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Background: Rheumatoid arthritis (RA) is a common acute inflammatory autoimmune connective tissue arthropathy. The genetic 
studies, tissue analyses, experimental animal models, and clinical investigations have confirmed that stromal tissue damage and 
pathology driven by RA mounts the chronic inflammation and dysregulated immune events.
Methods: We developed methotrexate (MTX)-loaded lipid-polymer hybrid nanoparticles (MTX-LPHNPs) and aceclofenac (ACE)- 
loaded nanostructured lipid carriers (ACE-NLCs) for the efficient co-delivery of MTX and ACE via intravenous and transdermal 
routes, respectively. Bio-assays were performed using ex-vivo skin permeation and transport, macrophage model of inflammation 
(MMI) (LPS-stimulated THP-1 macrophages), Wistar rats with experimental RA (induction of arthritis with Complete Freund’s 
adjuvant; CFA and BCG), and programmed death of RA affected cells. In addition, gene transcription profiling and serum estimation 
of inflammatory, signaling, and cell death markers were performed on the blood samples collected from patients with RA.
Results: Higher permeation of ACE-NLCs/CE across skin layers confirming the greater “therapeutic index” of ACE. The systemic 
delivery of MTX-loaded LPHNPs via the parenteral (intravenous) route is shown to modulate the RA-induced inflammation and other 
immune events. The regulated immunological and signaling pathway(s) influence the immunological axis to program the death of 
inflamed cells in the MMI and the animals with the experimental RA. Our data suggested the CD40-mediated and Akt1 controlled cell 
death along with the inhibited autophagy in vitro. Moreover, the ex vivo gene transcription profiling in drug-treated PBMCs and serum 
analysis of immune/signalling markers confirmed the therapeutic role co-delivery of drug nanoparticles to treat RA. The animals with 
experimental RA receiving drug treatment were shown to regain the structure of paw bones and joints similar to the control and were 
comparable with the market formulations.
Conclusion: Our findings confirmed the use of co-delivery of drug nanoformulations as the “combination drug regimen” to treat RA.
Keywords: methotrexate, aceclofenac, lipid polymer hybrid nanoparticles, nanostructured lipid nanocarriers, rheumatoid arthritis, 
MMP-1

Introduction
Rheumatoid arthritis (RA), a heterogeneous systemic inflammatory autoimmune disease, is characterized by the synovitis, 
progressive bone damage, joint destruction, and early death.1,2 The Genetic analyses and investigations using in vivo models and 
patient studies have confirmed the RA induced inflammation mediated health complications. The disease-induced inflammation 
is characterized by the production of inflammatory cytokines.3,4 The aceclofenac (ACE), the non-steroidal anti-inflammatory 
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drug, alleviates pain and suffering due to inflamed joints by blocking the enzymatic activity of cyclo-oxygenase-2 (COX-2) that 
inhibits the synthesis of prostaglandins.5 The RA-driven immune dysbiosis may be repaired by the combination of ACE and 
MTX. The low-dose methotrexate (MTX) is known to suppress the inflammation,6 with its cytotoxic and/or anti-proliferative 
effects. Whereas a higher dose of MTX leads to the irreversible damage,7 as well as lymphoblastic leukaemia.8 The suboptimal 
therapeutic efficacy of monotherapy with conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs)9,10 

suggests the need for the combination drug therapy to manage and treat RA.11 Briefly, topical application of ACE12 reduces 
the inflammation, and intravenously injected methotrexate controls the adenosine-driven immune suppression to avoid the joint 
destruction13 during RA pathology.

