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Abstract: The therapeutic application of conventional anti-arthritic drugs is greatly limited due to poor
skin permeability, resulting in poor transdermal bioavailability. Cationic nanocarrier-based drug
delivery systems enhance the penetration of anti-arthritic drugs into deeper skin layers by interacting
with the negative charge of the skin membrane. Herein, we developed rutin-loaded cationic phytosomes
(RTCPs) via thin-layer hydration and incorporated them into a 2% Carbopol 940 gel for convenient
topical application. The formulation F3 was selected as the optimized RTCPs with an average size
(527.6 nm), narrow polydispersity index (0.348), positive zeta potential (+25.5 mV), and entrapment
efficiency of 80.82+3.03 %. HR-TEM analysis ensured that the spherical morphology had a smooth
surface. The polymeric hydrogel showed all the desirable characteristics essential for topical
application. Ex vivo skin permeation studies showed that RTCPs-loaded polymeric hydrogel had a 6.47-
fold higher permeability than free RT hydrogel. Furthermore, in vivo anti-arthritic evaluation,
hematological, radiological, and histopathological studies showed better therapeutic efficacy of RTCP-
loaded polymeric hydrogel in the FCA-induced arthritis rat model compared to the commercially
available anti-arthritic gel. These findings suggest that well-developed RTCPs can enhance skin
penetration and serve as a potential drug-delivery system for the long-term management of RA and
other inflammatory diseases.

Keywords: rutin-loaded cationic phytosomes; rutin; rheumatoid arthritis; polymeric hydrogel; topical
delivery.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic, autoimmune, inflammatory disorder of the
joints that affects approximately 0.5-1% of the world's adult population [1]. The clinical
manifestations of this disease include synovial joint inflammation, autoantibody production,
and irreversible destruction of bone and cartilage tissues, which lead to disability and the
inability to participate in physical and social activities, increase mortality, and have a
significant impact on the patient's quality of life [2,3]. Although the exact cause of RA is
unknown, genetic and environmental factors have influenced its occurrence [4]. The main goal
of treating RA is to reduce pain and inflammation[5]. Nonsteroidal anti-inflammatory drugs
(NSAIDs) are a group of analgesic and anti-inflammatory agents that are mostly prescribed to
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treat a broad range of acute and chronic painful inflammatory conditions. Acetylsalicylic acid
was the first NSAID introduced into the market in 1899 under the name of aspirin [6]. NSAIDs
are now commercially available in many countries in oral, parenteral, and topical dosage forms.
In the UK, 20-24 million prescriptions for oral NSAIDs are dispensed annually, accounting for
5% of all National Health Service prescriptions [7]. Although oral NSAIDs are effective for
symptomatic relief in arthritic conditions, their usefulness is often limited by dose-dependent
adverse events (AESs), such as gastrointestinal disturbances, cardiovascular events, and renal
toxicity [8, 9]. These risks could be higher in the case of RA because patients with RA
frequently require higher doses of NSAIDs for a projected period [10]. Topical formulations
could mitigate these risks by enabling site-specific, effective delivery of analgesic
concentrations while minimizing systemic exposure [11]. In 2014, approximately 5.8 million
NSAID prescriptions were dispensed in England, primarily for topical ibuprofen and
diclofenac [12]. However, there are instances of reported adverse effects on the usage of topical
NSAIDs, such as irritation, erythema, dry skin, and pruritus. Some patients also reported
systemic side effects like headaches and gastrointestinal (GI) upset [13, 14].

There are ongoing efforts to develop safer, more effective therapeutic agents with fewer
side effects for long-term RA treatment. Several researchers have concluded that plant-derived
phytochemicals are safe and effective for RA management [15]. Rutin is a naturally occurring
bioflavonoid with excellent therapeutic properties, including antioxidant, anti-inflammatory,
neuroprotective, antiallergenic, antiviral, and anticarcinogenic effects. Among these beneficial
effects, the anti-inflammatory activity of rutin has been well established in the literature, and
its application in treating various inflammatory diseases, including RA, has been reported
[16,17]. Rutin generally reduces the generation of pro-inflammatory cytokines in arthritis-
induced rats while suppressing the activity of induced nitric oxide synthase and
cyclooxygenase-2 [18,19]. Another study suggested that rutin inhibits the transcription of 20
genes encoding critical pro-inflammatory factors, including tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-1), interleukin-8 (IL-8), migration inhibitory factor (MIF), and chemotactic
factors, in activated human macrophages. Further studies revealed that rutin inhibited the
overproduction of oxygen radicals in RA patients in an efficient manner [20]. Despite the
potent anti-inflammatory effects and high safety profile of rutin, its therapeutic application via
the topical route is severely limited by poor skin permeability, resulting in low transdermal
bioavailability [21].

Nanotechnology-based drug delivery systems are a fascinating area of pharmaceutical
science that has gained popularity due to their wide range of promising applications across
high-impact areas of pharmaceutical research. Among others, phytosomes have recently
attracted significant attention in topical drug delivery systems due to their unique
physicochemical properties, such as amphiphilicity, non-immunogenicity, biocompatibility,
and non-toxicity [22]. Phytosomes are structurally similar to liposomes and are formed through
the conjugation of phospholipids and phyto-active components [23]. Due to the amphiphilic
nature of phytosomes, they can easily penetrate the deeper layers of the skin pores and enhance
the therapeutic efficacy of formulations [24]. Phytosomes enhance drug penetration into the
skin and slow the release of encapsulated drugs while minimizing systemic exposure [25].
Moreover, charged nanocarriers are promising drug carriers for percutaneous administration
[26]. Cationic nanocarrier-based drug delivery systems promote the penetration of water-
insoluble drugs into deeper layers of skin via interactions with the negative charge of the skin
membrane. Additionally, cationic nanocarriers have greater physical stability and
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encapsulation ability due to their surface charge [27]. Interestingly, no one has reported rutin-
loaded cationic phytosomes (RTCPs).

In the present study, we developed a novel RTCPs. Meanwhile, the phospholipid (soy
lecithin) is the main active ingredient that forms lipid-compatible complexes (phytosomes) that
interact with the polar functional groups of the drug molecules through hydrogen bonding.
Thus, improves drug solubility, encapsulation efficiency, and loading capacity. Stearylamine
(SA) is a positively charged lipid. It imparts a cationic charge to the surface of phytosomes,
thereby increasing the skin permeation and bioavailability of water-insoluble drug molecules
such as rutin, as the surfaces of all tissues contain a higher ratio of negatively charged lipids
[28]. RTCPs cause an intensive interaction with the negatively charged lipids of the stratum
corneum, leading to enhanced drug penetration through the skin.

