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Surface-Decorated Nanocarrier as a Targeted Drug
Delivery Cargo to Folate Receptor-Overexpressing
Cells for Auspicious Anti-cancer and Anti-
iInflammatory Activity

ABSTRACT

Aims: Folate receptor (FR) is overexpressed in most cancer cells and activated macrophages entailed in
rheumatoid arthritis (RA). The aim of the current study is the fabrication of FR-targeted nanocarrier loaded
with methotrexate (MTX) to magnify its therapeutic efficacy and limit its toxicity.

Methodology: Folic acid-chitosan (FA-CS) conjugate was synthesized and characterized. MTX loaded
poly(d,I-lactide-co-glycolide) (PLGA) nanoparticles (NPs) were prepared, optimized and coated with
different concentrations of FA-CS conjugate. The selected FA-CS coated MTX NPs formulation (F10) was
evaluated via in vitro and in vivo studies.

Results: F10 had satisfactory encapsulation efficiency (76.2%), homogenous particle size (278.6 nm) and positive
zeta potential (34.0 mV) and displayed biphasic drug release pattern in different pH media. Further characterization
of F10 cinched MTX incorporation in the polymeric matrix of the targeted nanocarrier. In vitro cytotoxicity assay to
FR-positive and FR-negative cancer cells revealed the improved anticancer effect of F10 to FR-positive cancer cells,
which was absent in FR-negative cells, compared to free MTX or uncoated MTX NPs (F2). F10 showed appropriate
storage stability at refrigerated temperature up to 3 months. Moreover, oral administration of F10 in treatment of
complete Freund’s adjuvant (CFA)-induced RA in BALB/c mice conferred prodigious therapeutic outcomes and
declined systemic toxicity compared to oral treatment with conventional pure MTX or commercial MTX tablets.
Conclusion: The fabricated targeted nanocarrier could enhance anticancer activity of MTX to FR-overexpressing
cancer cells and could be a promising novel approach for oral administration of MTX in treatment of RA or other
inflammatory conditions associated with FR-overexpressing activated macrophages.

Keywords: methotrexate; folic acid-chitosan conjugate; PLGA nanoparticles; oral drug delivery; complete Freund’s adjuvant-
induced arthritis.

1. INTRODUCTION

One of the unresolved limitations of conventional therapies is their non-specific distribution to off-target sites, resulting in marked
toxicity and declined curative efficiency.due to limited available dose at the target sites [1]. Nanoparticulate drug delivery systems can
be furnished with particular ligand molecules such as folic acid (FA), mannose, galactose, transferrin, and antibodies that can precisely
deliver nanocarriers to receptors that are preferentially expressed on specific cells for targeted drug delivery [2].

Folate receptor (ER) Is overexpressed in most cancers, including breast and cervical cancers [1, 3], besides activated macrophages that
play a critical role'in_development of inflammatory and autoimmune diseases such as rheumatoid arthritis (RA) [4] and psoriasis [5,
6]. FA is extensively utilized in active targeting of attached nanocarriers to cancers and activated macrophages [4] because of the
convenience of.its conjugation, its high binding affinity to FR [5], besides being inexpensive, neither toxic nor immunogenic, and
stable upon storage and application [2, 7, 8].

Polymeric nanoparticles (NPs) are versatile nanocarriers that can prominently improve drug delivery by various merits as targeted
delivery, enhanced bioavailability, protection against enzymatic degradation, and controlled release [9]. Poly(d,l-lactide-co-glycolide)
(PLGA) is'FDA approved polymer for use in therapeutic and clinical applications[9, 10]. Unsatisfactorily, PLGA NPs suffer from
burst drug release, limited drug retention in targeted tissue [9], limited application in oral delivery [11], and rapid clearance from the
blood by opsonization [12], owing to their negative surface charge [11]. Surface modification of PLGA NPs with FA can be achieved
through coating with chitosan (CS). CS coating of PLGA NPs can improve cellular interactions of NPs [13], solve burst drug release
associated with PLGA NPs [14], enable targeting ligand functionalization on the surface of PLGA NPs through its conjugation to CS
free amino groups [15], and improve bioavailability and efficacy of loaded drugs. Therefore, surface functionalization with FA and CS



serves two functions; FA maintains targeting potential, while CS improves PLGA NPs limitations. FA-CS coated PLGA NPs have
been recently investigated in drug targeting to FR-overexpressing cancer cells and have boosted the anticancer activity of their drug
payloads, particularly bicalutamide [8] and docetaxel [9] to FR-overexpressing cancer cells. However, oral administration of FA-CS
coated PLGA NPs as targeted drug delivery system has never been evaluated in vivo yet.

Methotrexate (MTX) is a chemotherapeutic agent used in the treatment of tumors such as leukemia, breast and lung cancers as well as
in the management of inflammatory and autoimmune conditions such as RA, psoriasis, and multiple sclerosis [16]. MTX is the drug of
choice in treatment of early RA [17]. However, MTX use is limited due to its low bioavailability and its short half-life due to its rapid
renal elimination [16]. Moreover, its long term adherence and tolerance is fraught by its off-targeted delivery and multiple systemic
toxicities, significantly influencing the overall wellness of patients [16-19]. Recently, various MTX targeted nanocarriers have been
investigated in cancer therapy as polymeric NPs [20, 21], hybrid polymer NPs [22], and in RA treatment like yeast glucan [18] and
dextran-based NPs [19], and hydroxyapatite NPs [23], aiming to improve its bioavailability, efficacy and reduce its. undesirable
effects. However, neither of MTX targeted nanosystems has studied their therapeutic effects upon oral administration in treatment of
complete Freund’s adjuvant (CFA)-induced RA model in mice. Thus, development of a novel oral MTX targeted nanocarrier in
treatment of RA is still required and can be of great interest as oral drug delivery is the most prevalent and most preferred approach of
drug administration due to its higher convenience, efficacy, higher patient compliance, and non-invasiveness,[24].

To the best of our knowledge, no attempts have inspected the preparation of FA-CS coated PLGA NPs loaded with MTX to target its
delivery to FR-overexpressing cells, either cancers or activated macrophages. Therefore, the aim of the current)investigation was to
prepare FA decorated MTX nanocarrier to actively target its delivery to FR-overexpressing, cells. In vitro cytotoxicity assay was
performed to evaluate the anticancer efficacy of the developed targeted MTX nanocarrier to FR-positive and FR-negative cancer cells.
Additionally, the prepared targeted MTX nanocarrier delivery to FR-overexpressing activated macrophages upon oral administration
was assessed via in vivo therapeutic efficacy and toxicity study in treatment of CFA-induced RA mice model and compared to oral
administration of pure MTX and commercial MTX tablets preparation.

2. MATERIAL AND METHODS

2.1 Materials

MTX and FA were obtained as a gift from EIMC United Pharmaceuticals (Badr City, Egypt) and NAPCO Pharm (10" of Ramadan
City, Egypt), respectively. PLGA [lactide: glycolide ratio 50:50; PURASORB® PDLG 5002A (carboxylic acid terminated copolymer,
viscosity = 0.16 — 0.24 dL/g)] was kindly gifted by Corbion Purac Biomaterials (Gorinchem, Netherlands). CS (low molecular weight
of 50 - 190 kDa; 75 - 85% deacetylated), dialysis tubing cellulose membrane (molecular weight cut off = 12 - 14 kDa), dialysis tube
closures, and CFA (1 mg heat-killed Mycobacterium tuberculosis/mL paraffin oil) were purchased from Sigma Aldrich (Saint Louis,
MO, USA). Polyvinyl alcohol (PVA) (molecular weight of 31 - 50 kDa) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) were purchased from Acros organics (Geel, Antwerp, Belgium). Dimethyl sulfoxide (DMSO) and glacial acetic
acid were purchased from Fisher Scientific (Leicestershire, UK). Dichloromethane (DCM) was procured from Adwic, EL Nasr
Pharmaceutical Chemicals Co. (Cairo, Egypt).. All other chemicals were of fine analytical grade. Cell lines, namely; human breast
cancer cells (MCF-7), human cervical cancer:cells (HeLa), and human lung cancer cells (A549), were obtained from American Type
Culture Collection (Manassas, VA, USA) through holding company for biological products and vaccines VACSERA (Cairo, Egypt).
RPMI-1640 medium, Fetal Bovine Serum (FBS), and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Lonza (Allendale, USA). Rheumatoid factor (RF) latex kits were obtained from Atlas Medical (Berlin, Germany).
Tumor necrosis factor-alpha (TNF-¢) enzyme-linked immunosorbent assay (ELISA) kit (number: SEA133Mu) and interleukin-1 beta
(IL-1B) ELISA kit (number:SEA563Mu) werelobtained from Cloud-Clone Corp. (Texas, USA). Interleukin-k (IL-6) ELISA kit
(cataloug #: ADI-900-045) was obtained..from ENZO Life Sciences (Barcelona, Spain). Serum aspartate transaminase (AST), alanine
transaminase (ALT) kits were purchased from Agappe Diagnostics Ltd., (Kerala, India). Serum creatinine (CR) and blood urea
nitrogen (BUN) kits were-purchased from Diamond Diagnostics (Holliston MA, USA).

2.2 Synthesis.of FA-CS Conjugate

FA and CS conjugation approached by two main steps as previously reported [2]. Firstly, FA (0.73 g) and EDC (0.69 g) were
dissolved inranhydrous DMSO and magnetically stirred (MS300HS, MTOPS Corp., Korea) for 1h in the dark at room temperature to
activate FA terminal carboxylic acid group (COOH). CS (0.59 g) was dissolved in 300 mL acetate buffer solution (pH 4.7). Then, the
activated FA solution was slowly added to CS solution. The reaction was allowed to proceed by stirring for 16 h at room temperature.
FA-CS was precipitated by adding 1M NaOH till pH 9 and was further purified by dialysis against PBS (pH 7.4) for 3 days and then
against.deionized water (DW) for another 3 days. Finally, the yellowish-orange conjugate was gained by filtration and lyophilization
at -80°C for.48h (Freeze dryer, SIM FD8-8 T, SIM international, USA).