Also, the long-term oral intake of ACE and MTX leaves adverse effects, including gastrointestinal ulcers and bleeding, 
mucosal ulceration, stomatitis, bone marrow suppression, drug-induced hepatic fibrosis and cirrhosis.14–16 Therefore, our group 
prepared ACE-NLCs,17 MTX-LPHNPs,18,19 formulations for the effective delivery of ACE and MTX, respectively, with the 
minimal exposure to the healthy tissues. Our nano-formulations exhibited higher loading and entrapment efficiency, the lowest- 
level drug leakage due to lipid polymorphism, improved biocompatibility, in vivo stability and better drug penetration and 
permeation across the skin-layers.20,21 Moreover, our previous findings with ACE and MTX when used as “monotherapy” for 
RA and breast cancer prompted us use ACE and MTX as a combination therapy co-delivered via the nano-formulations in Wistar 
rats with experimental RA.17,19,22,23 Encouraged by our previous findings, we delineated the distinct therapeutic potential of the 
co-delivery of ACE and MTX mediated by the nanostructured lipid nanocarriers (NLCs) to treat/manage inflammatory 
diseases.21 The matrix-metalloproteinases (MMP-1, MMP-8, and MMP-13) and collagenases reportedly shown to cause bone 
damage,24 and hence inhibitors of MMP-1 were used to avoid connective tissue damage during RA pathology.25,26

The LPS-stimulated human THP-1 macrophages (MMI) showed a reduction in inflammation upon receiving treatment 
with ACE and MTX individually and in combination. The monotherapy and combination drug therapy in Wistar rats with 
experimental RA modulated inflammation and repaired immune dysbiosis. Further, the stimulated macrophages treated with 
a combination of drugs exhibited cell death controlled by the PI3K-Akt signaling. The death of the stimulated cells was 
characterized by gene transcription profiling and protein expression of inflammatory and signaling mediators. Besides, the 
molecular docking of the proteins with the drugs/ligands (ACE and MTX) was shown based on their binding affinity.

Ex-vivo assays performed on the samples (PBMCs and serum isolated from blood) collected from the patients with RA. The 
quantitative PCR was carried out to determine the mRNA expression of the immune markers from blood and serum profiling of 
inflammatory and signaling markers when treated with the combination of ACE and MTX. Interestingly, the fold regulation (FR) 
of relative mRNA expression of inflammation and bone degradation (IL-1β, IL-8, IL-6, IL-10, TNF-α, iNOS-1, iNOS-2, COX-2, 
NF-kβ, and MMP-1), as well as signalling markers (CD40, Akt, NF-kB, and Bim) in the mono- and combination drug-treated and 
LPS stimulated macrophages was shown to establish the immune homeostasis by balancing the cell death and autophagy axis. The 
immune axis was tipped towards the death of inflamed cells programmed by the combination of ACE and MTX by repairing the 
immune dysbiosis. Further, the reactive oxygen species (ROS) and nitric oxide (NO) production correlates with the death of 
stimulated macrophages. Hence, we validated the in vitro and ex-vivo findings in the animal model of Wistar rats with 
experimental RA induced by the combination of complete Freund’s adjuvant (CFA) and BCG. The drug ACE and MTX nano- 
formulations administered via transdermal and intravenous routes, respectively, were shown to reduce RA-induced inflammation. 
In the end, the drug nanoparticles were able to manage and treat RA comparable to that with the existing market formulations. 
Overall, the combination of the ACE and MTX nanoparticles presents a better therapeutic option for treating/managing the RA. In 
the end, our drug nano-formulations could be a better “therapeutic” strategy to treat the RA.

