-1800
spectrophotometer, Shimadzu, Japan). A calibration curve of
ROF absorbance at 340 nm versus concentration in DMSO was
constructed to determine the amount of unentrapped drug in
the supernatant. EE and DL were calculated according to eqn
(1) and (2), respectively, as follows:

EE (%) =
Theoretical amount of ROF (mg) — Amount of unentrapped ROF (mg)

Theoretical amount of ROF (mg)

x 100%
(1)
DL (%) =
Theoretical amount of ROF (mg) — Amount of unentrapped ROF (mg)
Amount of PLGA (mg)
x 100%
(2)

The amount of NR entrapped in NR-labeled NPs was calcu-
lated as described above for ROF, except that the UV absor-
bance of the supernatant was measured at 552 nm.

Fourier transform-infrared (FTIR) spectroscopy

ROF NPs were lyophilized using a freeze dryer system
(FreeZone 4.5 L benchtop freeze dryer, Labconco, USA) at

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2bm00309k

Published on 29 juli 2022. Downloaded on 27.06.2024 06.56.11.

Biomaterials Science

—50 °C and 0.5 mbar and prepared as KBr pellets. FTIR
spectra of free ROF and ROF NPs were recorded using a
Shimadzu IR Affinity-1 spectrometer (Japan) with data scan-

ning from 4500 to 650 cm ™.

X-ray photoelectron spectroscopy (XPS)

XPS was carried out to verify surface modification of ROF NPs.
Freshly prepared PLGA, PLGA@TA, and PLGA@PEG NPs (ROF
NPs) were each resuspended in 100 pL ultrapure water and
drop-casted on pre-cleaned TiO,-coated Si wafers. The wafers
were dried under vacuum and analyzed using a Kratos Axis
SUPRA instrument fitted with a monochromated Al Ko X-ray
source (1486.7 eV). All data was recorded at 150 W and a spot
size of 700 x 300 pm. Survey scans and high-resolution scans
were recorded at 160 eV and 20 eV pass energies, respectively.
Electronic charge neutralization was achieved using a mag-
netic immersion lens. Data was analyzed using CasaXPS
v2.3.20PR1.0 and the spectra were calibrated by setting the C
1s peak at 284.8 eV.

Transmission electron microscopy (TEM)

ROF NPs were observed using TEM (Morgagni 268D, FEI,
Netherlands) at an accelerating voltage of 60 kV. A drop of the
NP dispersion was placed on a Formvar-coated copper grid
(300 mesh, Electron Microscopy Sciences, USA) for 1 min, and
the excess was wicked with filter paper. The grid was kept at
room temperature overnight to air dry prior to imaging.

Stability of ROF NPs

Storage stability of ROF NPs was evaluated by tracking the
change in particle size up to 4 months of storage at 4 °C.
Stability was also evaluated by incubating freshly prepared NPs
in Dulbecco’s Modified Eagle’s Medium (DMEM, Euroclone,
Italy) supplemented with 10% fetal bovine serum (FBS;
Capricorn, Germany) at 37 °C under shaking at 100 rpm
(Biosan ES-20 Orbital Shaker-Incubator, Latvia), withdrawing
samples every 24 h up to 96 h to measure the size. Fold
increase in size relative to fresh NPs was calculated from the
ratio of particle size after storage or incubation to the particle
size of freshly prepared NPs. Each experiment was performed
in triplicate.

In vitro release of ROF from loaded NPs

ROF release was conducted by the centrifugation method.?”
Pellets of ROF NPs were suspended in 2 mL of phosphate
buffered saline (PBS, pH 7.4) or acetate buffer (pH 5.0) con-
taining 0.5% w/v Tween 80 to solubilize the released ROF.
Experiments were performed in triplicate in 2 mL microtubes.
The tubes were placed in a shaking incubator (Biosan ES-20
Orbital Shaker-Incubator) operating at 37 °C and 100 rpm. At
predetermined time intervals (1, 2, 4, 6, 24, 48, 72, and 96 h),
NP dispersions were centrifuged at 10 000g for 30 min to separ-
ate the released ROF from the NPs. After centrifugation,
500 pL of the supernatant was withdrawn and replaced with an
equal amount of fresh PBS. The precipitated pellets in each
tube were redispersed and incubated until the next sampling

This journal is © The Royal Society of Chemistry 2022
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point. The amount of released ROF in the supernatant was
determined by UV-Vis at 340 nm, based on a calibration curve
of ROF in the release medium. The percentage of cumulative
release was calculated from the ratio of the cumulative amount
of ROF released at each time interval to the total amount of
ROF entrapped in the NPs. Cumulative release (%) of ROF was
then plotted against time (h) to obtain the release profile.

In vitro antioxidant activity of ROF NPs

Antioxidant activity of ROF and ROF NPs was determined
using the ABTS assay following a previously described
method.?® Briefly, the ABTS radical was produced by reacting
the ABTS salt (3.6 mM in water) with KMnO, solution (2.4 mM
in water) in the dark for 18 h under stirring at room tempera-
ture. The produced blue-green solution was diluted ten times
with ultrapure water to give an absorbance of 0.7 at 734 nm.
Different amounts (1.25-200 pg) of ROF as free drug or an
equivalent amount of ROF NPs were dissolved in 200 pL
DMSO (the NPs were incubated overnight in DMSO to ensure
complete breakdown and release of ROF). After adding 1 mL of
diluted ABTS solution to 200 uL of each sample, samples were
incubated at room temperature for 30 min in the dark, and the
absorbance (Abs.) was measured at 734 nm. Solvent blanks
(1 mL ABTS + 200 uL DMSO) were also run in each assay. The
experiment was performed in triplicate. Scavenging activity
(%) was calculated according to eqn (3):

Abs. of blank — Abs. of sample
Abs. of blank
x 100% (3)

Scavenging activity (%) =

Antioxidant activity of ROF NPs in RAW 264.7 murine
macrophages

Cell culture. The RAW 264.7 cell line was obtained from the
American Type Culture Collection (ATCC, USA). Cells were
maintained at 37 °C in a 5% CO, atmosphere in DMEM sup-
plemented with 10% FBS and penicillin-streptomycin (100 U
mL~"-100 pg mL™", Euroclone, Italy).