Afterwards, the prepared FA-CS conjugate was thoroughly characterized. Fourier transform infra-red (FTIR) spectra of FA, CS and
FA-CS conjugate were recorded on an FTIR spectrometer (Madison Instruments, Middleton, W1, USA) in the range 400 - 4000 cm?,
utilizing the KBr pellet technique. Proton nuclear magnetic resonance (*H NMR) spectra were recorded on (Bruker Avance Il HD
FT-high resolution (400 MHz), Féllanden, Switzerland) spectrophotometer, using deuterated DMSO as solvent for FA and deuterated
water containing 1% deuterated trifluoroacetic acid for CS and FA-CS [7, 25]. Differential scanning calorimetry (DSC) thermograms
and X0ray diffraction (XRD) patterns of FA, CS, and FA-CS conjugate were recorded using differential scanning calorimeter
(Shimadzu DSC 50, Tokyo, Japan) and X-ray diffractometer (Rigaku Rint-2500VL, Tokyo, Japan), respectively.



2.3 Preparation of MTX Loaded PLGA NPs

Uncoated NPs were prepared by modified double emulsion method (W/O/W) adopted from previously reported methodology with
some modifications [16, 26]. Drug polymer weight ratio was maintained at 1:5 and 1:10, different polymer PLGA weight % were
carried out (1%, 2%, and 4% wi/v) and varying stabilizer PVA concentrations (1% and 2% w/v) were utilized, as shown in Table 1.
Firstly, accurately weighed amount of PLGA was dissolved in 5 mL DCM and corresponding weighed amount of MTX was
solubilized in 1 mL DMSO. PLGA and MTX solutions were emulsified with probe ultrasonication (Sonics Vibra-cell™, Model VC
505, Sonic & Materials, Inc., USA) at 100% amplitude for 2 min and 30 sec to form the primary emulsion. Then, 10 mL of PVA
solution, as the outer aqueous phase, were added and emulsified in drug/polymer solution by probe ultrasonication at 100% amplitude
for 2 min and 30 sec to accomplish the desired double emulsion. Afterwards, 20 mL of either 0.05 or 0.2% (w/v) PVA solution was
added to dilute the preparation. Ultrasonication was performed in an ice bath. Finally, the prepared emulsion left on. magnetic stirrer
overnight at 800 rpm at room temperature to evaporate the organic solvent. NPs were collected by cooling centrifugationiat 13000 rpm
and 4°C for 2 h (Cooling centrifuge, CE16-4X100RD, ACCULAB, USA). The clear supernatant was carefully collected.and the
sedimented MTX NPs pellets were washed with DW, resuspended in DW, lyophilized and subsequently,stored at.4°C for further
characterization. Nine formulations (F1-F9), as shown in Table 1, were prepared to study the effect of polymer,.drug, and stabilizer
concentrations on the prepared NPs. Corresponding plain NPs were prepared by the same method. The selected uncoated MTX NPs
(F2) dispersion was further coated with FA-CS solution in (1%) acetic acid solution prepared at two different concentrations (0.1 and
0.2% wiv) to fabricate two batches of the desired FA-CS coated MTX nanocarrier, F10 and F11, respectively. FA-CS solution was
then added dropwise to equivalent volume of F2 dispersion with ratio of suspension 1:1 under magnetic stirring at 800 rpm at room
temperature. The mixture was incubated for further 90 min and then NPs were collected by cooling centrifugation at 13000 rpm and
4°C for 2 h. The clear supernatant was carefully collected and the sedimented FA-CS coated MTX NPs pellets were washed with DW,
resuspended in DW, and lyophilized. Subsequently, lyophilized formulated FA-CS coated MTX NPs were stored at 4°C for further
characterization. Plain FA-CS coated NPs were prepared by the same procedures.

2.4 Characterization of MTX Loaded NPs
2.4.1  Encapsulation Efficiency Percent (EE%)
MTX EE% was directly determined [26]. MTX loaded NPs were dissolved in DMSO.with the aid of sonication in a bath sonicator
(Sonix IV USA, SS101H230) for 10 min to ensure complete dissolution of all NPs. After appropriate dilution with DMSO, EE% was
assayed spectrophotometrically (ultraviolet-visible double beam spectrophotometer; Labomed Inc., USA) at 297 nm against plain NPs
that were treated similarly. EE% was calculated according to the following equation [8, 27]:

EE% = Amount ofMT).( éntrapped % 100

Amount of MTX initally added

2.4.2 Particle Size (PS), Polydispersity Index (PDI) and Zeta Potential ((P) Determination

The average PS, PDI, and CP of all the freshly prepared samples of MTX loaded NPs were analyzed in triplicate by Zetasizer (Malvern
Instruments, Malvern, UK). PS and PDI determination utilized dynamic light scattering (DLS) mechanism, while (P employed Laser
Doppler Anemometry (LDA) technique, which'records the electrophoretic mobility of the NPs under an electric field. Samples were
appropriately diluted with DW prior to measurements.

2.43  InVitro Release and Kinetics Analysis

The dialysis bag diffusion method was equippéed:to evaluate the in vitro release pattern of MTX from the optimized freshly prepared
uncoated formulation (F2) and either 0.1% or 0.2% FA-CS coated formulation F10 and F11, respectively, and to compare their release
patterns with that of free MITX as control from each release medium [16, 21, 28]. The experiment was held in three different pH
values (1.2, 6.8, and 7.4). Briefly, F2, F10, and F11, containing an equivalent 3 mg MTX, were dispersed in 3 mL of each release
medium and then placed in a dialysis membrane that was equilibrated overnight with the respective release medium. Both ends of the
bag were sealed with. closures and immersed in 100 mL of each release medium and kept in a thermostatically controlled shaking
incubator (GFL Gesellschaft fiir Labortechnik, Burgwedel, Germany) that was kept at 37 + 0.5 °C with moderate agitation (100 rpm)
throughout.the whole.experiment. At predetermined time intervals of 0.5, 1, 2, 3, 4, 5, 6, 7 and 8 h, an aliquot of 3 mL was collected
and equivalent volume of fresh medium was added. Drug concentration was then quantified spectrophotometrically at 303 nm [29].
Plain NPs were treated similarly and used as blank. The release study was conducted in triplicate and percentage of cumulative MTX
released was determined. Release data were processed in various kinetic models [30-32] to determine the mechanism of drug release
as reported earlier [33].

2.44  Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of pure MTX, PLGA, PVA, FA-CS conjugate, their physical mixture at similar ratio to that of the optimized FA-CS
coated MTX NPs formulation (F10), the optimized lyophilized FA-CS coated MTX NPs formulation (F10), and its plain one were
obtained in the range of 400 — 4000 cm™ utilizing KBr methodology.

2.45  Differential Scanning Calorimerty (DSC)
DSC analysis was employed for pure MTX, PLGA, PVA, FA-CS conjugate, their physical mixture analogues to the optimized FA-CS
coated MTX NPs formulation (F10), the lyophilized form of the optimized FA-CS coated MTX NPs formulation (F10), and its plain




one using a differential scanning calorimeter. The DSC runs were calibrated with Indium, a reference standard with purity of 99.99%
and melting point of 156.6°C. In a hermetically sealed aluminum pan, few milligrams of each sample were heated over temperature
range from to 30°C to 400°C under constant purging of dry nitrogen at 45 mL/min and at heating rate of 10°C/min.

246  X-Ray Diffractometry (XRD)

XRD patterns of MTX, PLGA, PVA, FA-CS conjugate, their physical mixture alike the optimized FA-CS coated MTX NPs
formulation (F10), the lyophilized form of the selected FA-CS coated MTX NPs formulation (F10), and its corrosponding plain
formulation were revealed by X-ray diffractometer furnished with Co-Ka radiation. All diffraction examinations were conducted at
two theta angle with voltage of 45 kV and a current of 40 mA.

2.47  Transmission Electron Microscopy (TEM)

Morphological changes between the optimum uncoated (F2) and the selected FA-CS coated MTX NPs formulation (F10) were
visualized by transmission electron microscopy (TEM) (JEOL JEM-2100, JEOL Ltd., Tokyo, Japan) and images were captured by a
digital micrograph and analyzed by imaging viewer software. A tiny drop from each formulation dispersion, adequately diluted in DW
and sonicated for 5 min, was located on carbon-coated copper grid. Subsequently, excessive material was blotted with filter paper and
eventually grid was air dried at room temperature for contrast enhancement, and then inspected via TEM without staining.

2.5 In Vitro Cytotoxicity Assay

The cytotoxicity of free MTX, uncoated MTX NPs (F2) and FA-CS coated MTX NPs (F10), together, with corrosponding plain NPs of
uncoated and FA-CS coated NPs was assesed to evaluate the anticancer activity against FR-positive MCF-7, HelLa, and FR-negative
Ab549 cancer cells and screened via MTT assay [21, 33]. The cells were cultivated in RPMI-1640 growth media supplemented with
10% FBS and seeded in flat-bottom 96-well plates for cell confluency. Subsequently, all tested cells were treated with different
concentrations ranging from (0.05 to 500 pg/mL) of the uncoated MTX NPs (F2) and FA-CS coated MTX NPs (F10) and free MTX,
along with corrosponding plain NPs that were treated similarly. The plates were.incubated-in humified atmosphere with 5% CO, at
37°C for 24 h. Afterwads, twenty microliter of filtered MTT solution (5 mg/mL in PBS, pH 7.4) was added and mixed with the cells
and incubated in the dark for more 4 h at 37°C. The formed formazan' erystals were mixed with 200 uL of acidic isopropanol with
additional incubation for 1 h. The absorbance was read by microplate reader (Biotek instruments, Inc., Winooski, VT, USA) at 570 nm
and percent cell viability was determined by the following equation [21]:

% Cell Vlablllty — absorbance of treated cells % 100

absorbance of untreated cells (control)

2.6 Storage Stability Study

The freshly prepared optimized FA-CS coated MTX NPs (F10) suspension was packed in screw capped amber glass vials and stored
at refrigrated (4 + 1°C) and ambient conditions (25:+ 2 °C/40 + 5% relative humidity) [34] for three months to inspect the impact of
the storage temperature on physical appearance, PS, PDI, £P; and EE% that were determined at time zero and then monthly [35].