Further, RTCPs were incorporated into the polymeric hydrogel, as it is easy to
administer, causes no pain during application, has no first-pass effects, and can be delivered
directly to the affected area. To the best of our knowledge, this is the first report on RTCPs-
loaded polymeric hydrogel, demonstrating that it improves penetration-enhancing ability
compared to RTNCPs-loaded polymeric hydrogel. Furthermore, compares its in vivo anti-
arthritic efficacy with that of the commercially marketed product to assess a relatively safe and
effective treatment for RA.

2. Materials and Methods

2.1. Materials.

Rutin (RT), phosphatidylcholine (PC) (Soy lecithin), and stearylamine (SA) were
procured from TCI Chemicals Pvt. Ltd., Mumbai, India. Carbopol 940, methanol, and
chloroform were purchased from HiMedia Laboratories Pvt. Ltd., Mumbai, India. Freund's
Complete Adjuvant (FCA) was bought from Sigma-Aldrich, Bengaluru, India. Apart from
that, all chemicals and reagents used were of analytical grade.

2.2. Preparation of phytosomes.

Rutin-loaded cationic phytosomes (RTCPs) were prepared by a thin-layer hydration
method with various molar ratios of RT to PC and SA (Table 1) [29]. Accurate weighted
quantities of PC and SA were dissolved in chloroform, while RT was dissolved in methanol.
The two solutions were mixed thoroughly and stored at 7°C for 12 hours. The mixture was then
transferred to a round-bottom flask (RBF) and evaporated at 45°C in a rotary evaporator (RV
10, IKA, Germany) until all of the solvent had evaporated. Thereafter, phosphate buffer at pH
6.8 was added to hydrate the thin film that had formed on the walls of the round flask, resulting
in colloidal dispersions. To obtain a homogenized colloidal dispersion, the colloidal dispersions
were sonicated for 10 min using an ultrasonic bath (UCB 30, Spectra Lab Instruments, India).
Finally, the developed formulations were freeze-dried (temperature of -78°C and pressure of
0.02 mbar) using a lyophilizer (SS1-LYO, Southern Scientific Lab Instruments, India) with 3
% mannitol as a cryoprotectant and then stored in an airtight container for further use.
Similarly, RTNCPs were also prepared without SA (Table 1). Furthermore, all the developed
formulations were dispersed in distilled water to investigate their vesicle formation via particle
size determination (Figure S1)
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Table 1. Composition of various phytosomes formulations.

Ingredients F1(1:1)? F2 (1:2)° F3 (1:2:0.5)° F4 (1:2:0.75)¢
Rutin (mg) 15 15 15 15
Soy lecithin (mg) 18.65 37.28 37.28 37.28
Stearylamine (mg) - - 3.32 4.96
Methanol (ml) 10 10 10 10
Chloroform (ml) 10 10 10 10

Where F1 (1:1)2 and F2 (1:2)° formulations are rutin-loaded non-cationic phytosomes (RTNCPs), F3 (1:2:0.5)¢
and F4 (1:2:0.75)¢ formulations are rutin-loaded cationic phytosomes (RTCPs).

2.3. Physiochemical characterization of phytosomes.
2.3.1. Particle size (PS), polydispersity index (PDI), and zeta potential (ZP) analysis.

Freshly prepared freeze-dried phytosomes were dispersed in 0.1% w/v double-distilled
water to determine PS, PDI, and ZP. A particle size analyzer was used to determine the PS and
PDI of the prepared phytosomes (90 Plus, Brookhaven Instruments, USA). The ZP of prepared
phytosomes was determined by Zetasizer (Nano ZS, Malvern Instruments, UK) [30].

2.3.2. Drug entrapment efficiency (DEE) and drug loading (DL).

An accurate weight of phytosomes was added to 25 mL of phosphate buffer, pH 6.8, in
a 50 mL beaker. The contents were stirred for 6 hours, then allowed to stand for 1 hour. The
clear liquid was decanted and centrifuged for 30 minutes at 11500 rpm (R 8C DX, REMI,
India). The supernatant was filtered through a 0.45 um Whatman filter paper, and after
appropriate dilution with phosphate buffer, absorbance was measured at 266 nm using a UV-
visible spectrophotometer (UV-1800, Shimadzu, Japan) [30]. The following equation was used
to calculate the DEE and DL.

DEE% =

Actual drug content

x 100 (1)

Theoritical drug content
Actual drug content

DL% =

100 (2)

Yield of phytosomes formulation
2.3.3. Drug-excipient compatibility studies.

FT-IR and DSC analyses were performed on the drug, lipid, physical mixture,
optimized RTCPs (F3), and RTNCPs (F2) to assess possible interactions among the drug, lipid,
and formulations [31].

The FT-IR of RT, PC, SA, physical mixture, RTCPs (F3), and RTNCPs (F2) was
performed in the mid-IR region (wave number 500-4000 cm™) using an FT-IR spectrometer
(Alpha, Bruker, Germany).

The DSC of RT, PC, SA, physical mixture, RTCPs (F3), and RTNCPs (F2) was
performed using a Perkin EImer DSC 4000 with an N, purge gas flow rate of 20 ml min** and
a heat flow rate of 10°C min™.

2.3.4. High-resolution transmission electron microscopy (HR-TEM).

HR-TEM (JEM-2100, JEOL, Japan) was used to investigate the morphology of
phytosomes. The prepared phytosomes were dispersed in distilled water, and one drop of
solution was placed on a carbon-coated copper grid. Before loading the grid surface into the
specimen holder, it was thoroughly air-dried. After that, samples were examined under the
microscope, and images were taken [32].
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2.3.5. Saturated solubility studies.

The saturated solubility studies were performed by taking an excess sample and adding
it to 5 ml of phosphate buffer, pH 6.8. The mixture was shaken vigorously for 48 hours at
37+0.5°C in a water bath. The sample was then filtered, suitably diluted, and analyzed using a
UV-visible spectrophotometer at 266 nm [33].

2.3.6. In vitro drug release studies.

An in vitro drug release study was carried out using the dialysis bag method to
determine the cumulative amount of RT release from the phytosomes formulations [34].
Initially, the dialysis membrane (molecular weight 12000 Da) was soaked in distilled water
and subsequently filled with 2 ml of phytosomes dispersion (equivalent to 2 mg of free RT).
The dialysis membrane was immersed in a 200 ml beaker containing 100 ml of dissolution
medium (Phosphate buffer, pH 6.8, +40 % v/v PEG 400). During the experiment, the
dissolution medium temperature was kept at 37+0.5°C, and the rotation speed was set to 150
rpm. At predetermined intervals, 3 mL of liquor was withdrawn from the sampling pot and
replaced with an equal volume of fresh buffer to maintain the sink condition. The cumulative
amount of RT released from the phytosomes formulations was quantified using a UV-visible
spectrophotometer at 266 nm after suitable dilution with phosphate buffer, pH 6.8.
Furthermore, in vitro release data for phytosomes formulations were evaluated using various
kinetic models, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas models.