Materials and Methods
Aceclofenac (ACE) and methotrexate (MTX) were received as gift samples from IPCA Laboratories, Mumbai. Glyceryl 
monostearate (GMS), Cetyl Palmitate (CP), stearic acid (SA), and cetyl alcohol (CA) were purchased from LobaChemie Pvt. 
Ltd. (Mumbai, India). Market gel (1.5%) for ACE was procured from a local pharmacy. The liquid lipids, Transcutol, 
Labrafac, Labrazol, and Gelucire 50/13, were supplied by Gateosse (Saint Priest, Cedex, France). Phospolipon-S100 was a gift 
from Lipoid GmbH (Germany). Capmul® MCM (C10) was obtained as a gift sample from ABITEC Janesville, USA. 
Poloxamer (Pluronic F-68) was a gift from BASF (Mumbai, India). Tween-80 was purchased from Fischer Scientific Pvt., Ltd. 
(India). The solvents used for HPLC were HPLC grade. All other chemicals and reagents were of analytical grade unless 
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otherwise specified. MTX (Rheumatrex) and ACE gel (Hifenac) were purchased from a local drug house and injected through 
subcutaneous (s.c.) and transdermal (t.d.) routes, respectively. Phorbol 12-myristate 13-acetate (P8139), lipopolysaccharide 
from E. coli O111:B4 (L2630), Histopaque-1077 (10,771), and Griess reagent (G4410) were procured from Sigma-Aldrich, 
USA. The Annexin V-FITC Apoptosis Detection Kit (cat. No. 88–8005-74) was procured from Invitrogen (USA). An RNeasy 
Mini Kit (Cat. No 74104), and iScript cDNA kit, were procured from Bio-Rad, USA (Cat no: 1708891). Primary monoclonal 
antibodies included β-actin (D6A8), Akt1(C73H10), pAkt1 (S473), CD40 (D8W3N), FOXO1 (C29H4), Bim (C34C5), CAS3 
(9662S), Beclin-1 (D40C5), iNOS (D6B6S), MMP-1 (E9S9N), NF-kB P65 (D14E12), P-NF-kB P65 (S536), IDO1 (D5J4E), 
COX-2(D5H5), TLR-4(14358S), LC3AB (4108S), p-mTOR (AP0115), ATG5 (A0203) rabbit mAb, and secondary anti-
bodies, such as mouse anti-rabbit IgG-HRP (sc-2357), were obtained from Cell Signalling Technologies (USA) and Santa 
Cruz Biotechnology (USA). Hoechst nuclear-staining dye was purchased from Thermo Fisher Scientific (USA). The ECL 
reagent (WBLUF0100) was purchased from Millipore (USA), and femtoLUCENT PLUS-HRP was procured from 
G-Biosciences Sigma (USA). The dialysis bags were purchased from HiMedia (India). The ELISA kits for the detection of 
IFN-γ (Cat. BMS228), IL-17A (Cat. BMS2017), IL-10 (Cat no. 88–7106), TGF-β (Cat no. BMS2065), TNF-α (Cat. BMS223- 
4), IL-6 (Cat no. 88–7066), and MMP-1 (Cat no. EHMMP1) were purchased from Invitrogen (Carlsbad, CA, USA).

Preparation of ACE and MTX Nano-Formulations
ACE-loaded NLCs were prepared using the hot microemulsion method using a probe sonicator (Sonicator 3000, 
Misonix) and a high-shear homogenizer (Heidolph, Germany), as previously described.17

ACE and solid lipids (CA: Gelucire; 1:2) were mixed with an ethanolic solution of phospolipon and heated to 55– 
60°C, after which hot lipid oil-containing drugs were added. Subsequently, Tween 80 was added to the water and 
sonicated for 30 s at 3W to form a hot micro-emulsion. The emulsion was then transferred to 70 mL aqueous surfactant 
solution (0.5% poloxamer) using a micro-syringe with continuous homogenization at 8000 rpm for 10 min, followed by 
magnetic stirring for 2–3 h at 500 rpm. NLC dispersions were dialyzed using a cellulose dialysis bag (MWCO, 10 kDa) 
against a dialyzing medium with a double distilled water and acetone mixture (2:1) to remove the unentrapped drug. The 
suspensions were lyophilized and stored for long-term use.