2.7 In Vivo Evaluation of Therapeutic Efficacy and Safety

2.7.1  Animals

All experimental procedures were examined and approved by the Research Ethics Committee, Faculty of Pharmacy, Mansoura
University, Egypt (Ethical approval code: 2017 - 60). The experiments were conducted in congruity with the National Institute of
Health guidelines of “Principles of Laboratory Animal Care” (NIH publication No. 85 - 23, updated 1985). A total of 36 BALB/c male
mice (12 - 14 week-old, 30 =35 g) obtained from the Medical Experimental Research Center, Mansoura University, Mansoura, Egypt,
were employed to scout-the therapeutic and anti-inflammatory efficacy, along with the safety of the fabricated targeted MTX
nanocarrier in CFA<induced RA in mice compared to pure MTX, and commercial MTX tablets preparation. Animals were housed in
the Animal House, Faculty of Pharmacy, Mansoura University, Mansoura, Egypt, one week before the experiment to permit adequate
acclimation under;standard laboratory conditions of controlled temperature (25 + 1°C), humidity (55 + 5%), and lighting with a typical
(12 h light/12 h dark cycles)with free access to water and standard laboratory food.

2.7.2  Complete Freund’s Adjuvant (CFA)-Induced Arthritis and Treatment Protocol

Mice model of rheumatoid arthritis (RA) was implemented as mentioned earlier [36]. An intraplantar injection of 100 uL of CFA was
administered into right hind paw. After one hour, another 100 pL of CFA was subcutaneously injected at the base of the tail. To
ensure high incidence of arthritis and potentiate the systemic effects, another booster dose of 100 pL of CFA was subcutaneously
administered into the base of the tail on the following day. Mice were monitored every two days for observaion of arthritis. After
fourteen days, based on the development of symptoms, treatment was commenced orally via intragastric tube and extended for three
weeks. Mice were randomly assigned into six groups (n = 6 per group).

Group 1: Normal control.

Group 2: CFA-induced RA mice (non-treated)

Group 3: Orally treated CFA-induced RA mice by pure MTX.

Group 4: Orally treated CFA-induced RA mice by commercial MTX tablets.

Group 5: Orally treated CFA-induced RA mice by plain FA-CS coated NPs.




Group 6: Orally treated CFA-induced RA mice by FA-CS coated MTX NPs (F10).
Mice received oral treatment with same doses of MTX of 5 mg/kg body weight, on day 14, 17, 20, 23, 26, 29, and 32 post induction
[18, 37].

2.7.3  Blood and Tissue Collection and Serum Separation

Twenty four hours after the last treatment, mice were euthanized by thiopental (120 mg/kg/i.p.) [38] and blood samples were obtained
from the heart, poured into centrifuge tubes, allowed to stand to coagulate at room temperature, and then centrifuged at 4000 rpm for
10 min (MSE centrifuge, UK) for biochemical quantification. In addition, whole blood samples were collected for estimation of
hematological parameters. Right hind paws of experimental animals were instantly excised, washed thoroughly with ice cold saline,
and sliced into two parts. One part was stored at -80 [1C for further ELISA processing and measurements, while the other paw part
was fixed in 10% buffered-formalin for histopathological evaluation. Abdominal cavities of animals were opened; then, livers and
kidneys were detached, washed with ice-cold saline and fixed in 10% buffered-formalin for 24 h for histopatholagical studies:

2.74  Assessment of Arthritis Macroscopical Changes and Serum Rheumatoid Factor (RF) Levels

The pathological process of arthritis was evaluated visually by an independent observer, who checked mice weekly in a randomized
order and graded the intensity of arthritis according to the modified 5 point scale [36]; 0: no signs of erythema or edema, 1: confined
erythema with no edema, 2: mild edema and erythema, 3: moderate to severe erythema and edema, and 4: severe erythema and edema
with hardness in movement. Arthritis index of each mouse was expressed as the sum of severity in both hind paws, with maximum of
8 [36]. Fluctuations in paw thickness of all mice in all experimental groups was monitiored:by measuring by digital Vernier caliper on
everyday of treatment administration [39] in a randomized order, where each group was-assessed at a different time at each measuring
done. Additionally, on day 33 before euthanasia, photographs and X-ray radiographs of affected paws were recorded (DRTECH,
Gyeonggi-do, Republic of Korea) of affected paw. RF was measured in serum by respective commercial latex kit according to the
instructions of the manufaturer.

2.7.5  Determination of Pro-inflammatory Cytokines

TNF-o, IL-1p and IL-6 levels in paw homogenate were quantified by ELISA. Briefly, 10% of paw homogenate was prepared in 0.05
M phosphate buffer (pH 7) using a polytron homogenizer at 411C. The homogenate was centrifuged at 10,000 rpm for 20 min to
obtain clear supernatant, from which quanitification was performed using commercially respective ELISA kits following the
manufacturers’ instructions. Levels of cytokines in paw homogenate were expressed as pico gram per mg protein (pg/mg protein).

2.7.6  Histopathological Analysis

Formalin fixed right hind paw was histologically processed to make a paraffin block, cut into 5 um sections, and stained by
hematoxylin and eosin (H&E) [17]. Stained sections were examined under a light microscope by a professional pathologist in a
blinded manner. The severity of the histopathelgical evaluation of the paw tissue was scored as earlier established method [40].
Additionally, formalin-fixed hepatic and renal tissues were washed, dehydrated by a series of increasing alcohol concentrations, and
embedded in a paraffin and cut into 5 um thick stained with H&E and histologically analyzed under a light microscope.

2.7.7  Body Weight Measurements
Changes in body weight were monitored for all experimental animals since the commencement of treatment protocol (day 14) till the
end of the study.

2.7.8  Hematological and Biochemical Parameters Determinations

Freshly collected blood'samples were subjected to complete blood count (CBC) analysis, including red blood cells (RBC), white blood
cells (WBC), and hemoglobin and platelet (PLT) levels, by hematological analyzer (DIAGON Ltd., Budapest, Hungary). Serum AST,
ALT, CR, and BUN levels were determined by kinetic calorimetric measurements using respective kits according to the protocol of
the manufacturers.

2.8 Statistical Analysis

Statistical ‘analysis using One-way ANOVA followed by Tukey’s multiple comparisons tests was performed for all data through
GraphPad Prism 8.4.3 software computer program (GraphPad Software, San Diego, CA, USA). Statistical analysis of data was
accomplished at p<0.05.

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of FA-CS Conjugate

FA was coupled to CS through carbodiimide reaction to attain FA-CS conjugate, Figure 1. The y-carboxylic group of FA is more
reactive so more liable to coupling reaction [25]. Primarily, y-COOH of FA reacted with EDC, a popular crosslinking agent for
coupling of biological compounds presenting carboxylic groups and amines, to form a reactive intermediate that further reacted with
amino group of CS to produce a stable conjugate via amide linkage under homogenous conditions [7].
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Fig. 1. Graphical representation of FA-CS conjugation reaction.

FTIR spectra of FA, CS and FA-CS conjugate are depicted in Figure 2(A). FA spectrum (I) showed the bands at 3415, 1694, and 1604
cm™ due to N-H stretching vibration, stretching vibration of C=0 of carboxylic group, and N-H group bending, respectively [41]. The
spectrum of CS (11) exhibited characteristic peaks at 3451, 1656, 1595, 1158, 1074 and 1030 cm™ attributed-to overlap between N—H
and O—H bands because of intramolecular hydrogen bonds, C=0 stretching vibrations of amide.I, N-H bending.vibrations of amide I,
C-0O-C bond asymmetric vibration, and C-O stretching vibration, respectively [35]. The spectrum:of FA-CS conjugate (I11) revealed
significant changes compared to that of FA and CS. The disappearance of the peak of the carboxylic group of FA at 1694 cm™
confirmed the formation of amide bond between carboxylates of FA and amino groups of CS [25, 42-44]. Additionally, intensity of
absorption peak at 3451 cm™ was augmented and broadened due to overlapping between NH- and OH- stretching vibrations of FA and
CS [25]. Moreover, the peak at 1654 cm™ could be referred to -CONH (amide) bond stretching.due to interaction FA and CS [42, 43],
besides the new peak at 1570 cm™ was related to N-H bending vibration of amide 11 [25;45, 46]. These findings aligned with earlier
reports, confirming the propitious conjugation between FA and CS via amide bond [42-44].

The structures of FA, CS, and the prepared FA-CS conjugate were revealed by the 'H NMR spectroscopy, Figure 2(B). FA spectrum
(I) showed peaks at 8.66, 8.15, 7.65, 6.97, 6.64, 4.49, 4.34, 2.51,-and 2.33 ppm related to protons at C7 of pterine ring, at C18,
H—C13/C15, H—C10, H—C12/C16, H—C9, H—C19, H—C22;. and: H—C21; respectively [41, 47]. CS spectrum (Il) revealed
characteristic peaks at 2.00 and 3.4 - 3.8 ppm assigned to protons of the acetamide group and sugar moiety, respectively [25, 48].
Apparently, spectrum of FA-CS conjugate (I11) involved signals derived from both FA and CS. Signals at 8.01, 7.14, and 6.77 ppm
were assigned to aromatic protons of FA [2] and signal-at 2.42 ppm related to proton of C22 of FA, whereas peak at 1.95 ppm was
assigned to CS acetamido group [25, 46]. Successful grafting of FA .onto CS was illustrated by the presence of respective peaks in FA-
CS spectrum. The findings aligned with earlier results [2, 46, 47].