2.3.7. Stability studies.

The stability studies of all developed formulations were carried out by ICH guidelines
[35]. In brief, all developed phytosomes formulations were stored in airtight containers for 3
months under two conditions: normal (25+2°C and 75+5% RH) and refrigerated (4+2°C and
751£5% RH) (Table S1). Samples were withdrawn at regular intervals (0, 30, 60, and 90 days)
and examined for particle size, polydispersity index, drug entrapment efficiency, and drug
loading.

2.4. Preparation of polymeric hydrogel.

Carbopol 940 was employed as a gelling agent for the formulation of polymeric
hydrogel [36]. Briefly, Carbopol 940 was dispersed in a small volume of distilled water and
stored overnight to ensure complete hydration. The hydrogel was then thoroughlymixed into
the optimized RTCPs (F3) formulation and continuously stirred at 450 rpm for 20 minutes.
Subsequently, methylparaben and glycerine were added to the prepared hydrogel, serving as
preservatives and humectants, respectively. Finally, the hydrogel pH was adjusted to skin pH
by incorporating triethanolamine solution dropwise.

Table 2. Composition of various polymeric hydrogel formulations.

Carbopol Phytosomes . Methyl -
form(lBJ'Ie:Ltion 940 FRr_ere formulation ((B()I/Z(iz/r\'lr)] paraben | Triethannolamine D\;\f:tgid
(% wiv) (mg) (% wiv)
MGH1 2 10 - 4 0.6 g.s g.s
MGH2 2 - 515.45 (F2) 4 0.6 q.s q.s
MGH3 2 - 476.15 (F3) 4 0.6 g.s g.s

Where MGH2 and MGH3 are equivalent to 10 mg of free RT, MGH1- Hydrogel containing free RT, MGH2-
Hydrogel containing RTNCPs, and MGH3- Hydrogel containing RTCPs.
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The hydrogel was then allowed to stand overnight to allow the trapped air to escape.
Similarly, RTNCPs and free RT-loaded polymeric hydrogel were developed. The composition
of all developed polymeric hydrogel formulations is shown in Table 2.

2.5. Characterization of polymeric hydrogel.

2.5.1. Physical appearance.

The physical appearance of the hydrogel was visually examined for color, homogeneity,
and texture, while greasiness was assessed by applying it to the skin surface [37].

2.5.2. pH measurement.

pH of hydrogel was measured using a digital pH meter (pHTestr 10, Eutech
Instruments, Singapore). Dip the pH meter electrode into the hydrogel dispersion and record
the reading [37].

2.5.3. Consistency measurement.

The consistency of the prepared hydrogel was determined by dropping a cone attached
to a holding rod from a fixed distance of 10 cm and allowing it to fall into the center of a glass
cup filled with hydrogel. The cone penetration was accurately measured from the hydrogel
surface to the inside. The distance traveled by the cone after 10 s was noted [38].

2.5.4. Gels strength.

To determine the strength of the prepared hydrogel, 50 g of hydrogel was placed in a
100 ml measuring cylinder, which was then placed in a thermostatically controlled water bath
at 37°C. A calibrated weight of 35 g was slowly placed on the surface of the gel. The time (in
seconds) required by the weight to penetrate 5 cm deep into the hydrogel was recorded [39].

2.5.5. Viscosity measurement.

The viscosity of the hydrogel was determined using a Brookfield viscometer (S-62,
model LVDV-E) at 25°C with the viscometer rotated at 12 rpm [40].

2.5.6. Spreadability measurement.

The hydrogel spreadability was determined using the parallel-plate method [41]. 2 g of
prepared hydrogel was placed between two glass plates (20x20 cm?). To spread the hydrogel,
a weight of 500 g was placed on a glass plate for 5 minutes. The time required to separate the
upper glass plate from the lower glass plate was considered a measure of spreadability. The

following formula calculated the spreadability:
M.L

Where S-Spreadability; M-Upper glass plate mass; L- Glass plate length; T-Time

required to separate.
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2.5.7. Drug content determination.

To determine the drug content of the formulated hydrogel, about 1 g of the prepared
hydrogel was dispersed in 20 mL of methanol. The mixture was shaken for two hours to ensure
that the drug was completely dissolved. The solution was then filtered through a Whatman
syringe filter, and the drug content was determined using a UV-visible spectrophotometer at
257nm [42].

2.5.8. Ex vivo skin permeation studies.

Ex vivo skin permeation studies of developed polymeric hydrogel formulations were
carried out on excised rat abdominal skin. The healthy Wister albino rats weighing 150-200 g
were sacrificed by inhaling excessive amounts of chloroform. Their hair was removed using
an electric trimmer (NHT 1065, NOVA, India), and abdominal skin (5x5 cm?) was carefully
excised. The surface-adhered debris and fats were carefully scraped and removed with forceps.
The skin sample was then thoroughly cleaned with distilled water, blotted dry, and visually
inspected for defects. Finally, the processed skin samples were stored at -20°C containing 1%
formalin solution.

The permeation experiment was performed in a vertically modified Franz-type
diffusion cell with a permeation area of 1.77 cm?. In brief, a pre-treated skin sample was
carefully introduced between the donor and receptor chambers of the Franz diffusion cell, with
the dermis facing toward the receptor chamber. The donor chamber was filled with 1 g of
prepared hydrogel (equivalent to 2 mg of free RT) and covered with aluminum foil to prevent
drying out and contamination. The donor chamber was then carefully inserted into the receptor
chamber while the dermis remained in close contact with the receptor solution (phosphate
buffer, pH 6.8 + 40% v/v PEG 400), and the solution temperature was maintained at 37+0.5°C
using a recirculating water bath. The entire assembly was mounted on a magnetic stirrer (RCT-
B-S022, IKA, India) with stirring set to 250 rpm. The experiment was run for 24 hours. At
specific time intervals, 3 ml of liquor were withdrawn from the sampling port and replaced
with an equivalent volume of fresh buffer to maintain the sink condition. The collected samples
were then analyzed using a UV-visible spectrophotometer at 266 nm against the blank buffer.