MTX-LPHNPs were prepared using a modified single-step nanoprecipitation method following our published 
protocol.27 Briefly, MTX and polycaprolactone (PCL) were dissolved in 3 mL DMF and heated at 60–70°C. 
Phospholipid mixture (20% PCL), phospholipid 90G, cholesterol, and DSPE-PEG-2000 (10% molar ratio of PL) 
60:15:12 mass ratio was dissolved in 2 mL DCM: DMF (1:1) and heated at 60–70°C. Both solutions were mixed and 
stirred continuously for 10 min, and the prepared solution was added drop by drop to a cold surfactant solution of Lutrol® 

F-87 (0.5%w/v) at a constant flow rate of 1 mL/min and stirred using a magnetic stirrer (Remi, Mumbai, India) at 
800 rpm for 2–3 h. The resulting LPHN suspension was collected by centrifugation at 20,000 rpm for 10 min and washed 
twice with distilled water to remove organic solvent. The optimized NPs were lyophilized (Vir Tis, Wizard 2.0, 
New York, USA) using a stepwise freeze-drying cycle,28 followed by the application of a condenser temperature 
(−60°C) at 200Torr at each step of the cycle. Mannitol (5% w/v) was used as the cryo-protectant for storage.

Characterization of MTX Loaded LPHNPs and NLCs Encapsulated ACE
Size, Polydispersity Index (PDI) and Zeta Potential
The size and PDI of LPHNP–NLCs and the zeta potential of LPHNPs and NLCs were determined in folded capillary 
cells by Laser Doppler Anemometry (LDA) using a Malvern Zetasizer (PCS, Nano ZS90 Zetasizer, Malvern Instruments 
Corp., UK).

Transmission Electron Microscopy (TEM)
The surface morphologies of LPHNPs and NLCs were assessed using TEM. One drop of diluted sample was placed onto 
a membrane-coated grid surface and stained with 1% phosphotungstic acid, which was immediately added to the grid 
surface and excess fluid removed. The grid was then air-dried at room temperature, and the prepared sample was 
examined using HR-TEM (TECNAI 200 kV TEM, Fei, Electron Optics) at 10×15,000 magnification.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S439359                                                                                                                                                                                                                       

DovePress                                                                                                                       
2151

Dovepress                                                                                                                                                             Negi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Percentage Drug Encapsulation and Loading Efficiency
Drug encapsulation efficiency was calculated using the direct lysis method, and the measured quantities of NLC and 
LPHNP suspensions were lysed in chloroform/DMF by brief sonication. The lysed sample was diluted with methanol and 
filtered through a 0.22 µM filter, followed by HPLC analysis to quantitate the loaded drug. Drug entrapment efficiency 
was calculated as follows:

Drug loading was calculated by taking the fixed amount of lyophilized drug-loaded samples and lysing them in 
chloroform/DMF, and the quantity of drug was calculated by HPLC as follows:

The drug content was determined using an HPLC system (Shimadzu, Japan) equipped with a double reciprocating pump 
(ThermoScientificTMHypersil BDS C18 Columns) (particle size 5 µm; length 250 nm X 4.6 mm) (250 mm×4.6 mm, 5µ), 
as reported by our group.29

X-Ray Diffractometry (X-RD) Analysis
The crystalline state of the drug before and after nanoparticle formulation was determined by X-RD. The X-ray diffraction 
(XRD) patterns of the nanoparticles were recorded on an X’Pert PRO-PANalytical instrument (the Netherlands). Free drugs, 
empty LPHNPs and NLCs, lipid mixtures of respective LPHNPs and NLCs, ACE-NLCs, and MTX-LPHNPs were analyzed. 
A known amount of each sample (10–15 mg) was loaded into a 25 mm poly-methyl methacrylate (PMMA) holder, and the 
diffracto-grams were analyzed using diffraction software (XPERT High Score software).

In vitro Drug Release
The dialysis bag method (MWCO; 12 kDa) was used to study the in vitro drug release profile of formulations with 
a slight modification of our published protocol.27,30 This method was used to study the in vitro drug release profile of 
formulations.27,30 In vitro drug release studies were carried out in phosphate buffer saline (pH= 7.4). Briefly, 2 mL of 
suspension in distilled water was placed in a dialysis bag, tied at both ends, and immersed in 20 mL drug release medium 
(physiological PBS), followed by continuous stirring at 100 rpm. The entire system was maintained at 37±1°C 
throughout the experiment. A 0.5 mL sample was withdrawn, and the same volume was replaced with PBS at 
predetermined time intervals. The collected samples were quantified using HPLC to calculate the quantity of drug 
present in the samples.