Cell viability assay

When the cells reached 80% confluence, they were removed
from the flask using a cell scraper and the cell suspension was
counted. Cells were seeded in 96-well plates at a density of
10000 cells per well and allowed to attach overnight. Then,
cells (n = 5) were incubated with various concentrations of ROF
and ROF NPs (0-300 pM) diluted in complete culture medium
for 24 h. After 24 h, the media was completely removed and
replaced with 100 pL of fresh culture medium containing
0.5 mg mL™" 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-
lium bromide (MTT, Sigma-Aldrich, USA). Cells were incubated
for another 2 h (37 °C, 5% CO,), after which the media was
carefully removed and replaced with 100 uL of DMSO to dis-
solve the formazan crystals. The absorbance of the plates was
measured at 540 nm using a Synergy HTX multi-mode micro-
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plate reader (Biotek, USA). Cell viability was determined rela-
tive to untreated cells.

Measurement of intracellular reactive oxygen species (ROS).
After determining the least toxic concentration range for ROF
and ROF NPs, antioxidant activity was assessed in RAW 264.7
cells by measuring intracellular reactive oxygen species (ROS)
levels using 2',7'-dichlorodihydrofluorescein diacetate (DCFDA,
Abcam, UK). DCFDA diffuses into the cells, where it is cleaved
by cellular esterases and oxidized by ROS into 2',7"-dichloro-
fluorescein (DCF) which exhibits strong green fluorescence.>
For the assay, cells (n = 3) were seeded in 24-well plates at a
density of 50 000 cells per well and allowed to attach overnight.
Then, cells were treated with ROF and ROF NPs (0-40 pM) for
24 h. After 24 h, the wells were gently washed with PBS, fol-
lowed by adding 500 pL of PBS containing 20 pM DCFDA and
50 pM tert-butyl hydroperoxide (¢(BHP) to stimulate the cells to
produce ROS.*® After incubation with DCFDA/tBHP for 45 min,
the fluorescence of each well was read using a Synergy HTX
multi-mode microplate reader at 460 nm excitation and
528 nm emission wavelengths. Antioxidant activity was
expressed as the fold increase in DCF fluorescence relative to
untreated/unstimulated cells.

Cellular uptake of NR-labeled NPs

RAW 264.7 macrophages were treated with NR-labeled NPs to
enable the visualization and quantification of the NPs’ cellular
uptake. For imaging by confocal laser scanning microscopy
(CLSM), cells were seeded in 4-well chamber slides (Nunc Lab-Tek
1I, Thermofisher, USA) at 50000 cells per well and allowed to
attach overnight. Cells were then treated with free NR or NR-
labeled NPs diluted in complete culture medium at a concen-
tration equivalent to 1 ug mL™" NR for 1 h. Another group of cells
was treated with the complete culture medium alone. After 1 h,
the media was removed from the wells and the cells were washed
with PBS three times. After the third wash, cells were fixed in 4%
paraformaldehyde for 10 min at room temperature protected
from light, followed by washing with PBS. After removing the
remaining PBS, the chamber gasket was detached and the slide
was mounted with ProLong™ Diamond Antifade Mountant with
DAPI (Invitrogen, Thermofisher, USA) and covered with a glass
coverslip. Imaging was performed using a Zeiss confocal LSM 780
(Zeiss, Germany). DAPI was detected at 405 nm excitation and
410-585 nm emission wavelengths, whereas NR was detected at
561 nm excitation and 566-691 emission wavelengths. Images
were acquired using a Plan-Apochromat 63x/1.4 objective at a box
size of 1912 x 1912 pixels and a pixel time of 3.38 ps.

For quantification of cellular uptake by fluorimetry, cells
were seeded in 24-well plates at 50 000 cells per well in tripli-
cate and allowed to attach overnight. The next day, cells were
treated with free NR or NR-labeled NPs as described above for
CLSM imaging. After the treatment, the cells were washed with
PBS three times, 500 pL PBS was added to each well, and NR
fluorescence was measured using a Synergy HTX multi-mode
microplate reader at 540 nm excitation and 620 nm emission
wavelengths. Results were expressed as the average fold
increase in fluorescence relative to untreated cells.
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In vivo anti-inflammatory activity of ROF NPs

Animals and experimental design. All animal experiments
were approved by Al-Zaytoonah University of Jordan
Institutional Review Board (IRB) decision no. 1/2/2020-2021.
Forty-five healthy male Wistar rats (180-250 g) were housed in
the animal house, Faculty of Pharmacy, Al-Zaytoonah
University of Jordan, Amman, Jordan. Animals were kept in
polypropylene rat cages and maintained under standard con-
ditions with free access to food and water. Animal welfare was
taken into consideration, in accordance with the ethical guide-
lines of the Animal Welfare Committee of the University. All
experiments were conducted in accordance with the Helsinki
guidelines for animal research. Rats were divided into five
groups, assigned Latin numbers I-V, and nine animals were
used in each group (one animal per group for histological ana-
lysis, three animals for nitric oxide (NO) determination, and
five animals for gene expression analysis).

Assessment of formalin-induced paw edema. ROF and ROF
NPs were tested for anti-inflammatory activity using the forma-
lin-induced rat paw edema model as described earlier with
some modification.*' Table 1 shows the details of the animal
groups and the administered treatments. Animals in group I
and II received intraperitoneal (IP) normal saline injections.
Treatments were administered to groups III-V one hour before
formalin injection. Animals in group III were pretreated with a
10 mg kg™' IP dose of DIC as a reference anti-inflammatory
drug. Animals in group IV were pretreated with a 10 mg kg™
IP dose of free ROF suspended in normal saline from a 100 mg
mL ™" stock solution in DMSO. Animals in group V were pre-
treated with a 10 mg kg™ IP dose of an aqueous dispersion of
ROF NPs diluted in normal saline. One hour after the injec-
tions, groups II-V received 0.5 mL kg™ formalin (5% solution
in normal saline) subcutaneously (SC) on the sub plantar
surface of the right hind paw to induce paw edema. The doses
used were chosen according to pilot studies in our laboratory
and based on previous studies.'””*® Note that the 10 mg kg™
dose of ROF was used because the high dose (20 mg kg™") and
low dose (10 mg kg™") showed similar inhibitory effects on the
increase in paw thickness over a 24 h period in the pilot study.
Paw thickness was measured using a digital Vernier caliper at
several time points (0, 1, 2, 3, 4, 5 and 24 h post formalin injec-
tion). The caliper was placed at the border of the metatarsals
and phalanges and it was just touching the ventral and dorsal
surface of the hind paw. The paw thickness measured after
each time point was divided by the paw thickness at the 0 h
time point to obtain the fold increase in paw thickness, which