The permeation profiles were established by plotting the cumulative amount of drug
permeated per unit area of skin (ug/cm2) vs. time (h). The steady-state permeation flux (Jss,
pg/cm?/h) of RT was calculated from the slope of the linear regression plot [43]. The apparent
permeation coefficients (Papp, cm/h) were calculated using the following equation:

Papp =2>  (4)

Where Co is the initial concentration RT (ug/ml) in the donor compartment.
2.5.9. Skin retention studies.

After the permeation experiment, the skin was removed from the diffusion cell,
thoroughly washed with distilled water, and blotted dry. The dried skin was then chipped into
small pieces and immersed in 10 ml of methanol for 24 hours. The skin pieces were then
homogenized with the tissue homogenizer and centrifuged for 10 minutes to obtain the clear
supernatant. The supernatant was collected and analyzed by UV-visible spectrophotometry at
257 nm [44].
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2.5.10. In vivo anti-arthritic activities.

All animal experimental protocols were approved and conducted in accordance with
the Institutional Animal Ethical Committee (IAEC) guidelines of the Department of
Pharmaceutical Sciences, Dibrugarh University, Dibrugarh, Assam, India, under Approval No.
IAEC/DU/202, Dated. 19/05/2021. Male Wister albino rats (6-8 weeks old) weighing
approximately 150-200 g were randomly divided into five groups with four animals in each
group. Group I was considered a normal control group (healthy rats), Group 11 was considered
an arthritic control group (FCA-induced rats), Group Il was considered a free RT hydrogel
treated group (10 mg/kg), Group 1V was considered as a RTCPs-loaded hydrogel treated group
(equivalent to 10 mg of free RT) and Group V was considered as a standard group (marketed
1% diclofenac sodium gel). Arthritis was induced in Groups Il to V by injecting FCA (0.1 ml)
into the subplantar area of the left hind paw, and the animals were kept for 2 weeks to ensure
complete arthritis development. The development of arthritis was confirmed by observing the
normal rat paw and the degree of inflammation in the FCA-induced rat paw 24 hours after the
injection (Figure 1). Thereafter, all rats were treated with free RT hydrogel, RTCP-loaded
hydrogel, and marketed 1% diclofenac sodium gel once a day for 2 weeks. Disease severity
was evaluated by measuring the changes in the rat's paw thickness and body weight from day
0 to 28 days [45].

Figure 1. Shows (a) a normal rat paw; (b) the degree of inflammation in an FCA-induced rat paw 24 hours after
injection.

2.5.11. Hematological parameters.

On the last day of the experiment, all animals were anesthetized with chloroform, and
blood samples were drawn by puncturing the retro-orbital plexus. Hematological parameters
such as red blood cell (RBC) and white blood cell (WBC) were measured [46].

2.5.12. Radiological analysis.

Rutin is a polyphenolic flavonoid compound, so determining its anti-arthritic potential
is very important [47]. The X-ray technique was used to investigate the development of arthritis
in FCA-induced rats. This study aimed to compare the therapeutic effects of the treated groups
with those of the control groups (normal and arthritic). Radiological analysis was performed
on the last day of the experiment, prior to anesthetizing all animals with chloroform. Crucial
precautions were taken throughout the experiment to reduce radiation exposure, including lead-
impregnated aprons, gloves, thyroid shields, and eye shields.

2.5.13. Histopathological examination.

Histopathological examination was performed on full-thickness rat paw skin samples

to investigate the anti-inflammatory response of the developed polymeric hydrogel
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formulations. The skin samples were collected from different animal groups. The skin samples
were then thoroughly cleaned with phosphate buffer saline (PBS) and soaked in 10%
formaldehyde solution for 18 hours. The collected skin samples were cut into Sum sections and
stained with hematoxylin and eosin. These skin samples were examined under a light
microscope (BX 40, Olympus, Japan), and photographs were taken [48].

2.5.14. Statistical analysis.

All quantitative data were presented as mean£SD (n=3), and they were analyzed using
Student's T-test analysis. A value of p<0.05 and p<0.005 was considered statistically
significant.

3. Results and Discussion
3.1. Results.

3.1.1. Preparation of phytosomes.

The RTCPs were successfully prepared via thin-layer hydration at various molar ratios
of RT to PC and SA. Methanol was chosen for dissolving RT, but PC and SA are insoluble in
this mixture. PC and SA are soluble in chloroform. Methanol and chloroform are miscible with
each other at any given volume. RT, PC, and SA were dissolved in methanol and chloroform,
respectively. Then, the two solutions were well mixed and kept at 7°C for 12 hours to form
more stable hydrogen bonds. The obtained solution was then transferred to an RBF and
evaporated in a rotary evaporator at a specific rpm and temperature until the solvent was
completely evaporated. The thin layer formed on the RBF's wall was hydrated with phosphate
buffer (pH 6.8) to form a colloidal dispersion. Similarly, RTNCPs were also developed without
SA. All developed formulations appear to be vesicular in nature, with a pale yellow color in
aqueous media.

3.1.2. Particle size, polydispersity index, and zeta potential analysis.

Table 3 shows the PS, PDI, and ZP of the developed RTCPs (F3, F4) and RTNCP (F1,
F2). The average PS and PDI of both the RTCPs and RTNCP were measured by the Dynamic
Light Scattering (DLS) technique using the particle size analyzer (90 Plus, Brookhaven
Instrument, USA), and the ZP was measured by Zetasizer (Nano ZS, Malvern Instruments,
UK) (Figure S2). The average PS of the RTCPs was found in the 527.6-548.4 nm range, with
a PDI of 0.324-0.348 and ZP values of +25.5-+29.7 mV. On the other hand, the average PS of
RTNCPs was found in the range of 335.6 to 429.5 nm, with a PDI of 0.324 to 0.348 and a ZP
value of -21 to -24 mV. However, the average PS of optimized RTCPs (F3) was 527.6 nm,
with a PDI of 0.348 and a ZP of +25.5 mV. These results indicate that different molar ratios of
RT to PC and SA significantly affected PS, PDI, and ZP.

3.1.3. Drug entrapment efficiency and drug loading.

DEE and DL of both the RTCPs (F3, F4) and the RTNCPs (F1, F2) were evaluated
using a UV-visible spectrophotometer (UV-1800, Shimadzu, Japan), and the results are
presented in Table 3. These results showed that RTCPs have higher DEE and DE than
RTNCPs. However, when the molar ratio of SA content exceeded 4.96 (F4), it significantly
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decreased DEE (76.68+2.00%) and DL (2.05+0.16%). These findings suggest that optimal
concentration of SA aids in DEE and DL.

Table 3. Characterization of various phytosomes formulations (n=3).