Preparation and Characterization of Aceclofenac-Loaded Hydrogel, Rheology and 
Texture Behavior
Hydrogels were prepared to obtain adequate viscosity for transdermal applications. ACE-NLC dispersions and chemical 
enhancer (PEG-200 in 5% ethanol) at a ratio of 70:30 were individually incorporated into previously hydrated Carbopol® 

940 gel, neutralized with tri-ethanolamine.31

An NLC-incorporated gel was prepared to achieve 1.5% of total formulation concentration and assessed with respect 
to its color, grittiness, aesthetic appeal, rheological behavior, and texture analysis. Rheology and texture profile analysis 
(TPA) of formulations were carried out using Dynamic Rheometer (Anton Paar, MCR-102; Austria) and TA-XTPlus 
texture analyzer (Stable Microsystems, UK), as previously reported.31,32 Rheology and texture profile analysis (TPA) of 
the prepared formulations were carried out using a Dynamic Rheometer (Anton Paar, MCR-102; Austria) and a TA- 
XTPlus texture analyzer (Stable Microsystems, UK), according to the published protocols.31,33 The linear visco-elastic 
region (LVR) was determined through amplitude sweep tests by measuring G′ (storage modulus) and G″ (loss modulus) 
as a function of strain (%) ranging from 0.01% to 100% at a constant angular frequency of 1, 10 rad/s LVR, which 
provides information about the minimum strain needed for oscillation frequency sweep test. The oscillation frequency 
sweep test was carried out by measuring G′ and G″ as a function of angular frequency (rad/s) ranging from 0.1 to 100 
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rad/s at constant strain amplitude of 0.05% and 5% in the linear visco-elastic region. This test was performed to monitor 
the behavior and stability of the sample at a constant strain with varying frequencies.

The prepared NLC gel was examined for TPA prior to the testing, the cone was calibrated (upper: male vs lower: 
female) and set experiment,17 and the recommended volume of NLC gel was placed over the lower stage of the 
equipment to note down the readings of the samples for analysis. The texture profile was assessed using a male cone 
to penetrate and detach from the test formulation present in the female cone.

Cell Uptake of Prepared Gel Formulations by Human Hyper-Proliferative Keratinocyte 
Cells (HaCaT)
The potency of skin permeation of NLCs and gel-(ACE-NLCs), with and without chemical enhancer (CE) conjugation, 
was determined by the cell uptake efficiency of HaCaT cells (procured from NCCS, Pune, India). Cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine, non- 
essential amino acids, sodium bicarbonate, sodium pyruvate, 100 U/mL penicillin, and 100 μg/mL streptomycin (PAA 
Laboratories GmbH, Austria) at 37°C under 5% CO2, and fluorescent NLCs were prepared by co-encapsulation of 
coumarin-6 (C-6) with ACE (equivalent to 1 μg/mL free C-6). C-6 dye was added in the organic phase and NLCs were 
prepared (Section 2.2.1); after 24 h, 50,000 cells were seeded in 6-well culture plates (Costars, Corning Inc., NY, USA) 
overnight for the adherence of cells. Cells were incubated with coumarin-6-ACE-NPs for 6hr, washed with HBSS (5X) to 
remove extracellular particles, fixed with 3% paraformaldehyde (Merck, India), and permeabilized with 0.2% Triton 
X-100 (Sigma-Aldrich, USA). The fixed and permeabilized cells were observed under a confocal laser scanning 
microscope (CLSM) (Olympus FV1000, Japan), and photomicrographs were obtained.