In Figure 2(C), DSC thermogram of FA (I) depicted three sharp endothermic peaks at 155.88°C, 208.28°C, and 269.11°C, which
attributed to breakage of glutamic acid moiety accompanied by loss of pterin and p-aminobenzoic acid moieties[49]. DSC thermogram
of CS (I1) showed an endothermic peak at 93.4°C and an exothermic one at 305.07°C due to dehydration and polymer degradation,
respectively [48]. There was no sharp melting point.in the thermogram of FA-CS conjugate (I11) with a noticeable shift of the peaks to
79.67°C and 266.01°C, which might be attained tayinterference of FA coupling to CS crystalline property, confirming FA-CS
conjugation [8].

In accordance to Figure 2(D), XRD pattern ofiFA (I) revealed its crystallinity manifested by several peaks at 26 of 5.38°, 10.83°,
13.04°, 16.94°, 17.86°, 19.27°, 21.74°, 26.73°, 27.12°, 27.78°, 29.43°, and 31.32° [7, 47]. CS (lI) crystallinity was epitomized by
strong peaks at 20 values 0f 20.03% and 27.83° [47]. Contrarily, diffractogram of FA-CS conjugate (I11) displayed a hump peak at 26
of 20.56° with significant reduction in-its intensity probably due to reduction in the crystallinity of FA-CS than that of CS due to
strong hydrogen bonds occurred during the conjugation between FA and CS [9, 25], along with the obstructed movement of CS chains
due to more complex structure of FA compared to amino group [7, 47]. Collectively, FTIR, * H NMR, XRD and DSC results of FA-
CS conjugate are in concordance with the conclusion of FA and CS coupling.
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Fig. 2. Characterization of FA-CS conjugate. (A) FTIR spectroscopy, (B) *H NMR spectroscopy, (C) DSC thermograms, and
(D) XRD patterns of (1) FA, (1) CS, and (I11) FA-CS conjugate.

3.2 Preparation and Characterization of MTX Loaded NPs

3.2.1  Entrapment Efficiency Percent (EE%)

EE% of uncoated MTX loaded NPs (F1-F9) was influenced by polymer concentration, drug amount and stabilizer concentration.
Regarding polymer concentration, EE% was remarkably amplified by increasing polymer weight from 1% to 2% (w/v) at the studied
drug polymer weight ratios 1:5 (F1 vs F2) or 1:10 (F4 vs F5), (Table 1). Increasing polymer concentration results in increased
viscosity of PLGA organic phase as well as increased diffusional resistance to drug molecules from organic to aqueous phase [15, 50].
Additionally, the anticipated rapid polymer solidification at higher concentration might abridge the diffusion of drug molecules out of
the NPs, increasing drug molecules entrapped within the NPs [15]. On the other hand, further enhancement of ‘polymer. weight to 4%
(w/v) at both drug polymer ratios 1:5 (F3) and 1:10 (F6), resulted in a remarked decrease in EE%. This could be aseribed to limited
drug miscibility in specific polymer concentration beyond which no increment in drug entrapment could be seen because free drug
molecules in the polymer matrix were driven to those in the aqueous phase [15]. Thus, increasing polymer content might influence
drug dispersion in organic phase, besides its impact on drug polymer affinity and/or interaction [51]..It can be eoncluded that polymer
concentration of 2% (w/v) was optimum for maximum drug polymer miscibility in this study. Increment.in drug amount at fixed
polymer concentrations (F4 vs F1, F5 vs F2, and F6 vs F3) has remarkably increased the drug:entrapment due to enhanced interaction
between drug and PLGA at higher drug amount [15, 52]. Increasing PVA concentration from 1% to.2% (w/v) drastically diminished
the EE%. Higher PVA concentration could enhance the water solubility of MTX as a micelle in.the external aqueous phase and could
encourage more drug molecules to partition out rapidly and escape from the primary emulsion into the aqueous phase during the
emulsification step, leaving fewer drug molecules to interact with PLGA in emulsion droplets [53].4As shown in Table 1, F2 conferred
superior physicochemical characteristics (EE% 81.27 + 1.73, PS 173.7 + 0.66, PDI 0.139 £.0.025 and (P -16.63 + 0.51) and was
chosen for further modification with FA-CS conjugate. EE% of F2 after coating with-0.1% and 0.2% (w/v) FA-CS conjugate (F10 and
F11, respectively) (Table 1) was adequate for an optimal targeted nanocarrier. Reduction in EE% of F10 and F11 could be attributed
to enhanced dissolution and further reduction in surface adsorbed drug:that could happen while surface coating of NPs in conjugation
solution [54]. Additionally, part of the encapsulated drug might have dislodged out of the NPs during coating due to interaction
between the negative charge of PLGA and the positive charge.of CS:[33]. Reduction in EE% was statistically nonsignificant after
coating in F10 but statistically significant (p<0.05) after coating in F11, so F10 showed augmented EE%.

3.2.2  Particle Size (PS) and Polydispersity Index (PDI)

PS and PDI of the prepared MTX loaded NPs are illustrated in Table 1. Noteworthy, PS was gradually increased as the polymer
concentration increased, at both drug polymer weight ratios (1:5 or 1:10) or at fixed drug amounts (F1 vs F5 and F2 vs F6), that might
have been caused by an increase in the viscosity of the organic/phase, leading to reduction in net shear stress and the formation of
larger particles [27, 50]. Moreover, the dispersion rate of PLGA solution in the aqueous phase might have decelerated as the viscosity
of the organic phase increased, forming larger:droplets, and generating larger NPs as the organic solvent is eliminated [55-57].
Moreover, PS slightly decreased as drug amount increased (F4 vs F1, F5 vs F2, and F6 vs F3) at maintained polymer concentration,
which could be related to the fact that at higher drug amount, drug polymer interaction increases [52]; henceforth, polymer-polymer
and polymer-solvent interaction diminish.and so does the PS as such polymer related interactions impart significant increment in the
PS [55]. This correlates directly with results of EE% that increased at higher drug amount due to increased drug polymer interaction.
Other researchers found reduction in PS as drug concentration increased [58], while others reported slight reduction in PS upon drug
loading in NPs [59]. PS dramatically increased when PVA concentration raised from 1% (w/v) to 2% (w/v), which could be related to
increase in the viscosity:-of the aqueous phase, counteracting the net shear force to break up droplets[60]. In addition, when PVA
concentration increases, residual PVA molecules can deposit on the surface of the NPs and coalescence of NPs may be enhanced,
increasing PS [60]. Similar results were reported earlier in literature [56]. As shown in Table 1, PS was significantly (p<0.001)
increased upon surface modification with FA-CS conjugate (F10 and F11) compared to the selected uncoated formulation (F2), which
could be assigned to the electrostatic interaction and hydrogen bonding between the protonated amino groups of CS and negatively
charged- carboxylate groups of PLGA, confirming efficient surface functionalization of FA-CS on NPs surface, depending on
adsorption mechanism [2]. Furthermore, the increment in PS as the concentration of FA-CS increased from 0.1% (F10) to 0.2% (F11)
could be explained by deposition of larger amounts of FA-CS conjugate on the surface of PLGA NPs as the concentration of FA-CS
increased [61]. It has been reported in literature that maximum uptake and contact with mucosal epithelial membranes were found for
polymeric. NPs of 50 to 500 nm [12]. Moreover, transcytosis of NPs for gastrointestinal (Gl) absorption is more enhanced for NPs
with size <500 nm [62, 63]. Besides, PLGA NPs with size < 500 nm can avoid intestinal wall metabolizing enzymes as well as Gl
tract P-glycoprotein dependent excretion [63]. Recent findings reported the convenience of oral administration of NPs with size of 350
nm [64]. Considering PS of F10, the prepared targeted MTX nanocarrier was appropriate for oral administration and eligible for
transport via the Gl tract, thus reaching the systemic circulation. The PDI values of all uncoated MTX NPs ranged from 0.030 = 0.019
t0 0.203 £ 0.036 and from 0.154 + 0.136 to 0.238 £ 0.018 for FA-CS coated MTX NPs. All prepared formulations had low PDI value
(< 0.3), indicating homogenous size distribution and stable colloidal dispersion that is highly monodispersed [65, 66].

3.2.3 Zeta Potential (CP)




CP is a pivotal parameter to assess the stability of colloidal dispersion. In fact, (P values around £30 mV indicate optimal stability in
dispersion medium [12, 51]. As delineated in Table 1, (P values for all the uncoated MTX NPs formulations ranged between -22.87 +
1.36 mV and -11.27 £ 0.25 mV. Uncoated MTX NPs are apt to be negatively charged due to the polyanionic nature of PLGA due to
terminal carboxylate groups on the surface of NPs [50, 55]. Increase in polymer concentration from 1% to 4% had no clear
contribution on {P. Of noted, formulations prepared at higher drug polymer weight ratio (1:10) exhibited relatively more negative CP,
which might be attributable to availability of a greater number of free carboxylate groups on the surface of NPs [55]. Earlier studies
reported P dependence on drug polymer ratio [53]. Formulations prepared with higher PVA concentration (F7, F8, and F9) had
slightly less negative (P values than that of those prepared with lower PVA concentration, which might be due to deposition of
multiple protective layers of PVA on the surface of PLGA NPs at higher PVA concentration, shielding the negative charge of NPs
surfaces [53]. As shown in Table 1, {P values switched to the positive side, ranging between 34.03 + 1.68 mV (F10).and 33.37 £ 3.55
mV (F11), after coating with FA-CS due to positive charge of free amino groups carried by FA-CS [9], verifying an efficient
modification of the surface of the NPs. Analogous results were previously reported about FA-CS coated PLGA:NPs {2, 8]::Notably,
increasing concentration of FA-CS did not considerably affect the (P, which could be related to the saturation of the surface of the
NPs with the adsorbed FA-CS conjugate [33]. Moreover, (P of FA-CS coated NPs F10 and F11 were:> 30 mV, confirming their
stability. The positive P can be advantageous for the prepared targeted nanocarrier by enhancing its attraction and binding to the
negatively charged target cells [67], namely FR-overexpressing cells.