Formulation code PS (nm) PDI ZP (mV) DEE (%) DL (%)
F1 (L) 429.5 0.269 -21 66.12+2.57 1.91+0.12
F2(1:2) 335.6 0.252 -24 69.49+1.23 1.94+0.23

F3(1:2:0.5) 527.6 0.348 +25.5 80.82+3.03 2.10+0.10
F4 (1:2:0.75) 548.4 0.324 +29.7 76.68+2.00 2.05+0.16

3.1.4. Drug-excipient compatibility studies.

Figure 2 shows the characteristics of the FT-IR spectra of pure drug RT, PC, SA,
physical mixture, optimized RTCPs (F3), and RTNCPs (F2).

S e
S S YA
T e
N e
T e,

T
3500 3000 2500 2000 1500 1000 500

Transmittance [%]

Wavenumber cm-1

Figure 2. FT-IR spectrums of (a) pure drug RT; (b) PC; (c) SA; (d) physical mixture (RT: PC: SA); (e)
RTNCPs (F2); (f) RTCPs (F3).

RT exhibited FT-IR peaks at 2922.95 cm-1 (C-H stretching), 597.27 cm-1 (C=C
stretching), and 1651.31 cm-1 (aromatic ring). The PC showed two IR absorption peaks at
2854.48 and 2922.87 cm™ due to the C-H stretching frequency of the long fatty acid chain, a
C=0 stretching peak at 1740.60 cm™ in the fatty acid ester, a P=0 stretching peak at 1163.54
cmt, a P-O-C stretching peak at 1057.89 cm™, and a N+ (CH3)s stretching at 825.34 cm™. The
FT-IR spectrum of SA exhibited two broad absorption peaks at 3331.39 cm™ and 1569.04 cm’
! corresponding to N-H stretching and N-H bending vibrations, respectively. Strong absorption
peaks were observed at 2800-3000 cm™ due to C-H stretching vibrations of SA. The C-N and
C-H bending occur at 1467.21 cm™ and 1051.71 cm™, respectively. The FT-IR spectra of the
physical mixture of RT, PC, and SA exhibited all the characteristics of absorption bands of
individual components without any notable variations. However, the intensity of the O-H peak
in both the RTCPs and RTNCPs was reduced compared to the pure drug RT.

Figure 3 shows the DSC thermogram characteristics of pure drugs RT, PC, and SA, the
physical mixture, and the optimized RTCPs (F3) and RTNCPs (F2). The DSC thermogram of
RT showed two broad endothermic peaks at 154.26°C and 179.17°C, indicating the melting
point of RT. At the same time, PC showed endothermic peaks at 116.48°C and 139.81°C,
respectively. The SA showed a sharp endothermic peak at 61.59°C, which corresponds to its
melting point. The physical mixture of RT, PC, and SA showed three endothermic peaks at
153.59°C, 106.88°C, and 54.91°C, respectively. The endothermic peak of PC was shifted from
116.48°C to 106.88°C, indicating a minor interaction took place between PC and RT. The DSC
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thermogram of RTCPs exhibited three endothermic peaks at 56.20°C, 99.16°C, and 232.15°C,
while RTNCPs showed two endothermic peaks at 145.18°C and 233.56°C, respectively. These
results indicate that RT was completely embedded into the phospholipid matrix.

Heat Flow End Down (Mw)

12.18 50 100 150 200 250 300 322.3
Temperature (°C)

Figure 3. DSC thermograms of (a) pure drug RT; (b) PC; (c) SA; (d) physical mixture (RT: PC: SA); (e)
RTNCPs (F2); (f) RTCPs (F3).

3.1.5. High-resolution transmission electron microscopy (HR-TEM).

The HR-TEM images of RTCPs (F3) and RTNCPs (F2) are shown in Figure 4. The
images revealed the formation of distinct vesicle shapes without any aggregation or
decomposition. The internal diameters of the RTCPs and RTNCPs were found in the 320.5 to
525 nm ranges. Furthermore, HR-TEM images show numerous small, dense, spherical bodies.

Figure 4. HR-TEM images of (a, b) RTNCPs (F2); (c, d) RTCPs (F3) at magnification of 5000X and 12000X,
respectively.

3.1.6. Saturated solubility studies.

Rutin is a hydrophobic compound with low aqueous solubility, which limits its
bioavailability and clinical utility. The obtained results (Figure 5) show that the free RT
solubility in phosphate buffer pH 6.8 was 0.341+0.042 mg/ml, while the F1, F2, F3, and F4
formulations were 0.724+0.034 mg/ml, 0.780+0.052 mg/ml, 0.716+0.036 mg/ml, and
0.697+0.042 mg/ml, respectively.
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Figure 5. Compares the saturated solubility studies of various RTCPs (F3, F4) and RTNCPs (F1, F2)
formulations with Free RT in a phosphate buffer pH 6.8.

These findings suggest that developed F1-F4 formulations had 2.0-2.3-fold higher
aqueous solubility than free RT. The degree of solubility enhancement in descending order is
F2>F1>F3>F4> free RT.

3.1.7. In vitro drug release studies.

Figure 6 shows the cumulative amount of RT release from different RTCPs (F3, F4)
and RTNCPs (F1, F2) in comparison to free RT suspension. The drug release data revealed
that F1, F2, F3, and F4 formulations exhibited maximum drug release of 72.84+9.93,
62.19+5.99, 51.77+2.99, and 53.02+5.03%, respectively, up to 24 hours. However, an initial
burst drug release was observed in 2 hours, followed by a sustained drug release pattern up to
24 hours. Among the various Kinetic models tested, the Higuchi model exhibited the highest
correlational coefficient (R?) values for F1, F2, F3, and F4 formulations (Table 4).
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Figure 6. Cumulative % of RT release from RTCPs (F3, F3) and RTNCPs (F1, F2) in a phosphate buffer pH 6.8
(40% v/v PEG 400). In comparison to the RTNCPs and free RT suspension, RTCPs demonstrated a more
sustained and prolonged drug release status. Each data points are presented as mean+ SD (h=3).

Table 4. Correlational coefficient (R?) of different kinetic models for interpreting the drug release mechanism.