Cell Viability (MTT) Assay with HaCaT Cells
10,000 HaCaT cells reconstituted in 200 μL of medium were seeded in 96-well tissue culture plates and incubated 
overnight for cell attachment. The growth medium was replaced with an equal volume of complete medium containing 
ACE and ACE formulations (100 μg/mL; equivalent to free ACE) and placebo NLCs for 72 h. 150 μL MTT solution 
(0.5 mg/mL reconstituted in PBS) was added to the washed cells in each well, which were then incubated for 3–4 h to 
facilitate the formation of formazan crystals. MTT formazan crystals were dissolved in 200 μL DMSO, and the plates 
were read at 550 nm using an ELISA plate reader (BioTek, USA).

Ex-Vivo Permeation and Dermatokinetic Modeling with the Skin of Pig’s Ear Pinnae
Ex vivo permeation studies of the vestigial part of the pig ear pinna (procured from the government’s slaughter-
house, industrial phase, Mohali, Punjab, India) were conducted without heat treatment. The prepared skin samples 
were examined microscopically for surface irregularities. The skin was clamped on a vertical Franz diffusion cell 
with a surface area of 3.14 cm2 so that the stratum corneum side faced upward in the donor compartment and the 
dermal side faced downwards in the receptor compartment. Market gel-(ACE-MKT), gel-(ACE-NLCs), and gel- 
(ACE-NLCs+CE) formulations (equivalent to 5 mg/cell, i.e.~1.6 mg/cm2) were gently applied to the donor 
compartment. Aceclofenac-loaded NLC formulations co-encapsulated with coumarin-6 (C-6) dye were applied to 
the skin at the donor compartment of the Franz diffusion assembly following our published protocol.34 All samples 
were filtered through a 0.22 µm cellulose membrane filter, and the drug permeated through the skin was quantified. 
Raw data obtained from in vitro diffusion drug release studies were analyzed by applying correction factors for 
volume and drug losses using their placement method, and various dermato-kinetic modeling study parameters were 
studied.35,36 The skin was removed from the Franz cells at different sampling times, and the skin tissue was washed 
three times with deionized water and allowed to dry. The epidermal and dermal layers were manually separated 
using tweezers, and the skin layers were chopped into pieces and macerated with a homogenizer in 5 mL methanol 
for 8–10 h to obtain a complete drug extract in ethanol.  
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Obtained data were fitted into a one-compartment open model following the equation

Cskin is the concentration of the drug in the skin at time t, Kp is the dermal permeation constant, Cskin
max is the maximum 

concentration achieved in the skin, and Ke is the skin elimination constant. Win-Nonlin software (version 5.0) was used 
to compute various dermatokinetic parameters: Kp, Cskin

max, Ke Tskin
max (time required to achieve Cskin

max), and area under the 
curve (AUC0−24hrs) using the Wagner–Nelson method.

Assessment of Cell Toxicity with LPS-Stimulated Human U937 Cells
The percentage viability of ACE-NLC- and MTX-LPHNP-based formulations was determined for human monocytic 
cells (U-937). U-937 cells (purchased from the National Center for Cell Science, Pune, India) were maintained in RPMI- 
1640 medium supplemented with 10% heat-inactivated fetal-bovine serum and 50 μg/mL gentamycin (Invitrogen, USA). 
U937 cells were differentiated into human macrophages by PMA (100nM; 100ng/mL) treatment in 12-well tissue culture 
plates (Nunclon) for 24 h and stimulated with 1 µg/mL and 5 µg/mL LPS (Sigma) for 24 h. After incubation, the media 
was aspirated and 1 mL 0.5M EDTA was added to each well; the cells were incubated for 15 min, and centrifuged at 
1700 rpm for 10 min. Ten thousand cells were seeded in 96-well plates at a final volume of 100 µL/well. ACE- and 
MTX-based formulations in experimental control wells were used to achieve a total concentration of 100 μg/mL 
(equivalent to free ACE and MTX). PBS-washed cells were treated with 150 μL of MTT (0.5 mg/mL) reconstituted 
in PBS and incubated for 3–4 h to facilitate the formation of formazan crystals. MTT formazan crystals were dissolved in 
200 μL DMSO and the plates were read at 550 nm using an ELISA plate reader.