Table 1. Characterization of different MTX-loaded NPs

Formula Drug PLGA% PVA FA-CS EE% Particle Size PDI Zeta Potential
code polymer (wiv) (Wwiv %)  (wiv %) (am) (mV)
ratio
Fi 1:5 1 1 - 72.58 £1.01 154.9 £ 2.97 0.067 +0.043 -18.00 £ 0.36
F2 1:5 2 1 - 81.27+1.73 173.7 + 0.66 0.139 £ 0.025 -16.63 £ 0.51
F3 1:5 4 1 - 69.24 £1.08 188.8'+2.48 0.057 £ 0.034 -17.87£1.14
F4 1:10 1 1 - 68.33+1.11 169.7 £2.10 0.203 £ 0.036 -22.87+£1.36
F5 1:10 2 1 - 75.35+3.28 185.6+1.10 0.092 £0.024 -21.93 £ 0.86
F6 1:10 4 1 - 61.09+1.91 196.1 +2.69 0.101 £ 0.007 -22.7+£2.12
F7 1:5 1 2 - 65.35 +1.53 206.4 £1.77 0.063 +0.018 -17.23 £ 2.73
F8 1:5 2 2 - 73.92 + 0.64 216.1+1.85 0.153 £ 0.067 -15.33£0.42
F9 1:5 4 2 - 69.44 +1.42 2239291 0.030 £ 0.019 -11.27 £0.25
F10 1:5 2 1 0.1 76.23+3:39 278.6+22.17***  0.238+0.018 34.03 +£1.68
F11 1:5 2 1 0.2 72.90£1.31* 3529 £ 7.13*** 0.154 +0.136 33.37+3.55

Data are expressed as mean = SD (n = 3). Statistical significances are indicated as *p<0.05 and ***p<0.001 vs optimal uncoated MTX
NPs (F2).

3.24  InVitro Release Studies and Kinetics Analysis

MTX release profile from the selected:uncoated formulation (F2) and from both FA-CS coated formulations (F10 and F11) in
comparison with free MTX is illustrated in Figure 3. Free MTX exhibited complete liberation in the first 3 h in pH 6.8 and 7.4 (Figure
3(B,C)), respectively, which was similarly mentioned in earlier findings [21, 68]. However, less free MTX was released at acidic pH
(1.2) at the first 3 h and extended over 8 h (Figure 3(A)), owing to the weak acidity of MTX (pKa values: 3.8, 4.8, and 5.6) [69]; thus
it is more soluble in neutral pH than in acidic media. These results were in unison with earlier reports [70]. MTX release from
uncoated (F2) and FA-CS coated (F10 and F11) displayed a biphasic behavior, an initial burst release in different media for the first 2
h followed by sustained release up to-8 h. The initial burst release could be accredited to MTX molecules existing near the surface of
the NPs [35] or loosely attached in the NPs [61], along with the accelerated diffusion of release medium into NPs due to their large
surface area [15]: Furthermore, MTX encapsulated in the inner core of the polymeric matrix was responsible for the sustained release
behavior from 2 to 8 h because of the biodegradation of the polymeric matrix and slow drug diffusion from such matrix [61]. FA-CS
coated (F10 and:-F11) showed significantly lower cumulative amount released at 2 h and 8 h than that of uncoated (F2) in all release
media, indicating that coating with FA-CS conjugate could act as an additional physical barrier to hinder drug desorption and diffusion
to the bulk solution [11]. Additionally, the decreased MTX release from FA-CS coated (F10 and F11) was more pronounced in pH
6.8. Given that CS'has pKa of 6.3 due to free amino groups, these amino groups will be deprotonated and uncharged when the pH
increase above 6.3, forming insoluble polymer shell and lowering MTX release from FA-CS coated formulations (F10 and F11),
while, in lower pH, stronger protonation of the amino groups and more dissolution of CS in release media occurs, creating more loose
NPs and decreasing the coating layers around the NPs [9, 71]. MTX release was accelerated at pH 7.4, owing to the heterogeneous
PLGA degradation at such pH [48]. Such observations confirmed that the surface of the MTX NPs formulation was modified after
coating with FA-CS conjugate. It can be concluded that FA-CS coated (F10 and F11) acted as controlled drug delivery systems.
Therefore, F10 was chosen as the optimized FA-CS coated formulation based on presence of no significant variation in drug release
patterns between F10 and F11, besides F11 showed significant (p<0.05) decline in EE% of MTX compared to the selected uncoated
formulation (F2).




According to the values of R? depicted in Table 2, it can be deduced that all studied formulation followed Higuchi diffusion model
regardless of the pH of the release medium. Additionally, the n values of the Korsmeyer-Peppas model revealed that MTX release at
all media from F2 was non-Fickian transport that the mechanism of release was a mixture of drug diffusion and polymeric matrix
erosion, while its release from F10 and F11 in pH 1.2 and 6.8 was Fickian, which substantially governed by diffusion from polymeric
matrix, while in pH 7.4, MTX release from FA-CS coated MTX NPs followed non-Fickian transport.
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Fig 3. In vitro release of MTX at (A) pH 1.2, (B) pH 6.8, and (C) pH7.4.

Each point represents the mean + SD (n = 3). Statistical significances are indicated as “p<0.05, “"p<0.01, and “"p<0.001 vs optimal uncoated
MTX NPs (F2).

Table 2. In vitro MTX release data kinetics analysis

Formula code pH of the  Coefficient of determination Korsmeyer-Peppas Main transport
release (R?) mechanism
media

Zero First  Higuchi ~ (R?)  Diffusional
order order model exponent
(n) I
12 0.6103 0.8354 0.8454  0.9739 0.5697 Non Fickian diffusion
Uncoate?Fg’)'TX & 6.8 06221 07425 08523 09795  0.5100 Non Fickian diffusion
7.4 07335 0.8636 0.9195  0.9396 0.5752 Non Fickian diffusion
12 05719 0.6957 0.8128  0.8980 0.4359 Fickian diffusion
FA-CS Coated MTX 6.8 06027 06840 08341 09418  0.3537 Fickian diffusion
NPs (F10)
7.4 07270 0.8695 0.9197  0.9620 0.5014 Non Fickian diffusion

1.2 0.5594 0.6643 0.8020 0.9735 0.4023 Fickian diffusion




FA-CS coated MTX Fickian diffusion
NPs (F11) 6.8 0.6468 0.7255 0.8694 0.9113 0.2900

7.4 07621 0.8662 0.9370  0.9822 05118 Non Fickian diffusion

3.25 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy, Figure 4(A), was employed to encounter the likelihood of any physicochemical interactions among the NPs
components and asses their compatablility [55]. The spectrum of MTX (1) revealed absorption peaks at 3420, 2955, 1647, 1603, 1497,
1406, and 1208 cm™ corresponding to N—H stretching vibration, C—H stretching, C=0 functional group from amide I, amide Il band
resulting from NH, bending along with C-N stretching, aryl system, C-O group, together with C=0O moiety and amide Il band,
respectively [72]. PLGA spectrum (1) exhibited the characteristic peaks at 3528 and 1747 cm™ attained to the stretching vibration of —
OH and C=0, respectively, of its monomers, lactide and glycolide [35]. The symmetric stretching of —-CH, —CHjand-—CH; was
distinguished by two absorption bands at 2883 and 2955 cm™, while the asymmetric stretching of ~CH; and ~CHj were characterized
by distinct peaks at 1398 and 1459 cm™. Bands around 1085 -1186 cm™ were correlated to stretching vibration of C-Q.[35, 73]. PVA
spectrum (I11) displayed discriminative bands at 3422, 2940, 1736, 1098 and 850 cm™ due to stretching vibrations of =OH, C—H,
C=0, C-0, and C-C groups of PVA, respectively [35, 74]. The spectrum of FA-CS (IV) showed the'distinguished peak at 3451cm™
attributed to the overlapping between NH- and OH- groups of FA and CS [25], together with amide (CONH-) peak at 1654 cm™ that
was attributed to the interaction between the amino group of CS with the carboxylate group of FA'[42, 43] and NH bending in the
second amine group at 1570 cm™ [25, 45, 46]. The spectrum of physical mixture (V) corresponding to FA-CS coated MTX NPs (F10)
represented peaks of each component with abscense of the peaks of FA-CS due to diluton effect,[33], with no additional peaks,
eliminating the likelihood of interactions among the components. Spectrum of the optimized-FA-CS coated MTX NPs (F10) (VII)
coincided with that of its plain NPs (V1) and showed the characteristics peak of MTX at 1650 cm™, suggesting MTX molecules were
loaded in/on the polymeric matrix [75] and negating interaction between MTX and NPs.ingredients [65]. Moreover, the spectra of F10
and its plain NPs showed the characteristic band of FA-CS at 3451 cm™, confirming efficient coating with FA-CS conjugate [9].

3.2.6  Differential Scanning Calorimetry (DSC)

As explicated in Figure 4(B), the crystalline nature of pure MTX (l)<was indicated by:the presence of melting endothermic peak at
93.3 - 123.4°C [72]. Thermograms of PLGA and PVA, (Il and Il1, respectively), did not reveal any sharp melting points; instead
PLGA showed endotherms at 45.5°C and 360.6°C which related to its glass transition temperaure [76] and decomposition [15],
respectively, while peaks at 196.9°C and 330.6°C in thermogram of PVA were referred to its melting point and structural degradation,
respectively [35]. Thermogram of FA-CS (1V) showed no sharp melting point but showed peaks at 79.7°C and 266°C, which attained
to FA-CS conjugation [8]. The characterisic peaks of components of the optimized FA-CS coated MTX NPs (F10) were present in the
thermogram of its physical mixture (V), revoking their interaction. It is worth to mention that the endothermic peak of PLGA was
shifted to lower temperature in physical mixture themogram, appearing at 303.4°C, which could be ascribed to dissolvation of the
polymer in molten MTX [15]. In addition, peakiof MTX was shown but with declined intensity and peaks of FA-CS were abscent due
to diluton effect [33]. Interestingly, thermogram of F10 (MVII) was identical to that of its corresponding plain one (VI), with the
disappearance of the endothermic peak of MTX, indicating its encapsulation in the amorphous form inside the polymeric matrix of the
formulated NPs [76].