Kinetic models Zero-order First order Higuchi Korsmeyer-Peppas
R? value (F1) 0.9515 0.9519 0.9826 0.085
R2 value (F2) 0.9106 0.9111 0.9946 0.0836
R? value (F3) 0.9449 0.9413 0.9859 0.0011
R? value (F4) 0.9187 0.9192 0.9807 0.0684

3.1.8. Preparation and characterization of polymeric hydrogel.

RTCPs were successfully loaded into the polymeric hydrogel using 2% Carbopol 940
as a gelling agent. All hydrogel formulations appeared pale yellow, and their physical
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characteristics are summarized in Table 5. pH values were close to the skin pH, and the drug
content ranged from 82+5.6% to 99+2.4% (Table 5). The consistency of the marketed gel was
5.8+0.6 mm, while the formulated hydrogels (MGH1 to MGH3) ranged from 5.3+0.8mm to
5.6+£0.6 mm. Hence, the consistency of the developed hydrogel formulations was better than
that of the marketed gel. The gel strength of the prepared MGH1, MGH2, and MGH3 hydrogels
was 80+4 s, 85+3 s, and 958 s, respectively, while the marketed gel was 756 s. These
findings suggest that prepared hydrogels have higher gel strength than the marketed gel.
Viscosities and spreadabilities of all hydrogel formulations are given in Table 5.

Table 5. Characterization of various polymeric hydrogel formulations. All data are presented as mean+SD

(n=3).
. Spreadability Viscosity Drug content Physical
Formulations pH (gm. cm/sec) (cPs) (%) appearance

Pale yellow color,

MGH1 4.65+0.32 18.75+2.1 768012 99+2.4 homogeneous
MGH2 5174012 | 12.10#121 | 7097+ 16 8245.6 Pat']e yellow color,

omogeneous
Pale yellow color,

MGH3 5.45+0.24 15.51+1.1 6880+10 87+4.7 homogeneous

3.1.9. Ex vivo skin permeation studies.

Figure 7 shows the cumulative amount of RT permeated through the rat's abdominal
skin after 24 hours using the selected free RT hydrogel (MGH1), RTCPs-loaded hydrogel
(MGH3), and RTNCPs-loaded hydrogel (MGH2). RTCPs-loaded hydrogel exhibited
significantly higher drug permeation (604.33+23.16 pg/cm?) than the RTNCPs-loaded
hydrogel (409.35+ 35.68 pg/cm?) and free RT hydrogel (218.97+ 24.14 pg/cm?). Flux was
measured by comparing the amount of drug permeated vs. time. RTCPs-loaded hydrogel
(0.4010+0.03 mg/cm?/h) had 1.39-fold higher permeation flux than the RTNCPs-loaded
hydrogel (0.2872+0.01mg/cm?/h) and 6.47-fold higher than the free RT hydrogel
(0.0620+0.01mg/cm?/h). Apparent permeability coefficients (Papp) for RTCPs-loaded
hydrogel, RTNCPs-loaded hydrogel, and free RT hydrogel were found to be 0.086+0.02 cm/h,
0.062+0.09 cm/h, 0.013+0.01cm/h, respectively. All the skin permeation parameters for the
various formulations are presented in the supplementary data (Table S2).

800+

600+

& Free RT
- MGH2
¥ MGH3

400+

200

Cumulative drug permeated (ug;'cm2)

o

o 10 20 30
Time (h)

Figure 7. The cumulative amount of RT permeated per unit surface area of rat abdominal skin (ug/cm?) for free
RT hydrogel, RTNCPs-loaded hydrogel (MGH2), and RTCPs-loaded hydrogel (MGH3). The RTCPs-loaded
hydrogel showed higher skin permeability than the hydrogel containing free RT and RTNCPs. All data are
presented as mean+SD (n=3).

https://nanobioletters.com/ 13 of 25


https://doi.org/10.33263/LIANBS144.235
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS144.235

3.1.10. Skin retention studies.

After determining the skin permeation profile, the amount of RT retained in the skin
was determined spectrophotometrically. The skin retention of RT from the free RT hydrogel,
RTNCPs-loaded hydrogel, and RTCPs-loaded hydrogel was found to be 11.54+1.54 %, 40.65
+1.00 %, and 52.43£1.32 % of drug content, respectively. These results suggested that RTCPs
have higher drug retention than RTNCPs and pure drug RT.

3.1.11. Effect of RTCPs-loaded polymeric hydrogel on the hind paw thickness of FCA-induced
rats.

Figure 8 shows the effect on the hind paw thickness of all the group rats. The FCA-
induced group of rats showed a significant (p < 0.005) increase in paw thickness compared to
the normal control rats. The increased paw thickness indicated that inflammation had occurred
over the left hind paw of all rats (except normal control rats). This clinical feature of arthritis
was gradually reduced after two weeks of topical application of free RT hydrogel, RTCPs-
loaded hydrogel, and marketed 1% diclofenac sodium gel to the respective groups of animals.
The reduction in paw thickness in the RTCPs-loaded hydrogel-treated group was significantly
greater than in the free RT hydrogel and the marketed 1% diclofenac sodium gel-treated groups.
These findings suggest that the RTCPs-loaded hydrogel is more effective in reducing paw
edema than the commercially available 1% diclofenac sodium gel and free RT hydrogel.

.l
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100 O

0 day 7th day 14th day 21stday  28th day
mNormal control group

=
= o
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—— O
W

— @

Mean paw thickness (mm)
O N W kU N 0OWO

B Arthritic control group
Free RT loaded hydrogel treated group = RTCPs loaded hydrogel

mStandard group treated group

Figure 8. Effect of topical administration of 1% diclofenac sodium gel, RTCPs-loaded hydrogel, and free RT
hydrogel after 14™ days on increased paw thickness in FCA-induced arthritis rat model. a: significant difference
at P<0.05 and b: significant difference at P<0.005. All data are presented as mean+SD (n=4).

3.1.12. Effect of RTCPs-loaded polymeric hydrogel on the body weight of FCA-induced rats.

Figure 9 illustrates the effect on the body weight of all the rats. The FCA-induced group
of rats significantly (p < 0.005) reduced body weight compared to the normal control rats.
These results suggest that body weight loss occurs during the course of arthritis. However, the
body weight of treated animals with free RT hydrogel, RTCPs-loaded hydrogel, and marketed
1% diclofenac sodium gel significantly increased (p<0.05) from days 14 to 28 compared to the
arthritic control group. Hence, no significant difference in weight was observed between the
normal and treated animal groups.
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Figure 9. Effect of topical administration of 1% diclofenac sodium gel, RTCPs-loaded hydrogel, and free RT
hydrogel after 14" days on decreased body weight in FCA-induced arthritis rat model. a: significant difference
at P<0.05 and b: significant difference at P<0.005. All data are presented as mean+SD (n=4).

3.1.13. Hematological parameters.

Table 6 shows changes in hematological parameters across all rat groups. It was
observed that arthritic control rats showed a significant (p < 0.005) increase in WBC count and
a sharp decrease in RBC count compared with normal control rats. However, treatment with
RTCP-loaded hydrogel significantly increased RBC count and sharply decreased WBC count
compared with arthritic control rats. Similar results were observed in the free RT hydrogel and
the marketed 1% diclofenac sodium gel treatment groups.