Table 1 Animal groups and treatments

Group Pretreatment Inflammation induction
I Control IP normal saline —
I Untreated  IP normal saline 0.5 mL kg™ SC formalin
1 DIC 10 mg kg™ " IP DIC 0.5 mL kg™ SC formalin
IV ROF 10 mg kg~ " IP free ROF 0.5 mL kg™ SC formalin

V  ROFNPs 10 mgkg ' IPROFNPs 0.5 mL kg " SC formalin

This journal is © The Royal Society of Chemistry 2022
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was used as an indication of edema formation and the degree
of inflammation. After 24 h, animals were euthanized by
diethyl ether followed by cervical dislocation. Rat paws were
incised with a scalpel, and either immediately placed in 10%
formalin for histological analysis or snap-frozen in liquid
nitrogen and stored at —80 °C for all other analyses.

Histological examination of paw tissues. For histological
examination, biopsies from the paw tissues of the different
animal groups were collected, fixed in 10% formalin,
embedded in paraffin, sectioned, and stained with hematoxy-
lin and eosin (H & E). Samples were interpreted by a pathol-
ogist (Alpha Medical Labs Pathology Consultations Center,
Amman, Jordan) and representative images were acquired
using a Primovert inverted microscope (Zeiss, Germany)
equipped with an Axiocam ERc 5s digital camera at 20x
magnification.

Nitric oxide (NO) assay. Oxidative stress associated with paw
edema formation and the various treatments was evaluated by
a nitric oxide (NO) assay. NO levels were measured indirectly
by measuring the concentration of nitrite in paw tissues using
the Griess assay as previously described.*® Briefly, paw tissues
were separated from the dissected paws using surgical scis-
sors. Tissue samples were then placed in microtubes and cut
into smaller pieces, followed by adding 1 mL lysis buffer.
Samples were homogenized using a manual tissue homogen-
izer, and then placed in an ultrasonic water bath for 30 min
over ice. The homogenized tissue samples were centrifuged to
remove debris, and 50 pL of each sample was mixed with an
equal volume of freshly prepared Griess reagent (Sigma-
Aldrich, USA) in 96-well plates and incubated for 30 min at
room temperature protected from light. Sodium nitrite stan-
dards (Sigma-Aldrich, USA) were also prepared in the same
plate and incubated with the Griess reagent. The absorbance
of the samples was then read at 540 nm using a Synergy HTX
multi-mode microplate reader. The nitrite concentration in
each sample was calculated based on a calibration curve of
sodium nitrite standards.

RNA extraction from paw tissues and complementary DNA
(cDNA) synthesis. Tissue samples were separated from dis-
sected rat paws using surgical scissors. Total RNA was
extracted from paw tissue samples using a Direct-zol RNA
Miniprep kit (Zymo Research, USA) according to the manufac-
turer’s instructions. Briefly, tissues were homogenized in
600 pL TRIzol reagent using bashing beads, centrifuged to
remove debris, and the supernatants were transferred into
Zymo-Spin columns in a collection tube. Columns were then
treated with DNase I and DNA digestion buffer and washed
with RNA prewash and RNA wash buffer. RNA samples were
eluted from columns with 50 pL DNase/RNase-free water by
centrifugation and RNA concentrations were analyzed using a
Nanodrop DNA/Protein Analyzer (Quawell, USA). Double-
stranded cDNA was synthesized from the total RNA using a
Prime-Script Reverse Transcriptase (RT) Master mix (Takara
Bio cDNA synthesis kit, cat# RR036A-1, Japan) in a DNA
Engine® Peltier Thermal Cycler (Bio-Rad, USA). For cDNA syn-
thesis, the total reaction volume was 10 pL consisting of 2 pL
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of RNA samples, 2 pL of RT, and 6 pL of nuclease-free water.
c¢DNA sample concentrations were measured by a Nanodrop
DNA/Protein Analyzer (Quawell) and were diluted with nucle-
ase-free water (80-100 ng pL ™).

Assessment of tnf-a and il-1§ gene expression using reverse
transcriptase-polymerase chain reaction (RT-PCR). RT-PCR for
the pro-inflammatory mediators’ genes (tnf-o and il-1f) was
performed using SYBR green detection (TB Green Premix Ex
Taq II, Takara Bio, Japan) in a Prime Pro 48 Real-time PCR
machine (Cole-Parmer, UK). For quantitative RT-PCR of tnf-a
and il-1p, the total reaction volume was 20 pL consisting of
1 pL of diluted cDNA samples, 1 pL of each forward primer
(FW), 1 uL of each reverse primer (RW), 10 uL SYBR green, and
7 pL nuclease-free water. Sequences of primer pairs for each
pro-inflammatory mediator genes used in the analysis were
previously described®® and listed in Table 2. B-actin was used
as a housekeeping gene standard in all experiments. The
2724¢ method** was used to compare the relative amount of
target mRNA in the untreated, DIC, ROF and ROF NPs groups
with those of the control group using a threshold cycle
number (Cy) for each sample obtained from an iCycler (Bio-
Rad, Germany). Each sample was run in triplicate. In order to
calculate ACr, the mean Cr value for the internal control gene
(B-actin) was subtracted from the mean Cr value of the gene of
interest (tnf-o or il-1f). The average ACr values of the control
group was then subtracted from each AC; value of the
untreated, DIC, ROF, and ROF NPs groups to obtain AACr.
The relative fold changes from the control were then expressed
by calculating 274" for each sample.

Statistical analysis

Experimental results were expressed as mean + SD from at
least three independent trials. All statistical analyses were per-
formed in GraphPad Prism 7 software. Unless otherwise indi-
cated, means were compared using one-way analysis of var-
iance (ANOVA) followed by Tukey’s multiple comparisons test,
or two-way ANOVA followed by Sidak’s multiple comparisons
test to determine significant differences between groups.
Values of p < 0.05 were considered statistically significant.