3.2.7  X-Ray Diffractometry (XRD)

XRD is a pivotal approach in.scrutinizing the crystallinity of pure drug and formulations, thus utilized in identification of the influence
of formulation processing-on crystal poelymorphism [33]. As shown in Figure 4(C), diffractogram of MTX (I) displayed various
diffraction peaks at 20 region, of 7.75°, 9.31°, 11.49°, 13.38°, 19.50°, 23.52°, and 28.94°, indicating its crystallinity [37, 77]. The
absence of distinct diffraction peaks in diffractogram of PLGA (Il) confirmed its amorphous nature [9, 16], whereas PVA (I11) was
estimated to have semi-crystalline nature due to presence of broad diffraction peak at 26 in the range of 19.56° — 22.59° emerging
from intramolecular-and intermolecular hydrogen bonds between its -OH groups [35], while diffractogram of FA-CS (1V) displayed
only a hump peak'at 20 of 20:56°, indicating its declined crystallinity [7, 25]. XRD patterns of the physical mixture of the optimized
FA-CS coated-MTX NPs (F10) (V) showed the combined patterns of all ingredients, while those of MTX were not vividly shown,
owing to dilution effect. The diffractogram of F10 (VII) was in unison with that of its corresponding plain NPs (V1), with diminished
number and-intensity of peaks of MTX, indicating significant loss of drug crystallinity and its incorporation in the polymeric matrix in
the amorphous form [9, 76, 78]. The results of FTIR, along with those of DSC and XRD, go parallel to the same conclusion of the
absence.of any interaction in the prepared NPs and reduction of MTX crystallinity and its encapsulation in the polymeric matrix of the
formulated targeted nanocarrier in the amorphous form.

3.3 Transmission Electron Microscopy (TEM)
TEM photographs of the selected uncoated MTX NPs (F2) and optimal FA-CS coated MTX NPs (F10) (Figure 5) revealed spherical
morphology with smooth surfaces. Unlike F2, F10 exhibited clearly obvious dark core surrounded by a faded gray halo, which could
be related to FA-CS conjugate coating on the NPs surface. Of interest, NPs exhibited smaller PS when estimated by TEM than that
obtained via DLS technique, which can be attributed to the drying effect of polymeric NPs dispersion on a grid during TEM imaging,



omitting influence of surface ions or solvent molecules, in contrast to hydrated state of polymeric NPs that includes double solvation
layer during size measurement via DLS. Similar findings were mentioned in literature for PLGA NPs [48, 63].
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Fig. 5. Transmission él;ectron fniér&coby (fEM) im;g;)s df (A) uncoated MTX NPs (F2) and (B) FA-. S coated MTX NPs
(F10).

3.4 In Vitro Cytotoxicity Assay
The cytotoxicity and antitumor activity of the optimized FA-CS coated MTX NPs formulation (F10) was evaluated and compared to

free MTX and uncoated MTX NPs (F2) in both FR-positive MCF-7 [3, 79] and HeLa [13, 80] and FR-negative A549 cells [1, 46]
based on MTT assay. Plain NPs showed elevated cell survival rates in all cell lines, Figure 6(A); however, pronounced reduction in
cell viability'was seen at higher NPs concentration (500 pg/mL). However, ICsq values for both plain NPs were more than 140 pg/mL,
as shown in Table 3, indicating the safety of the components of the formulated targeted nanocarrier on tested cells. These results
agreed with previously mentioned findings in literature [21]. Free MTX, uncoated MTX NPs (F2) and FA-CS coated MTX NPs
formulation (F10) caused a remarkable decline in cell viability in a dose-dependent manner in MCF-7 and HelLa cell lines, shown in
Figure 6(B). Intriguingly, FA-CS coated MTX NPs (F10) showed enhanced cytotoxicity than free MTX and uncoated MTX NPs (F2)
at the same doses on FR-positive cells. IC50 values of FA-CS coated MTX NPs (F10) in MCF-7 and HeLa cells were lower than those
of free MTX and uncoated MTX NPs (F2), Table 3. The escalated cytotoxicity of FA-CS coated MTX NPs formulation (F10) in FR-
positive cells over free MTX and uncoated MTX NPs (F2) could be attributed to enhanced internalization and uptake of the prepared



FA-decorated nanocarrier through FR-mediated endocytosis (active targeting) as well as passive targeting through the enhanced
permeability and retention (EPR) effect due to formation of endothelial gaps up to 500 nm in tumor cells allowing accumulation and
permeation of particles of size < 500 nm[46], collectively enhancing cytotoxicity and antitumor effect of MTX. Interestingly, the
majority of studies using MTX loaded NPs focus on breast cancer cells [10, 21, 28]. Our findings on HeLa cells could support recent
findings reported in literature that MTX could be used to treat cervical cancer in clinical setting [80]. On the other hand, FA-CS coated
MTX NPs (F10) did not display enhanced cytotoxicity on A549 cells compared to free MTX, as seen in Figure 6(B); however, FA-CS
coated MTX NPs (F10) caused a pronounced increase in % cell viability compared to free MTX at different studied concentrations
and exhibited nearly similar cell survival rates to uncoated MTX NPs (F2). A549 cells were less sensitive to FA-CS coated MTX NPs
(F10) compared to both studied FR-positive cells, which could be attributed to lack of FR, validating the active targeted delivery of
the fabricated FA-CS coated MTX NPs formulation (F10) to FR-positive cells and spotting the light on the role of surface decoration
of nanocarrier with FA as a targeting ligand in enhancing the specific and selective uptake by FR-mediated endocytosisi;These results
were in agreement with recent report in literature [81]. In other words, the augmented antitumor effect of MTX:awhen encapsulated in
the prepared nanocarrier (lower 1C50) could eventually result in lower dose requirement of FA-CS coated MTX NPs (F10) than that of
free MTX for similar efficacy, enhancing MTX safety profile and minimizing its systemic toxicity. Thus, the prepared FA-
functionalized nanocarrier could inaugurate a new platform for the targeted delivery of MTX to FR-overexpressing cancer cells and
could provide promising outcomes in further pre-clinical studies. In vivo evaluation of the therapeutic efficacy of the prepared
nanocarrier in treatment of FR-positive tumors upon oral administration is suggested for further investigations.
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Fig. 6. Cell viability percentage of MCF-7, HelLa, and A549 cancer cell lines after incubation with (A) plain uncoated NPs and
plain FA-CS coated NPs and (B) free MTX, uncoated MTX NPs (F2), and FA-CS coated MTX NPs (F10) after 24 hours.

Data are represented as mean + SD (n = 3). Statistical significances are indicated as “p<0.05, ““p<0.01, and
#p<0.05, #p<0.01 and **p<0.001 vs uncoated MTX NPs (F2).

“"p<0.001 vs free MTX, and



Table 3. The obtained half inhibitory concentration (IC50) values during MTT assay to folate receptor-positive MCF-7 and

HelLa cancer cell lines after incubation for 24 hours.

Tested formula

1C50 (pg/mL)

MCF-7 Hel.a

Free MTX 30.35 154.5

Plain uncoated NPs >140 >140
Uncoated MTX NPs (F2) 3.51 122.9
Plain FA-CS coated NPs >140 >140
FA-CS coated MTX NPs (F10) 0.91 15.49

3.5 Storage Stability Study

The optimized FA-CS coated MTX NPs (F10) presented adequate physical stability.at.ambient or refrigerated temperature. F10 did
not exhibit any change in color or odor with no signs of phase separation over the period of 3 months. The results depicted in Table 4
outlined that F10 was stable at refrigerator storage temperature over the whole period with nonsignificant differences noticed in all
parameters when compared to the initial values obtained once F10 was freshly prepared. On the other hand, there was a statistically
significant increase in PS (p<0.01) and PDI (p<0.05) values of F10 only after 3 months and significant decrease in EE% (p<0.05)
upon storage at ambient temperature, while (P values did not display any marked change. PS increase could be attained to particles
collision [34]. Therefore, the formulated FA-decorated nanocarrier was considerably stable at refrigerator temperature with dominance
of homogenously distributed nanosized particles. Analogous outcomes of storage stability study of FA-CS coated PLGA NPs were

published earlier [8].

Table 4. Storage stability assessment parameters of optimal FA-CS coated MTX NPs (F10) suspension at ambient temperature

and refrigerated temperature over three months.

Evaluation parameters

Ambient temperature

Refrigerated temperature (4 + 1°C)

. . Zeta . . Zeta
Storage
i EE% Parz:]cr'ﬁ)s'ze PDI Potential EE% Parz:]cr']f)s'ze PDI Potential
(mV) (mV)
. 79.3+09 286.9 £10.5 0.21+0.03 33.4+23 79.3+0.9 286.9+10.5 0.21+£0.03 33.4+23
Zero time
1 month 76.6+ 2.6 309.1 +15.7 0.22+0.13 329+3.2 83.0+2.2 288.8 £28.2 0.29 £0.07 36.4+9.1
2 months 78.0 +0.7 265.7+4.1 0.26 £0.04 41.3+3.7 80.8+1.8 269.3+4.1 0.26 £ 0.02 26.4+4.3
3months 74.0+1.2* 337.1+8.1* 05+0.19* 394+35 77.5+2.8 275.8+11.8 0.30£0.03 39.5+1.9

Data are represented as mean + SD (n = 3). *p<0.05 and **p<0.01 monthly vs initial measurement.