Table 6. Shows the changes in hematological parameters on topical administration of 1% diclofenac sodium gel,
RTCPs-loaded hydrogel, and free RT hydrogel in FCA-induced rats. All data are presented as mean+ SD (n=4).

Parameters Normal Avrthritis Free RT hydrogel- RTCPs-loaded Standard
control group | control group treated group hydrogel-treated group group

RBC (x10/mm?3) 5.15+0.01 3.45+0.11 3.94+0.18 4.33+£0.01 4.39+0.14

WBC (x10/mmd) 8.33+0.13 16.23+0.25 9.12+0.24 10.05+0.13 9.43+0.11

3.1.14. Radiological analysis.

Figure 10 illustrates X-ray radiographs of the left hind paws of all group rats on the last
day of the experiment.

Normal joint
space
Increase joint

space
l Decrease Decrease

~ edema edema
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Increase joint space

Improve deformed ’ \

digit ends J Improve deformed digit ends
Improve deformed
digit ends

. 3
Decrease__~ \‘
edema

-

Figure 10. Visual representation of x-ray imaging of different groups: (a) Normal control group; (b) Arthritic
control group; (c) Group treated with free RT hydrogel; (d) Group treated with RTCPs-loaded hydrogel; (e)
Group treated with marked 1% diclofenac sodium gel.
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The swelling of soft tissues around the ankle joints was observed. Still, treatment with
RTCPs-loaded hydrogel resulted in significant improvement, as evidenced by radiological
parameters including joint space, bone architecture, digit ends, and bone erosion. Similar
results were observed in the free RT hydrogel and the marketed 1% diclofenac sodium gel
treatment groups.

3.1.15. Histopathological observation.

Figure 11 shows the microscopical examination results of rat paw-skin specimens. The
normal control group (Figure 11a) showed normal epidermal layers, whereas the arthritic
control group (Figure 11b) showed inflammation, detachment, and ulceration of epidermal
layers. The group (Figure 11d) treated with the RTCPs-loaded hydrogel showed less
inflammation than the free RT hydrogel (Figure 11c) and the marketed gel-treated group
(Figure 11e).
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Figure 11. Histopathological observation of rat-paw skin of different groups: (a) Normal control group; (b)
Group treated with FCA; (c) Group treated with free RT hydrogel; (d) Group treated with RTCPs-loaded
hydrogel; (e) Group treated with marked 1% diclofenac sodium gel.

3.2. Discussion.

The current study focuses on the development of a novel RTCP-loaded polymeric
hydrogel that enhances skin permeability and the therapeutic efficacy of RT in RA treatment.
After multiple attempts, RTCPs were successfully prepared by a thin-layer hydration method
with various molar ratios of RT to PC and SA. Similarly, RTNCPs were prepared without SA.
In this formulation, PC interacts with the RT molecules to form complexes (phytosomes) [49],
while SA provides a positive charge to the phytosomes' surface. The F3 formulation was
selected as the optimized RTCP based on PS, PDI, ZP, and DEE among the formulations. The
PS of optimized RTCPs was found to be 527.6 nm, with a narrow PDI of 0.348. This narrow
PS is easily permeable through the skin membrane. This argument is supported by previous
studies that reported that phytosomes with a PS of 1160 nm can easily penetrate the skin
membrane [50]. The low PDI indicated a narrow PS distribution, suitable for topical
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administration. Moreover, varied molar ratios RT to PC and SA content had a substantial effect
on PS, PDI, and ZP as well. We observed that the PS and PDI of the F1 and F2 formulations
decreased as the PC molar ratio increased. This may be achieved by increasing the molar ratio
of PC, allowing more drug to embed within the phospholipid bilayer and resulting in fewer RT
molecules in contact during complex formation. However, the PS of F3 and F4 formulations
increases as the molar ratio of SA content increases. It may be attributed to the high
concentration of SA inclusion in phytosomes, acting as a charge inducer, which altered the
spacing between adjacent bilayers [51]. Similarly, ZP values of formulated phytosomes
decrease as the molar ratio of PC content increases, which is due to PC's negative charge
(phosphate group) [52], whereas SA increases ZP values due to its cationic charge.
Nonetheless, the ZP value of optimized RTCPs (F3) indicated good colloidal stability, as nano-
formulations with ZP values of +25 mV are generally considered to exhibit high colloidal
stability [53]. The DEE and DL are two important key parameters that assisted in determining
the total amount of drug feed during phytosomes formulation [54]. The obtained results (Table
3) demonstrated that RTCPs have higher DEE and DL than RTNCPs. However, the DEE and
DL of the RTCPs significantly decreased when the SA content molar ratio exceeded 4.96 (F4).
These findings suggest that optimal concentration of SA aids in DEE and DL, as discussed in
previous research [55].

FT-IR and DSC analysis helped in assessing the drug excipient's compatibility and its
complex formation [56]. We observed that the FT-IR spectra of the individual components
(RT, PC, and SA) and their physical mixture exhibited all the absorption band characteristics
without any notable variations, thus proving their compatibility. However, the intensity of the
O-H peak of both RTCPs and RTNCPs was reduced when compared to pure drug RT, thus
confirming the complexation formed between RT and PC via hydrogen bonding [57]. This fact
is further supported by DSC analysis. DSC thermogram of RT showed two broad endothermic
peaks at 154.26°C and 179.17°C, respectively. The endothermic peak at 179.17°C
corresponded to the melting point of RT [58]. The endothermic peak at 154.26°C was attributed
to the dehydration of RT [59]. All endothermic peak characteristics of the physical mixture and
its components were retained with minor variations, thus confirming their compatibility.
Interestingly, the absence of RT endothermic peaks in the DSC thermograms of RTCPs and
RTNCPs indicates that RT was completely embedded within the phospholipid matrix.

The HR-TEM images of RTCPs (F3) and RTNCPs (F2) revealed the formation of
distinct vesicle shapes, homogeneity, and no aggregation (Figure 4). The internal diameters of
the RTCPs and RTNCPs were obtained within the range of DLS data. Furthermore, HR-TEM
images reveal numerous small, white, and dense spherical-shaped bodies that are rutin-loaded
complexes covered by the lipid vesicle. Hence, the above findings confirmed that RT was
completely loaded into the phospholipid matrix [60]. Solubility data revealed that RTCPs (F3,
F4) are more soluble than free RT but slightly less soluble than RTNCPs (F1, F2). This finding
suggests that SA may be attributed to the cationic charge in phospholipid complexes, leading
to decreased solubility. This argument is further supported by in vitro drug release data. We
observed that RTCPs and RTNCPs have an initial burst drug release in 2 hours, followed by a
sustained drug release pattern up to 24 hours. Moreover, RTCPs exhibited a more sustained
and slower drug release status. It may be attributed to the inclusion of the SA charge in
phytosomes, which act as a physical barrier to drug diffusion, resulting in slower and more
sustained release of the encapsulated drug from the phytosomes cores [61]. Furthermore, in
vitro drug release data evaluated using various kinetic models indicated that RT release from
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RTCPs and RTNCPs followed a diffusion-controlled mechanism. In addition to this, RTCPs
exhibited greater stability in both normal and refrigerated conditions than RTNCPs. This may
be achieved due to the cationic charge of phytosomes, which repel each other enough to
maintain stability.