Results
Isolation of ROF from T. polium and spectral characterization

The spectroscopic data for ROF is presented in the ESI.{ The
IR spectrum of the compound (Fig. S1T) showed absorption

Table 2 Genes and primer sequences used in RT-PCR*3

Gene Primer Sequence (5'-3')

tnf-o Forward AAATGGGCTCCCTCTCATCAGTTC
Reverse TCTGCTTGGTGGTTTGCTACGAC

il-1p Forward CACCTCTCAAGCAGAGCACAG
Reverse GGGTTCCATGGTGAAGTCAAC

B-actin Forward AAGTCCCTCACCCTCCCAAAAG
Reverse AAGCAATGCTGTCACCTTCCC
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bands at 1602 and 1586 cm™" for the aromatic rings of the
flavone, and at 3275 and 1654 cm™* which are characteristic of
-OH and -C=O groups, respectively. High-resolution mass
spectrometry (HRMS) of the compound (Fig. S21) showed a
peak at m/z 601.15278, which belongs to the [M + Na]" ion.
The UV/Vis spectra of the compound in methanol showed two
maxima, at 333 nm and 226 nm for band I and band II,
respectively. Addition of NaOMe led to a bathochromic shift of
58 nm without the appearance of a new band, indicating the
presence of free -OH at C-4' and the absence of -OH at C-7.
The presence of free -OH on C-5 was indicated by a bathochro-
mic shift of 54 nm in AICl;. The shift was not affected by the
addition of HCI, justifying the absence of ortho dihydroxy sub-
stitution of ring B. The 'H and *C NMR spectra showed
signals corresponding to apigenin and two sugar moieties.
The 'H NMR (DMSO-ds) spectrum (Fig. S31) showed two
doublet peaks each integrating to one proton at 6.41 and
6.74 ppm (J = 1.9 Hz) due to the meta coupled protons on ring
A (H-8 and H-6, respectively). H-3 appeared as a singlet at
6.83 ppm. The presence of the para substituted B ring was
indicated by the two doublet peaks each integrating to 2
protons at 6.92 and 7.91 ppm (J = 8.7 Hz), referring to H-3',5'
and H-2',6', respectively. The presence of rhamnose in the
sugar moiety was indicated by the three protons doublet at
1.03 ppm for the methyl group. The f-linkage of the digluco-
side was confirmed by the high value of coupling constant of
the two anomeric protons, which appeared at 3.80 ppm (J =
10.8 Hz) and 5.03 ppm (J = 7.0 Hz), which correspond to H"
and H", respectively. The '*C NMR (DMSO-ds) spectrum
(Fig. S4t1) and the DEPT experiment of the compound
(Fig. S5t) showed the presence of 25 carbon signals corres-
ponding to 27 carbons, classified as one -CH;, one —-CH,, 17
-CH, and 8 quaternary carbons. Thirteen of the C-signals are
due to the apigenin moiety, and the remaining 12 C-signals
are due to the sugar moiety. The spectral data of ROF were in
full agreement with literature values.*®

Preparation and characterization of ROF-loaded PLGA NPs

Optimization of ROF loading. An overview of the preparation
of ROF-loaded PLGA NPs is depicted in Fig. 1. Several methods
have been used for the preparation of polymeric NPs.*® In this
study, the single emulsion/solvent evaporation method was
successfully used to entrap ROF in PLGA NPs. Various formu-
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lations were prepared that mainly differed in the amount of
PLGA used and the ROF : PLGA ratio (Table 3). All NPs exhibi-
ted a particle size between 150-260 nm with relatively low poly-
dispersities. Entrapment efficiency (EE%) and drug loading
(DL%) were used to determine the percentage amount of drug
successfully entrapped into the NPs. ROF-loaded NPs prepared
at different ROF : PLGA ratio showed an EE% ranging between
26.3% and 45.0% and a DL% ranging between 1.4% and 9.0%.
It was observed that the EE increased with the increase in both
PLGA and ROF amounts. The highest EE of 45.0% was
obtained for formulation NP3 containing the highest amounts
of ROF and PLGA (10 mg and 50 mg, respectively). It was also
observed that DL increased proportionally with the increase in
the amount of ROF added. For example, when a constant
amount of 50 mg PLGA was maintained, DL increased from
2.0% to 9.0% upon increasing the amount of ROF from 2.5 mg
to 10 mg. Also, when a constant amount of 20 mg PLGA was
maintained, DL was increased from 1.8% to 5.4% as the
amount of ROF was increased from 1 mg to 4 mg. Similarly,
when a constant amount of 10 mg PLGA was maintained, DL
was increased from 1.4% to 5.3% by increasing the amount of
drug from 0.5 mg to 2 mg. These findings may be explained
based on the change in viscosity of the emulsion produced
during preparation of the NPs. For example, increasing the
amount of PLGA increased the viscosity of the organic phase,
resulting in high resistance to diffusion of ROF from the
organic phase to the aqueous phase, thereby encapsulating
more ROF in the PLGA NPs. Furthermore, increased ROF
amount in the organic phase led to an increase in EE% and
DL% which may be due to the more available ROF molecules
that could interact with the PLGA polymer chains.*” The par-
ticle size of all NP formulations as measured by DLS ranged
between 153 and 263 nm, with PDI values ranging between
0.14 and 0.25 (Table 3), denoting narrow particle size distri-
butions. Based on the EE and DL results, NP3 was chosen for
further investigation.

Surface modification of ROF NPs. ROF-loaded PLGA NPs
that exhibited the highest EE and DL (NP3) were PEGylated to
provide steric stabilization and stealth properties.*® This was
achieved by priming the NPs with a plant-inspired TA coating
as an adhesive layer to facilitate PEGylation. TA is a complex
plant polyphenol which has been reported to form reactive
adhesive coatings on various organic and inorganic substrates

Table 3 Characterization of the different formulations of ROF-loaded PLGA NPs

NP PLGA (mg) ROF (mg) Particle size (nm) PDI EE (%) DL (%)