3.6 In Vivo Evaluation of Therapeutic Efficacy and Safety

3.6.1  Assessment of Arthritis Macroscopical Changes and Serum Rheumatoid Factor (RF) Levels

The optimum targeted FA-CS coated MTX NPs formulation (F10), along with pure MTX, commercial MTX tablets, and plain FA-CS
coated NPs formulation, were orally administered to CFA-induced RA mice. CFA-induced RA group exhibited significant (p<0.001)



elevation in arthritis index and paw thickness compared to normal control group in week 5 and on day 32, respectively, indicating a
well-established RA model, as shown in Figure 7(B,D), respectively. Noteworthy, FA-CS coated MTX NPs (F10), pure MTX, and
commercial MTX tablets orally treated groups exhibited considerable inhibition of RA symptoms compared to CFA-induced RA
group, with ~ 85%, 80%, and 60% reduction in arthritis index and ~ 27%, 23.6%, and 13.5% reduction in paw thickness, respectively.
Intriguingly, oral treatment with FA-CS coated MTX NPs formulation (F10) exhibited significant decrease in arthritis index (p<0.001)
and in paw thickness (p<0.01) compared to treatment with commercial MTX tablets. Additionally, arthritis changes of RA were
normalized in FA-CS coated MTX NPs (F10) treated group by the end of the treatment protocoal, emphasizing the potentiated
therapeutic performance of the prepared MTX targeted nanocarrier over pure MTX and commercial MTX tablets. The right hind paw
photographs and radiographs of all groups included in the study were shown in Figure 7(E,F), respectively. It is crystal‘clear that the
paw photograph of FA-CS coated MTX NPs (F10) orally treated group was comparable to that of the control group. Furthermore,
radiographic examination of the joints of FA-CS coated MTX NPs (F10) orally treated mice revealed pronounced reduction in the
manifestations of RA compared to CFA-induced RA group that showed severe arthritis in the form of marginal osteophytes and
sclerosis of the articular surfaces with relative narrowing of the medial and lateral joint compartment, which was an additional
indicator consistent with the previous results. CFA-induced RA group showed a significant (p<0.001) .increase.in serum RF levels
compared to that of the normal control group, as depicted in Figure 7(G). On the other hand, treatment with MTX in all groups
signifiacntly (p<0.001) decreased serum RF levels compared to that of CFA-induced RA group, while those in both pure MTX and
FA-CS coated MTX NPs (F10) orally treated groups were normalized. FA-CS coated MTX NPs (F10) group displayed significant
(p<0.05) reduction in serum RF levels compared to commercial MTX tablet orally treated group, validating the potency of the
prepared targeted MTX nanocarrier in the oral treatment of RA compared to conventional MTX tablets preparation.

Fig. 7. Therapeutic efficacy of FA-CS coated MTX NPs (F10) on CFA-induced RA model in mice. (A)The weekly arthritis
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index of mice in all experimental groups. (B) Arthritis index in the 5 week in all experimental groups. (C) Hind paw thickness
measurements of all experimental groups over the study period. (D) Hind paw thickness of all experimental groups on day 32.
(E) Macroscopic photographs and (F) X-ray radiographs of affected hind paws of mice in (I) Normal control group, (I1) CFA-
induced RA group, (111) pure MTX, (IV) commercial MTX tablets, (V) plain FA-CS coated NPs, and (V1) FA-CS coated MTX
NPs (F10) orally treated groups. (G) Serum rheumatoid factor (RF) levels.



Data are expressed as the mean + SEM (n = 6). Statistical significances are indicated as “p<0.05, “"p<0.01, and ~“p<0.001 vs normal control
group, #p<0.05, #’p<0.01, and ##p<0.001 vs CFA-induced RA group, ®p<0.05, *p<0.01, and ***p<0.001 vs commercial MTX tablets treated
group.

3.6.2  Determination of Pro-inflammatory Cytokines

In RA, some pro-inflammatory cytokines secreted by macrophages, namely TNF-o, IL-1B, and IL-6, are fundamental
pathophysiological elements that provoke a cascade of cytokines responsible for chronic inflammatory response and progression of
RA [36, 82], along with osteoclasts activation, resulting in bone destruction and damage [17], which may broaden and expand to
subchondral and periarticular soft tissues leading to lethal irreversible disabilities [83].

RA progression in mice was confirmed by a significant (p<0.001) elevation in paw tissue levels of TNF-a, IL-1p, and 1L-6 in CFA-
induced RA group compared to normal control, as illustrated in Figure 8. Compared to CFA-induced RA group, all the, orally treated
groups exhibited a significant (p<0.001) decline in all cytokines levels. Mice in FA-CS coated MTX NPs (F10) orally treated group
displayed significantly lower levels of TNF-a (p<0.01), IL-1p and IL-6 (p<0.05) compared to pure MTX and significantly (p<0.001)
lower levels of all cytokines compared to commercial MTX tablets orally treated groups. The cytokines levels in pure MTX and
commercial MTX tablets groups were approximately 1.4 and 1.6 times higher for TNF-o, 1.3 and 1.5 times:more in IL-1p, and 1.4 and
1.8 times more in IL-6 than those of FA-CS coated MTX NPs (F10) group, respectively. In addition, TNF-a and IL-6 levels were
restored to their normal levels after oral treatment with FA-CS MTX NPs (F10), proving the potentiated. efficacy of the formulated
targeted MTX nanocarrier in slowing down the progression of RA compared to conventional MTX delivery systems. Notably, plain
FA-CS coated NPs orally treated mice demonstrated significant (p<0.001) reduction.-in-levels of all paw homogenate pro-
inflammatory cytokines compared to the untreated group.
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Fig. 8. Impact of the inspected formulations on CFA-induced changes in levels of pro-inflammatory cytokines (A) TNF-a, (B)
IL-1B and (C) IL-6 in paw homogenate of mice in different experimental groups.
Data are represented as the mean + SEM (n = 6). Statistical significances are indicated as “p<0.05, ~p<0.01, and ~“p<0.001 vs normal control

group, *?p<0.001 vs CFA-induced RA group, “p<0.05 and *#p<0.01 vs pure MTX treated group, and ¥**p<0.001 vs commercial MTX tablets
treated group.

3.6.3  Histopathological Analysis of Paw
Microphotographs of H&E-stained sections of paw bone, cartilaginous structure, and synovial membrane are depicted in Figure 9(a)
and paw soft tissue from all experimental groups are shown Figure 9(b).The normal control group sections revealed normal joint




cavity, normal structure of the bone cortex lamellae and bone marrow cavity and normal structure of epidermis and subcutaneous
tissue. On the contrary, CFA-induced RA group showed extensive hyperplasia of synovial membrane with inflammatory cell
infiltration, disrupted bone lamella, and dilated bone marrow cavity, together with severe inflammatory affection of epidermis in the
form of hyperkeratosis and epithelial proliferation. The subcutaneous tissue showed marked edema with diffused inflammatory cell
infiltrations. Pure MTX and commercial MTX tablets orally treated groups showed less marked disrupted bone lamellae and bone
cavity, while the former exhibited improved joint cavity with mild inflammatory cell infiltration and the latter showed evident pannus
formation. Pure MTX and commercial MTX tablets showed noted improvements in the affections of the subcutaneous tissue seen in
the CFA-induced RA group.

Similar findings to those in the aforementioned CFA-induced RA group were seen in the plain FA-CS coated NPs orallytreated group
but with slightly lesser extent. Interestingly, oral treatment with FA-CS MTX NPs (F10) exhibited the most obvious.alleviation of the
destructive manifestations of RA shown in diseased group, with almost normal joint cavity, minimal affection of thecortical bone
lamellae, minimal affection of the epidermis without any remarked hyperkeratosis or epithelial proliferation;-minimal edema, and
scarce inflammatory cell infiltration in subcutaneous tissue. Accordingly, FA-CS coated MTX NPs (F10) treated group had the least
histopathological score that was significantly decreased compared to CFA-induced RA group (p<0.001), pure.MTX"treated group
(p<0.05) and commercial MTX tablets treated group (p<0.001), Figure 9(c). Substantially, the histopathological investigations were in
agreement with the results of pro-inflammatory cytokines levels in different experimental groups, a validation-6f the enhanced
therapeutic benefits of oral administration of the investigated MTX nanocarrier in treatment of RA.
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Fig. 9. Representative ' microphotographs of H&E-stained sections of (a) paw bone, cartilaginous structure and synovial
membrane, (b) paw soft tissue, and (c) statistical analysis of the paw histopathology score of H&E-stained section of all
experimental groups.
(A & B) Narmal control group, (C & D) CFA-induced RA group, (E & F) pure MTX, (G & H) commercial MTX tablets, (I & J) plain FA-CS
coated NPs, and (K & L) FA-CS coated MTX NPs (F10) orally treated groups. (A, C, E, G, | & K low magnification X: 200; B, D, F, H, J & L
high magnification X: 400). Arrow: hyperkeratosis and epithelial proliferation. Asterix: edema. Arrow head: inflammatory cell infiltration.
Data are expressed as the mean = SEM (n = 6). Statistical significances are indicated as = p<0.001 vs normal control group, ##p<0.001 vs
CFA-induced RA group, “p<0.05 vs pure MTX treated group, and ***p<0.001 vs commercial MTX tablets treated group.

Such distinguished efficacy noticed from the oral treatment with the optimized FA-CS coated MTX NPs formulation (F10) compared
to conventional oral treatment with pure MTX or commercial MTX tablets could be related to various reasons. Firstly, possible
increment in oral bioavailability of MTX upon encapsulation in PLGA NPs [16]. Moreover, surface functionalization of MTX PLGA-
based nanocarrier with FA-CS conjugate could have synergistically augmented its transcellular transport, intestinal barrier permeation,



and oral bioavailability compared to either pure or commercial MTX tablets. FA could target FR that is found on the surface of
intestinal epithelial cells, potentiating the oral absorption of the developed MTX nanocarrier via FR-mediated endocytosis. Recent
findings have reported the role of surface functionalization of oral nanocarriers with FA in enhancing the intestinal permeation and the
oral absorption and bioavailability of drug payload [64, 84, 85]. Moreover, CS has mucoadhesive and permeability enhancing
characteristics, reversibly opening tight junctions between epithelial cells, which could potentially enhance paracellular and
transcellular uptake of NPs [15, 35]. Secondly, FA-CS coated MTX NPs formulation (F10) had PS (278.6 nm) that could permit
passive targeting of the studied nanocarrier through EPR effect as RA is characterized by highly permeable vasculature and formation
of endothelial gaps up to 700 nm [86], resulting in NPs retention and accumulation in inflamed joints. Moreover, the formulated FA-
decorated MTX nanocarrier could actively target FR that is upregulated on the surface of activated macrophages accumulating in
inflamed joints, augmenting MTX uptake by activated macrophages through receptor mediated endocytosis and enhancing MTX anti-
inflammatory effect. Thus, the investigated targeted nanocarrier can allow passive and active targeted delivery of MTX:to the desired
site of action, which could not be achieved in oral treatment with non-targeted conventional MTX formulations. These:findings
correlated with previously mentioned results in literature [17, 44]. Additionally, CS has an anti-inflammatory effect, can downregulate
the production of pro-inflammatory cytokines, and can stimulate chondrocytes proliferation [83]. Such.characters of €S. cannot be
overlooked and may explain the significant reductions in cytokines levels as well as the noted improvements in the pathological
changes seen in the plain FA-CS NPs orally treated group in comparison to those of the untreated mice.