Topical polymeric hydrogels were prepared by mixing optimized RTCPs with 2% (w/v)
Carbopol 940 gelling agent, as shown in Table 2. All developed hydrogel formulations
exhibited a pale yellow color, were free of grittiness, and had a smooth appearance without
greasiness on application. Hydrogel pH values were found to be close to the skin pH, which is
acceptable for topical application without any risk of skin irritation [62]. The consistency
reflects the gel's capacity to be ejected uniformly and in the desired quantity when the tube is
squeezed. The consistency of the developed hydrogel formulations was found to be better than
that of the marketed gel. Gel strength is a measure of a colloidal dispersion’s ability to form
and sustain a gel form. Strong gels will withstand far greater pressure than weaker gels before
being flushed from the site of administration, and this will also affect the spreadability [63].
All developed hydrogel formulations showed good gel strength and met the ideal quality
requirements for topical application. Viscosity is an important physical parameter in topical
formulations and affects their spreadability and drug release rate [64]. However, the viscosity
of all developed hydrogel formulations (MGH1 to MGH3) was found to be within the desired
range of 2000-4000 cPs [65]. The spreadability data indicate that the hydrogel is easily
spreadable by a small amount of shear. It was considered an important factor in improving
patient compliance during treatment [66]. Drug content data for polymeric hydrogels indicate
that RTCPs, RTNCPs, and free RT are uniformly distributed in Carbopol gels, with minimal
losses throughout the formulation process. Further, ex vivo permeation data showed that
RTCPs-loaded hydrogel had 1.39-fold higher permeability than RTNCPs-loaded hydrogel and
6.47-fold higher permeability than free RT hydrogel. This is accomplished by incorporating
RTCPs (F3) into the polymeric hydrogel, which readily internalizes into negatively charged
skin cells, thereby increasing skin permeability, as discussed in previous research [67, 68].
Interestingly, RTCPs-loaded hydrogel also demonstrated superior skin retention when
compared to hydrogel containing RTNCPs and free RT. This might be achieved due to the
cationic charge effect of SA that alters the tight junction of the stratum corneum layer, allowing
the drug to easily permeate through the stratum corneum and remain in the skin layers to form
a drug reservoir, resulting in a slow-release effect and achieving the full therapeutic potential
for RA [69].

In vivo anti-arthritic studies on FCA-induced rats demonstrated that hydrogel-
containing RTCPs had a greater inhibitory effect on paw edema than the free RT hydrogel and
the marketed gel-treated groups. This may be accomplished by increasing skin permeability
and by accumulating more RTCPs at sites of inflammation. The argument is supported by
previous research showing that cationic liposomes exhibit greater permeation and
accumulation than anionic liposomes [70]. Furthermore, the FCA-induced group of rats
demonstrated a significant reduction in body weight as compared to the normal control rats.
This is attributed to impaired intestinal absorption of food intake during arthritic inflammation.
Previous studies have also reported that body weight loss occurs during arthritis [71]. However,
rats treated with RTCP-loaded hydrogel, free RT hydrogel, and marketed gel showed
significantly increased body weight compared with arthritic control rats. This may be achieved
through the intestinal protective action of RT [72], which restored impaired intestinal
absorption and prevented weight loss.
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Hematological alterations are the key signs of immune system abnormalities in RA
patients [70]. In the present study, WBC count significantly increased while RBC count sharply
decreased in the arthritic control group. The increased WBC count was linked to immune
system stimulation against invading antigens, whereas the reduced RBC count was due to
anemia in arthritic rats [73]. However, the treatment groups dramatically restored RBC and
WABC to near-normal levels. Hence, its significance in arthritis conditions is justified.

During arthritis, the spacing between joints gets reduced due to cartilage damage, bone
erosion, and infiltration of inflammatory mediators [74]. However, X-ray analysis revealed that
the group treated with a loaded hydrogel showed significant improvements in radiological
parameters, including joint space, bone architecture, digit ends, and bone erosion, thus
confirming the protective effect of RT against inflammation-related joint changes.
Furthermore, histopathological data revealed that the group treated with RTCPs-loaded
hydrogel showed significant improvement in inflammatory skin tissues and the structural
integrity of epidermal layers. This may be achieved through better penetration and higher
retention of RT across different skin layers, which is further attributed to its extended anti-
inflammatory effects in superficial and deep skin layers, the bone interlocks, and adjacent
muscular tissues, providing relief in arthritis.

4. Conclusions

This study demonstrated that RTCPs were successfully prepared via thin-layer
hydration and exhibited excellent drug entrapment efficiency and loading capacity, as well as
uniform, spherical morphologies. The results for drug-excipient compatibility, stability, and
surface properties of RTCPs were within the acceptable range. In vitro drug release studies
revealed sustained release of rutin from the RTCPs over 24 hours, following Higuchi release
kinetics. It explains that the mechanisms of rutin release from the RTCPs were diffusion-
controlled. Further, RTCPs (F3) were incorporated into polymeric hydrogels convenient for
topical application on FCA-induced rats. The findings of ex vivo skin permeation and drug
retention studies of RTCPs-loaded hydrogel (MGH3) revealed higher skin permeability and
drug retention than those of hydrogel containing free RT and RTNCPs. The results of in vivo
anti-arthritic studies demonstrated a significant decrease in paw edema thickness and increased
body weight in FCA-induced rats after topical application of RTCPs-loaded hydrogel.

Furthermore, the RTCPs-loaded hydrogel-treated group demonstrated significant
improvements in hematological and radiological parameters compared to the groups receiving
free RT hydrogel and the marketed gel. Histopathological studies demonstrated that RTCP-
loaded hydrogel could restore affected animals to normal and eliminate arthritis symptoms.
Therefore, it can be concluded that the developed RTCP-loaded hydrogel is a superior
alternative nanocarrier for treating RA and possibly other inflammatory diseases. However,
further studies are warranted to determine its clinical translation from lab to clinic.
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