NP1 50 2.5 168 + 16 0.19 + 0.02 39.8+16.5 2.0+£0.8
NP2 50 5 181 +24 0.19 £ 0.01 36.1+21.7 3.6 £2.2
NP3 50 10 182 +8 0.15+0.01 45.0+4.3 9.0+£0.9
NP4 20 1 153 £ 17 0.25 +0.09 35.8+4.9 1.8+0.2
NP5 20 2 178 + 47 0.21 £ 0.05 31.8+12.6 3.2+1.3
NP6 20 4 223 £17 0.23 £ 0.11 27.2 +13.6 54=+27
NP7 10 0.5 213 + 66 0.19 £ 0.06 28.9+12.5 1.4+0.6
NP8 10 1 263 + 27 0.22 £ 0.13 37.0+22.1 3.7+£2.2
NP9 10 2 255+ 38 0.18 £ 0.01 26.3 +8.7 53+1.7
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upon oxidation in mild alkaline buffers.** These coatings can
be conveniently exploited to immobilize nucleophilic ligands
such as thiol-terminated PEG (mPEG-SH).*>*® Thus, PEG was
immobilized on the surface of the ROF-loaded, TA-coated
PLGA NPs (PLGA@TA NPs), producing the optimized ROF for-
mulation (PLGA@PEG NPs; ROF NPs). As shown in Table 4,
the particle size and polydispersity of ROF-loaded uncoated
PLGA NPs (NP3) did not significantly change upon TA coating
and PEGylation, averaging a diameter of 204 nm and a PDI of
0.14. Uncoated PLGA NPs (NP3) and PLGA@TA NPs exhibited
a partially negative surface charge (zeta potential values of —27
and —30 mV, respectively) due to the presence of terminal car-
boxyl groups and terminal galloyl groups, respectively. After
PEGylation, the surface charge of PLGA@PEG NPs was not sig-
nificantly decreased, most likely due to the persistence of car-
boxyl and galloyl groups near the NP surface.

XPS was employed to verify successful PEGylation of ROF
NPs by comparing the surface chemistry of uncoated PLGA,
PLGA@TA, and PLGA@PEG NPs. XPS survey and high-resolu-
tion scans of the NPs before and after PEGylation are provided
in the ESI,t and the relative composition of the C 1s peak com-
ponents is depicted in Table 5. Uncoated PLGA NPs produced
a C/O ratio of 1.05, which is lower than the theoretical value
for PLGA of 1.25. This was most likely attributed to the pres-
ence of extra oxygens arising from incomplete removal of PVA
during NP preparation and/or surface exposed ROF molecules.
On the other hand, PLGA@TA NPs exhibited an increase in the
C/O ratio to 1.70, which is close to the theoretical value for TA
of 1.65. The increase in the C/O ratio was accompanied by an
increase in the % of the C-C/C-H components from 54.2 to
66.0%, and a decrease in the % of the C=0O component from
21.8 to 10.3%, confirming successful TA coating. PEGylation
resulted in further changes to the NPs’ surface chemistry.
Notably, PLGA@PEG NPs showed a decrease in the C/O ratio
from 1.70 to 1.04, reflecting a rise in the % of oxygen species
on the NP surface. Additionally, there was a marked decrease
in the % of the C-C/C-H components from 66.0 to 34.6% and

Table 4 Characterization of ROF NPs before and after PEGylation

Particle Zeta potential
NP size (nm)  PDI (mv)
PLGA NPs (NP3) 182+ 8 0.15+0.01 -27+8
PLGA@TA NPs 197 + 4 0.16 +0.01 -30x4
PLGA®@PEG NPs (ROF NPs) 204 +2 0.14 £0.02 -28=+3
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an increase in the % of the C-O/C-OH components from 23.7
to 42.6%. These changes strongly support the successful
immobilization of PEG on the NPs’ surface mediated by the TA
adhesive layer, as a facile surface modification approach to
produce sterically stabilized ROF NPs.

Physicochemical characterization of ROF NPs. The opti-
mized ROF NPs were characterized by FTIR. As shown in
Fig. 2A, the FTIR spectra of ROF and the optimized ROF NPs
both showed characteristic O-H stretching bands between
3100-3700 c¢cm™" and C-H stretching bands between
2800-3000 cm™". The C=O0 stretching band observed in ROF
NPs between 1650-1750 cm™ " was assigned to the ester groups
of PLGA, and the C-O stretching bands appearing in both ROF
and ROF NPs were attributed to the multiple C-OH groups in
ROF and the ethylene oxide units of PEG, respectively. The NPs
were further examined using TEM, which confirmed their
spherical morphology with an approximate diameter of
110 nm (Fig. 2B). Note that particle diameters measured from
electron microscopy images are typically smaller than DLS
readings due to the collapsed state of the NPs under vacuum
during TEM imaging.’® The colloidal stability of ROF NPs
upon storage at 4 °C was evaluated by measuring the change
in particle size over time. As shown in Fig. 2C, there was no
significant increase in size up to 4 months compared to
freshly prepared NPs. Serum stability of NPs is also crucial,
since small particles may react with different blood com-
ponents and aggregate during systemic administration. To
examine the serum stability of ROF NPs, the fresh NP dis-
persion was incubated in DMEM supplemented with 10% FBS
at 37 °C, withdrawing samples every 24 h up to 96 h. As shown
in Fig. 2C, there was no statistical difference in terms of fold
increase in size compared to freshly prepared NPs.

Sustained release from the drug delivery system is a desir-
able property to maintain a constant therapeutic concentration
of the drug for a prolonged period of time. Therefore, in vitro
release of ROF from the optimized ROF NPs was investigated
in PBS pH 7.4 at 37 °C to mimic physiologic conditions.
Release was also conducted in acetate buffer pH 5.0 to
examine the effect of pH on modulating drug release. As
shown in Fig. 2D, under both pH conditions, the release be-
havior of ROF from the NPs followed a biphasic pattern, where
an initial fast release was observed during the first 6 h, fol-
lowed by a slower sustained release pattern over 96 h. In PBS
pH 7.4, approximately 54.3% of ROF was released from the
NPs within the first 6 h, 80.2% was released after 24 h, 90.8%
was released after 48 h, 97.6% was released after 72 h, and

Table 5 Relative composition of the C and O components of ROF NPs before and after PEGylation obtained from XPS

Atomic composition (%)

Composition of C 1s components (%)

NP C1s O1s C/O C-C/C-H C-O/C-OH C=0
PLGA 51.2 48.8 1.05 54.2 24.0 21.8
PLGA@TA 63.0 37.0 1.70 66.0 23.7 10.3
PLGA@PEG 50.9 49.1 1.04 34.6 42.6 22.8

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) FTIR spectra of ROF and the optimized ROF NPs; (B) TEM image of the optimized ROF NPs; (C) Colloidal stability of the optimized ROF
NPs upon storage up to 4 months at 4 °C and after incubation in DMEM supplemented with 10% FBS up to 96 h at 37 °C. Results are expressed as
the average fold increase in size + SD relative to fresh NPs (n = 3); (D) In vitro release of ROF from the optimized ROF NPs in PBS pH 7.4 and acetate
buffer pH 5.0 at 37 °C. Results are expressed as the average % cumulative release + SD (n = 3) versus time. *p < 0.05 based on two-way ANOVA fol-

lowed by Sidak’s multiple comparisons test.