Interaction of ACE and MTX with the Immune Receptors
The pharmacological compounds aceclofenac (C16H13Cl2NO4; PubChem ID:71771) and methotrexate (C20H22N8O5; 
PubChem ID:126941) were considered drug molecules against specific proteins for the treatment of RA. The 3D proteins 
used as macromolecules in the molecular docking analysis retrieved from Protein Data Bank/AlphaFold were AKT 1 
(PDB:3O96_A), TNF-α (PDB:1TNF), Cox-2 (PDB:5F19_A), pAKT1 (PDB:3O96_A), Cas-3 (PDB:1GFW), MMP-1 
(PDB:3SHI), Cas-8 (PDB:3KJQ), TGF-β (PDB:5VQP_A), IL-17 (PDB:4HR9_A), IFN-γ (PDB:1FG9_A), IL-1β 
(PDB:1I1B), CD40 (PDB:3QD6_R), IL-6 (PDB:1ALU), Bim (PDB:AF_O43521), IL-10 (PDB:1LK3_A), and NF-kB 
(PDB:1SVC_P). The pAKT1 protein was phosphorylated PDB:3O96_A, which was further energy minimized by the 
Chiron web server (www.dokhlab.med.psu.edu/Chiron).37 The molecular docking study was performed using 
AutoDockVina 1.1.38 For AutoDockVina 1.1, a grid box with a spacing of 1 Å and a size of 120 × 120 × 120 was built around 
the center of the binding site as predicted by the CB-dock server.39 Other parameters of docking were set to default, while 
exhaustiveness value was adjusted to 8 and energy range to 4. The 3D structure was further analyzed using Pymol software,40 

whereas the 2D structure depicting the corresponding protein–ligand interaction was analyzed using Discovery Studio.41

In vitro Cell Culture
Human THP-1 cells (procured from ATCC, USA) were maintained in RPMI-1640 supplemented with heat inactivated 
fetal bovine serum (FBS 10% v/v), 1% penicillin–streptomycin, 0.05 mM, 2-mercaptoethanol. Cells were maintained in 
a CO2 incubator at 37°C in a humid atmosphere.

Cell Differentiation, Stimulation and Drug Treatment
THP-1 cells were differentiated into the macrophage phenotype by PMA (100 ng/mL) treatment in 12-well tissue culture 
plates for 24 h. Differentiated THP-1 macrophages were stimulated with 1µg/mL LPS, followed by treatment with ACE 
and MTX (100 µg/mL) individually as well as combination of ACE (50 µg/mL) and MTX (50 µg/mL) for 24 h.
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Relative mRNA Expression by Quantitative RT-PCR (qRT-PCR)
THP-1 macrophages were stimulated with LPS (1 µg/mL) followed by the treatment with ACE and MTX (100 µg/mL) 
individually and in combination (ACE, 50 µg/mL; MTX, 50 µg/mL) for 24 h. After incubation, the media was aspirated 
and 1mL 0.5M EDTA was used to detach the cells, followed by 10–15 min incubation, and centrifugation at 1200 rpm for 
10 min. The supernatant was discarded, the cells were washed twice with PBS, total RNA was isolated using an RNeasy 
Mini Kit (Qiagen, Cat. No. 74104) from LPS stimulated and unstimulated THP-1 macrophages, and quantified RNA was 
converted into cDNA for qRT-PCR using the iScript cDNA kit (Cat no: 1708891; Bio-Rad, USA). Briefly, 5 µL of 2X 
SYBER green (Bio-Rad), 0.5 µL forward and reverse primers, 2 µL of diluted cDNA, and nuclease-free water were 
reconstituted to make 10 µL reaction volume thermal conditions as follows: 95°C for activating the Taq Polymerase, and 
the remaining 35 cycles were performed at 95°C for 15 s; annealing was carried out at 58°C for 30 s, and extension at 
72°C for 30 s. Relative mRNA expression was quantified using the changes in threshold method (ΔΔCT) and normalized 
to that of the housekeeping control. mRNA expression was quantified using the changes in threshold method (ΔΔCT) and 
normalized to the expression of the house-keeping ACTB mRNA (encoding β-actin and GAPDH).