3.6.4 Body Weight Measurments

Serious systemic toxicity can be observed in long term use of MTX, particularly for highly proliferative cells such Gl tract and bone
marrow [87], resulting in undesirable changes in hematological parameters and body weight loss due to vomiting, diarrhea, nausea,
and malabsorption, in addition to nephrotoxicity and hepatotoxicity [19]. Plain FA-CS coated NPs and FA-CS coated MTX coated
NPs (F10) orally treated groups showed comparable body weight to that of normal:control and CFA-induced RA groups at the end of
the study, indicating safety and non-toxicity of the fabricated targeted nanocarrier for drug delivery, Figure 10(A). On the other hand,
pure MTX orally treated group displayed significant reduction in the body weight by therend of the experiment compared to normal
control (p<0.001) and CFA-induced RA group (p<0.01). Obviously, MTX encapsulation in the targeted nanocarrier significantly
(p<0.05) reduced its effect on body weight compared to pure MTX.

3.6.5 Hematological, Biochemical Parameters and Histopathological Investigations

Hematological analysis verified the safety of the constructed targeted nanocarrier by showing no significant effect in any of the
studied parameters in plain FA-CS coated NPs orally treated'group.compared to CFA-induced RA group, Figure 10(B). Obviously, all
hematological parameters were significantly (p<0.001) decreased in pure-MTX orally treated group compared to CFA-induced RA
group, indicating MTX associated hematological texicity, .while. FA-CS coated MTX NPs (F10) orally treated group showed
significant (p<0.001) increase in all hematological parameters compared to pure MTX orally treated group. Such results validated the
enhanced safety and lowered toxicity of MTX when encapsulatedin the fabricated targeted nanocarrier.

Hepatotoxicity and nephrotoxicity associated‘with oral MTX treatment were assessed by estimating serum levels of ALT, AST, CR,
and BUN, Figure 11(a). Pure MTX orally treated group exhibited obvious elevation in serum levels of these biomarkers, which could
be attributed to hepatotoxicity and nephrotoxicity associated with MTX treatment. Contrastingly, this elevation was significantly
(p<0.001) attenuated in FA-CS coated MTX NPs (F10) orally treated group, which exhibited minimal alterations in hepatic and renal
markers compared to pure MTX orally treated group.

Microphotographs of H&E stained ‘sections ofiliver, Figure 11(b), of normal control group showed normal liver tissue architecture
with plates of hepatocytes radiating. from:the central veins. The individual cells show clear acidophilic cytoplasm and vesicular nuclei.
In contrast, the CFA-induced, RA group showed vacuolation of the cytoplasm of the cells with aggregations of inflammatory cells in
the vicinity of the central veins. Pure MTX orally treated group histology was similar to that of CFA-induced RA group with
congestion of the central veins. Commercial MTX tablets orally treated group displayed improved hepatic tissue with still vacuolation
of the cytoplasm of the hepatocytes with non-congested central veins. Plain FA-CS coated NPs orally treated group showed less
pathological alterations than those of the affected groups; however, some hepatocytes still showed vacuolation of the cytoplasm. Oral
treatment with FA-CS MTX NPs (F10) showed less pathological damage than that seen in affected groups and did not induce any
more tissue damage; it was more or less close to the plain FA-CS NPs treated group, which was consistent with the results of the of
hepatic biomarkers.

H&E stained sections of kidney, Figure 11(c), of normal control group showed normal kidney cortices containing the glomeruli,
proximal and distal tubules. On the other hand, the CFA-induced RA group showed pale stained glomeruli and vacuolation of the
cytoplasm, of .the endothelial lining of the renal tubules. Renal sections of pure MTX orally treated group depicted focal areas of
tubular degeneration and interstitial hemorrhage. Commercial MTX tablets orally treated group showed picture close to that of CFA-
induced RA group. However, plain FA-CS coated NPs and FA-CS coated MTX NPs (F10) orally treated groups showed less
pathological changes than those in the affected groups; FA-CS coated MTX NPs (F10) orally treated group was more or less close to
the normal control group.

Results of biomarkers and histopathological changes of liver and kidney revealed that oral treatment with FA-CS coated MTX NPs
formulation (F10) markedly attenuated the toxic effects of MTX, seen in pure MTX group, which indicated the improved safety of
MTX when loaded in targeted nanocarrier. This could be attributed to non-selective systemic delivery of pure MTX, while FA-CS
coated MTX NPs formulation (F10) was passively, selectively and actively targeted to inflamed joints, thus limiting MTX delivery to




off-target sites, reducing its systemic toxicity. It is worth to mention that commercial MTX tablets orally treated group showed sort of
reduced systemic toxicity. Such observation could be related to lower oral bioavailability of MTX from commercial tablets compared
to enhanced oral bioavailability of MTX when encapsulated in the investigated targeted nanocarrier; thus, less MTX was available at
either target or off-target sites after oral administration of commercial tablets, a suggestion verified by the superior therapeutic
performance of the prepared MTX targeted nanocarrier over commercial MTX tablets. Interestingly, plain FA-CS coated NPs orally
treated group exhibited a significant (p<0.001) decline in all hepatic and renal biomarkers in addition to improved histopathological
features of hepatic and renal sections, Figure 11, compared to those of CFA-induced RA group, which could be attributed to the
reported anti-inflammatory and antioxidant effects of CS that could alleviate hepatic abnormalities [35] and could improve renal
dysfunction [88]. Foremost, the investigated FA-CS surface decorated MTX nanocarrier portrayed an improvement in therapeutic
benefits and a reduction in MTX related systemic toxicity upon oral administration in treatment of CFA-induced. RA mice model
compared to conventional MTX oral delivery, enhancing MTX therapeutic index. Since drug delivery via oral route is the most
favored way for drug administration, the current study presents a promising targeted nanocarrier of MTX for oral.treatment of RA that
could improve patient overall wellness and enhance patient adherence and compliance motivating further clinical investigations.
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Fig. 10. Safety and systemic toxicity evaluation of the optimized FA-CS coated MTX NPs (F10). (A) Body weight variation of
mice in all treated groups since treatment commencement. (B) Evaluation of hematological parameters of mice in all treated
groups after different treatments.
Data are expressed as the mean £/SEM (n = 6). Statistical significances are indicated as “p<0.05, “"p<0.01, and ~“p<0.001 vs normal control
group, #p<0:01 and **p<0.001 vs CFA-induced RA group, p<0.05 and *p<0.001 vs pure MTX treated group, $p<0.05 vs commercial MTX
tablets treated group.
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Fig. 11. Assessment of hepatotoxicity and nephrotoxicity of FA-CS coated MTX NPs (F10).
(a) Biochemical parameters of mice after different treatments and (b and:€) representative microphotographs of H&E-stained sections of liver
and kidney, respectively, of mice after different treatments. (A & B) Narmal control group, (C & D) CFA-induced RA group, (E & F) pure MTX,
(G & H) commercial MTX tablets, (I & J) plain FA-CS coated NPs, and (K & L):FA-CS coated MTX NPs (F10) orally treated groups. (A, C, E,
G, | & K low magnification X: 200; B, D, F, H, J & L high magnification X: 400). Data are expressed as the mean + SEM (n = 6). Statistical
significances are indicated as “p<0.05, “p<0.01 and ““p<0.001 vs normal control group, ##/p<0.001 vs CFA-induced RA group, “*p<0.001 vs
pure MTX treated group, *p<0.05 and **p<0.01 vs commercial MTX tablets treated group.

4. CONCLUSION

FA-CS coated PLGA NPs encapsulating cytotoxic drug MTX were auspiciously prepared to target MTX delivery to FR-
overexpressing cells. The optimized targeted MTX nanocarrier (F10) had optimum EE% (76.2%), homogenous PS (278.6 nm) and
positive (P (34.0 mV) and showed biphasic drug release in different physiological pHs. FTIR, DSC, and XRD analysis validated MTX
encapsulation within the polymeric matrix and the compatability among the formulation components. TEM analysis confirmed
spherical structure of the optimized targeted MTX nanocarrier (F10). In vitro cytotoxicity assay revealed superior cytotoxicity and
lower 1C50 values of the prepared.targeted MTX nanocarrier than either free MTX or uncoated MTX NPs to FR-positive cancer cells
and showed its reduced cytotoxicity,to FR-negative cells, confirming the potential of prepared targeted nanocarrier to afford passive
and receptor-mediated targeted MTX delivery to FR-overexpressing cancer cells. In vivo study in treatment of CFA-induced RA mice
model endorsed conspicuous anti-inflammatory efficacy of the fabricated targeted MTX nanocarrier with pronounced reduction in the
systemic toxicity of MTX compared to pure MTX and commercial MTX tablets, which portrayed a novel orally administered targeted
MTX nanocarrier that could, be alternative for conventional oral MTX delivery systems in treatment of RA or other inflammatory
conditions associated with activated macrophages. Interestingly, plain targeted nanocarrier formulation exhibited considerable anti-
inflammatory effects, proposing promising outcomes in its future application with different drugs in treatment of RA for synergistic
benefits. Thus, the targeted.nanocarrier adapted in the current investigation can be a novel oral drug delivery system for better
therapeutic benefits. in management of multitude of autoimmune and inflammatory conditions whose pathogenesis relies on activated
macrophages, including psoriasis, atherosclerosis, inflammatory bowl disease.
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