99.0% was released after 96 h. Release in acetate buffer pH 5.0
followed similar kinetics, except that 84.3% of ROF was
released at 24 h, which was significantly higher than the
amount released in PBS pH 7.4 (p < 0.05). No differences were
observed at all the other time points, reflecting the slow degra-
dation rate of PLGA and indicating that drug release was
mainly governed by diffusion.>®

Antioxidant activity of ROF NPs

The antioxidant and anti-inflammatory properties of polyphe-
nols have been largely attributed to their chemical structures.
The highly conjugated aromatic system with multiple hydroxyl
groups makes these compounds good hydrogen donors or
electron donors, neutralizing free radicals and other reactive
species.”® The antioxidant activity of the optimized ROF NPs
was compared to free ROF using the ABTS assay. Different
amounts of ROF and ROF NPs were incubated with the ABTS
radical solution, and the decrease in absorbance of the ABTS
radical was used as an indication of the radical scavenging
activity. As shown in Fig. 3A, ROF NPs exhibited a dose-depen-
dent increase in scavenging activity which was comparable to
free ROF, indicating that the antioxidant activity of free ROF
was not compromised during NP preparation.

5512 | Biomater. Sci, 2022, 10, 5504-5519

The antioxidant and free radical scavenging activity of ROF
NPs was further evaluated in a cell-based assay using RAW
264.7 macrophages. Cells were first treated with various con-
centrations of free ROF and ROF NPs for 24 h and cell viability
was determined (Fig. S8t). Then, cells were treated with non-
toxic concentrations of free ROF or ROF NPs for 24 h, followed
by inducing oxidative stress using a hydrogen peroxide deriva-
tive, tBHP, and monitoring the extent of cellular ROS gener-
ated as indicated by the fluorescence signal of the DCFDA
probe. Interestingly, even though ROF in its free and NP form
exhibited similar antioxidant activities in the cell-free assay
(Fig. 3A), the two forms showed different behaviors in the cell-
based assay. As depicted in Fig. 3B, tBHP caused a significant
increase in cellular ROS in untreated/stimulated cells.
Pretreating the cells with free ROF before tBHP stimulation did
not have a significant effect on the elevated ROS levels even at
the highest ROF concentration (40 pM). Conversely, cells pre-
treated with 10 and 20 pM ROF NPs maintained a cellular ROS
level that was similar to that of untreated/unstimulated control
cells. Moreover, at 40 pM, ROF NPs were associated with a sig-
nificant reduction (p < 0.0001) in the cellular ROS level com-
pared to the untreated/unstimulated controls, denoting their
ability to reduce intrinsic oxidative stress. Additionally, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Antioxidant activity of ROF NPs compared to free ROF
measured by the ABTS assay. Results are expressed as the average %
scavenging activity + SD (n = 3) and analyzed by 2-way ANOVA followed
by Sidak’s multiple comparisons test; (B) Cellular ROS scavenging activity
of ROF NPs compared to free ROF in RAW 264.7 macrophages examined
by a DCFDA assay. Cells (n = 3) were pretreated with various concen-
trations of ROF and ROF NPs for 24 h, and oxidative stress was induced
by tBHP. Results are expressed as the average fold increase in DCF fluor-
escence + SD. **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to
the control (untreated/unstimulated) cells. **#p < 0.001 and ####p <
0.0001 compared to free ROF based on 2-way ANOVA followed by
Sidak’s multiple comparisons test.

ROS levels in cells pretreated with ROF NPs were significantly
lower than the levels obtained with equivalent concentrations
of free ROF across the three tested concentrations.

Cellular uptake of NR NPs

Cellular uptake experiments were conducted using NR-labeled
NPs to verify whether the observed difference in cellular ROS
scavenging activity was attributed to enhanced cellular uptake
of the NP formulation compared to the free drug. CLSM
images of RAW 264.7 cells after 1 h of incubation with free NR
and NR NPs are depicted in Fig. 4A, and the corresponding
cell-associated fluorescence values are shown in Fig. 4B. Cells
treated with NR NPs displayed significantly stronger intracellu-
lar red fluorescence signals compared to free NR, indicating
faster uptake of the NPs compared to the free dye, which corre-
lates with the superior intracellular antioxidant activity of the
NPs compared to the free drug.

This journal is © The Royal Society of Chemistry 2022
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In vivo anti-inflammatory activity of ROF NPs

The anti-inflammatory activity of ROF NPs was evaluated in a
formalin-induced rat paw edema model and compared to free
ROF and a reference anti-inflammatory drug (DIC). Treatments
were administered 1 h prior to paw edema induction and
edema progression was monitored up to 24 h by measuring
the fold increase in paw thickness relative to the 0 h time
point. Note that the different agents were administered as a
pretreatment in accordance with previous studies on ROF in
animal models of inflammation."”"'® As shown in Fig. 5A, the
untreated, DIC, ROF, and ROF NPs animal groups exhibited a
significant time-dependent increase in paw thickness after for-
malin injection compared to the control group (p < 0.0001),
consistent with paw edema formation. The greatest fold
increase in paw thickness was observed in untreated rats,
which showed a steady rise from 1.4-fold (1 h post formalin
injection) to 1.9-fold (24 h post formalin injection). This
increase in paw thickness indicated a successful induction
and persistence of paw edema over the period of the study.

Although all groups that received pretreatment with either
DIC, free ROF, or ROF NPs were still associated with an
increase in paw thickness compared to the control, this
increase was significantly lower than the increase associated
with the untreated group at all time points (p < 0.0001). This
indicates that the pretreatment with DIC, ROF, and ROF NPs
significantly inhibited edema formation and progression com-
pared to the untreated group, confirming the anti-inflamma-
tory activity of these drugs. Note that no significant difference
was observed between DIC, free ROF, or ROF NPs across all
time points, which strongly supports the potent anti-inflam-
matory activity of ROF alone and in the form of NPs.
Morphological changes, including swelling and erythema of
the rat paw in the untreated, DIC, ROF, and ROF NPs groups
compared to the control group after 24 h of edema induction
are presented in Fig. 5B.

The anti-inflammatory activity of ROF NPs compared to the
different experimental groups was further evaluated by examin-
ing the histopathological changes in the paw tissues after 24 h
of paw edema induction. The main changes are summarized
in Table 6 and representative images of H & E-stained dermal
layers of the paw tissues are shown in Fig. 6. Untreated
animals showed significant infiltration of lymphocytes, neutro-
phils, and mast cells, in addition to severe vasculitis. The DIC
group was associated with moderate lymphocyte infiltration,
mild neutrophil infiltration, occasional appearance of mast
cells, and minimal vasculitis. ROF was associated with mild
lymphocyte infiltration and occasional appearance of mast
cells. However, moderate neutrophil infiltration and moderate
vasculitis were also observed. On the other hand, ROF NPs dis-
played mild lymphocyte and neutrophil infiltration with
occasional appearance of mast cells and minimal vasculitis,
denoting an enhancement in the anti-inflammatory activity of
ROF when administered as ROF NPs.

The in vivo antioxidant activity of ROF NPs was also evalu-
ated by measuring the NO levels in the inflamed paw tissues
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Fig. 4 Cellular uptake of NR-labeled NPs. (A) CLSM images of RAW 264.7 cells incubated with free NR or NR-labeled NPs for 1 h. Blue: cell nuclei
stained with DAPI, red: NR; (B) Fold increase in fluorescence intensity of RAW 264.7 cells treated with free NR or NR-labeled NPs for 1 h relative to
untreated cells. Results are expressed as the mean + SD (n = 3). ***p < 0.001 based on unpaired t-test.

using the Griess assay for nitrite determination. As shown in
Fig. 7, the untreated group displayed 2.1-fold increase in
nitrite levels compared to the control group, while the groups
treated with DIC, free ROF, and ROF NPs maintained normal
nitrite levels, which correlates with their potent anti-inflamma-
tory activity.

The effect of ROF NPs on slowing the progression of paw
edema and the underlying inflammatory response was further

5514 | Biomater. Sci,, 2022, 10, 5504-5519

supported by analyzing the gene expression of two pro-inflam-
matory cytokines, tnf-o and il-1p, in paw tissues extracted after
24 h of paw edema induction. TNF-a and IL-1f are important
pro-inflammatory mediators as they are involved in the
initiation and amplification of the inflammatory response.>>*
RT-PCR was performed to determine the relative mRNA
expression of the pro-inflammatory mediators’ genes in the
inflamed paw tissues. As shown in Fig. 8, the untreated group
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Fig. 5 In vivo anti-inflammatory activity of DIC, ROF, and ROF NPs. (A) Fold increase in paw thickness over a 24 h period relative to 0 h. Results are
expressed as the mean fold increase in thickness + SD (n = 5) versus time (h). ****p < 0.0001 compared to the control group and *###p < 0.0001
compared to the untreated group based on 2-way ANOVA followed by Tukey's multiple comparisons test; (B) Morphological changes of the right

paw of the animals after 24 h of paw edema induction.

Table 6 Histopathological changes associated with formalin-induced
paw edema observed in the untreated, DIC, ROF, and ROF NPs groups
compared to the control group

Group Lymphocytes ~ Neutrophils =~ Mast cells  Vasculitis
Control - - - -
Untreated +++ +++ +++ +++

DIC ++ + - —

ROF + ++ — ++

ROF NPs + + - -

This journal is © The Royal Society of Chemistry 2022

showed a significant increase (p < 0.0001) in both tnf-a and il-
1P relative mRNA expression compared to the control, DIC,
ROF, and ROF NPs groups. Moreover, groups pretreated with
ROF and ROF NPs showed no significant difference in tnf-o
and il-1p mRNA expression compared to the control group.
Interestingly, the DIC pretreated group exhibited significantly
higher (p < 0.05) expression of il-1p mRNA and no significant
difference in tnf-a mRNA expression compared to the control
group. However, the gene expression of the two cytokines was
still significantly lower compared to the untreated group. The
marked reduction in gene expression of the pro-inflammatory
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Fig. 6 Histological examination of paw tissues after 24 h of paw edema induction. Representative images from (A) control, (B) untreated, (C) DIC,

(D) ROF, and (E) ROF NPs groups.
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Fig. 7 Nitrite levels in paw tissues of the different animal groups after
24 h of paw edema induction. Results are expressed as the mean nitrite
concentration (UM) + SD (n = 3). **p < 0.01 compared to the control
based on one-way ANOVA followed by Tukey’s multiple comparisons
test.

mediators confirms the anti-inflammatory activity of ROF NPs,
which was comparable to free ROF and DIC.

Discussion

Poor aqueous solubility is a major challenge encountered in
the development of drug candidates. Various studies have
reported on polymeric NPs as drug delivery systems for
different classes of drugs to enhance their solubility, efficacy

5516 | Biomater. Sci, 2022, 10, 5504-5519
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and bioavailability. In this study, we developed an NP for-
mulation for ROF, a promising bioactive flavonoid, based on
PLGA. PLGA-based polymeric NPs have been previously
employed to enhance the bioavailability, biological activity,
and water solubility of various natural products. For example,
Derman et al. prepared quercetin-encapsulated PLGA NPs by
the single emulsion/solvent evaporation method and the NPs
showed enhanced water solubility, biocompatibility, and sus-
tained antioxidant activity of encapsulated quercetin compared
to the free drug.’® The same technique was reported for the
preparation of curcumin-loaded PLGA NPs to improve encap-
sulation efficiency, cytocompatibility with intestinal cells, and
oral bioavailability of curcumin.®® In another study, Feng et al.
reported that apigenin, the aglycone of ROF, loaded into PEG-
PLGA NPs had a stronger anti-inflammatory activity and longer
in vivo circulation time than unencapsulated apigenin.®' In
another report, apigenin, was loaded in PEG-PLGA polymeric
NPs to improve its solubility and bioavailability. Results
demonstrated that apigenin NPs exerted an anti-inflammatory
effect by inhibiting the expression and production of inflam-
matory cytokines and proved to be more effective in inhibiting
lung fibrosis compared to free apigenin.®?

PLGA NPs experience high rates of uptake and opsonization
by the reticuloendothelial system (RES) due to their hydro-
phobic nature. PEGylation has been shown to be a suitable
technique to enhance the colloidal stability and water solubi-
lity of polymeric NPs, prolong their systemic circulation,
reduce their immunogenicity, and decrease their accumulation
in the RES organs.*®®® In this work, we used a simple and
rapid technique to PEGylate ROF NPs by relying on the
adhesive properties of oxidized polyphenols such as TA, avoid-
ing the use of coupling reagents and complex purification
steps. Physicochemical characterization of the optimized ROF

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 In vivo anti-inflammatory activity of DIC, ROF, and ROF NPs. (A)
tnf-a and (B) il-1p relative mRNA gene expression in paw tissues after
24 h of paw edema induction. Results are expressed as mean + SD (n =
5) and analyzed by one-way ANOVA followed by Tukey's multiple com-
parisons test. ****p < 0.0001 compared to the untreated group, p <
0.05 compared to the control group.

NPs confirmed their composition and morphology. The NPs
maintained excellent colloidal stability during storage and in
the presence of serum, which may be attributed to the
PEGylated NP surface. Similar results were obtained by our
group for PEGylated polymeric nanocapsules entrapping cirsi-
liol, another bioactive flavonoid isolated from T. polium.** As
for drug release, the relatively fast release observed during the
initial hours could be explained by drug desorption from the
surface of the NPs, and the sustained release pattern in the
later hours may be due to slow drug diffusion and erosion of
the polymeric matrix.®* It is possible that the presence of the
PEG coating increased the wettability of the hydrophobic PLGA
surface, improved water permeation and drug diffusion
through the polymer matrix, and consequently facilitated drug

This journal is © The Royal Society of Chemistry 2022
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release.®> Moreover, the ABTS antioxidant assay confirmed
that loading ROF in polymeric NPs may be an appropriate
approach to maintain its antioxidant activity while controlling
its release. The results were consistent with those of the pre-
study cirsiliol-loaded
nanocapsules.*?

Having shown promising attributes as a delivery system for
ROF, the anti-inflammatory activity of ROF NPs was evaluated
in RAW 264.7 macrophages, by monitoring the levels of cellu-
lar ROS following stimulation with a hydrogen peroxide deriva-
tive, tBHP. ROF NPs significantly enhanced the ROS scaven-
ging activity of free ROF and even reduced the intrinsic oxi-
dative stress at higher concentrations. These observations may
be attributed to enhanced cellular uptake of the NP formu-
lation, similar to previous studies involving PLGA NPs as car-
riers for anti-inflammatory drugs.®®®” The results were further
corroborated by the cellular uptake experiments, which
demonstrated faster uptake of NR-labeled NPs compared to
the free dye.

Several animal models have been developed for the assess-
ment of anti-inflammatory activities of novel drugs. Among
the various animal models for inflammation, the formalin-
induced paw edema model in rats has close similarity with
inflammation in humans. Inflammation induced by formalin
is biphasic. Bradykinin, and substance-P are involved in the
early phase, whereas histamine, 5-hydroxytryptamine (5-HT),
prostaglandins, and bradykinin are involved in the later
phase.®® IL-1p and TNF-a are the primary cytokines in mediat-
ing acute inflammatory reactions at the site of their pro-
duction. IL-1p can stimulate T-cell proliferation, induce fever
by enhancing prostaglandin E2 (PGE2) synthesis, and trigger
vasodilation and increase of vascular permeability by enhan-
cing the release of histamine from mast cells. TNF-a can also
induce the acute phase response and fever, either by stimulat-
ing PGE2 synthesis or inducing the production and release of
IL-1p. TNF-a and IL-1f further exert secondary inflammatory
effects by stimulating IL-6 synthesis and activating the innate
immune response.*?

Recent studies have shown that the anti-inflammatory
activity of ROF is mediated by affecting the production and
secretion of inflammatory mediators such as TNF-a, IL-1f, and
IL-6. Moreover, ROF can suppress the expression of nuclear
factor kappa-B (NF-xB) signaling pathway'® and reduce PGE2
levels'’” and the oxidative stress associated with RA.'®
Therefore, the anti-inflammatory activity of ROF NPs in the for-
malin-induced rat paw edema model was evaluated by moni-
toring the increase in paw thickness and the associated histo-
pathological changes, and by measuring the NO and gene
expression levels of tnf-a and il-1p in the inflamed paw tissues.
Our results confirmed the potent anti-inflammatory activity of
free ROF, which was comparable to the reference NSAID, DIC.
ROF NPs exhibited an equal inhibitory effect on the pro-
gression of paw edema, tissue oxidative stress, and the gene
expression levels of the pro-inflammatory mediators. However,
ROF NPs performed better than the free drug in terms of miti-
gating the histopathological changes associated with formalin-

vious involving polymeric
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induced paw edema, signifying that the NPs could successfully
deliver ROF to the site of inflammation.

Conclusion

In this work, the poorly soluble bioactive flavonoid ROF was
isolated from T. polium and successfully entrapped in PLGA
NPs by the emulsification/solvent evaporation method, fol-
lowed by TA-mediated NP PEGylation. The effect of drug/
polymer ratio and polymer concentration on NP size, polydis-
persity, DL, and EE was investigated to obtain the optimal NP
formulation. The optimal NPs showed an average size of
204 nm with a narrow size distribution and an EE of 45%. The
NPs also showed long term stability for up to 4 months and
excellent stability in the presence of serum for up to 96 h. The
drug release profile exhibited a biphasic pattern involving a
fast initial release followed by a slower sustained release
pattern for up to 96 h regardless of the pH. Antioxidant assays
using ABTS demonstrated that ROF NPs maintained similar
free radical scavenging activity compared to free ROF. Cellular
ROS assays conducted in RAW 264.7 macrophages revealed the
superiority of ROF NPs in reducing oxidative stress compared
to free ROF, which correlated with the faster cellular uptake of
the NPs. The in vivo anti-inflammatory activity of ROF NPs was
investigated in a formalin-induced rat paw edema model,
which confirmed the role of ROF NPs in mitigating paw edema
and the histopathological signs of inflammation, most likely
by ROF-mediated inhibition of oxidative stress and gene
expression of pro-inflammatory cytokines such as TNF-a and
IL-1B. Even though the in vivo anti-inflammatory activity of
ROF NPs was similar to free ROF in most anti-inflammatory
assays, the NP formulation offers advantages such as solubility
enhancement and controlled release, which will likely prove
valuable for repeated dosing by improving the pharmacoki-
netics and biodistribution of the free compound. Collectively,
the results demonstrate the promising potential of the devel-
oped ROF NP formulation as a nanomedicine for the treat-
ment of inflammation.
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