Confocal Microscopy-Based Imaging to Detect the Expression of Bim
PMA differentiated and drug-treated/-untreated THP-1 macrophages were fixed with 4% paraformaldehyde (PFA) 
for 5 min followed by permeabilization with 0.1% Triton X-100 for 5 min. Cells were incubated with BSA (3%) 
for 1 h at room temperature to block non-specific antibody binding, followed by addition of primary antibody 
(anti-Bim antibody; 1:1000) or isotype control antibody (1:500 dilution) for 1 h at room temperature. The PBS- 
washed cells were incubated with the secondary antibody Alexa Fluor 568-conjugated goat anti-rabbit IgG (1:1000 
dilution) for 1 h at room temperature. Cells were stained with the nuclear staining dye DAPI, mounted on cover 
slips with slow fade (Thermo Fisher Scientific, USA), and photographed using a NIKON A1R laser scanning 
confocal microscope.

Determination of ROS Production
THP-1 cells were treated and harvested, as described above. Cells were washed with 1X PBS buffer and stained with 1 µM 
CM-H2DCFDA dye (C6827, ThermoFisher Scientific) at 37°C for 15 min, and fluorescence was monitored using a flow 
cytometer. Ten thousand events were captured, and the data were analyzed using FlowJo software (FlowJo_v10.8.1).42

Measurement of Nitric Oxide (NO)
NO production was evaluated by measuring the nitrite, a stable metabolite of NO, content of the tissue homogenates, or 
culture media with the Griess reaction.43 Culture media were collected from LPS-treated THP-1 derived macrophage 
cultures. Duplicates of 50 μL of culture medium were added to 96-well microtiter plates and mixed with 50 μL of 
modified Griess reagent. The plate was then read on a microtiter plate reader using a 550 nm filter. A standard curve with 
increasing concentrations of sodium nitrite was generated in parallel and was used for quantitation.

Detection of Cell Death by Annexin V-FITC/Propidium Iodide
THP-1 cells were seeded in 6-well plates at a density of 1.0×106 cells/well. THP-1 cells were treated with ACE and MTX 
(100 µg/mL) individually or in combination with ACE (50 µg/mL) and MTX (50 µg/mL) for 24 h. Cells were harvested 
upon completion of incubation, and the percentage of apoptotic cells was analyzed using an Annexin V-FITC Apoptosis 
Detection kit according to the manufacturer’s recommendations. The cells were acquired using a C-6 Accuri flow 
cytometer (FlowJo software, BD Biosciences, Franklin Lakes, USA).

Immunoblotting
THP-1 cells were treated with drugs (ACE and MTX) as described above for 24 h, harvested, and washed with 1X-PBS. 
Protein lysates were prepared using RIPA lysis buffer and quantified using Bradford reagent. About 20 µg of protein 
sample was subjected to SDS-PAGE at 10% and 15%, which was then transferred to NCM (nitrocellulose membrane) 
and blocked with 5% BSA (TBST). The membrane was probed overnight with primary antibodies against NF-κB, AKT1, 
CD40, BIM, LC3-II, β-actin, Cas-3, Beclin, and ATG5 (1:1000 dilution). After overnight incubation, the membranes 
were washed thrice with TBST buffer and incubated with an HRP-conjugated secondary antibody (1:10000) for 1 h. The 
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blots were washed thrice for 5 min each, followed by incubation with the secondary antibody. Blots were developed 
using ECL, and images were captured using SyngeneChemiDoc. β-Actin was used as the housekeeping gene.

Animal Studies
Female Wistar rats, aged 4–6 weeks old, were provided water ad libitum and maintained under pathogen-free conditions 
with convenient access to food and water. Animal protocols were approved by the Institutional Animal Ethical 
Committee (PU/IAEC/5/14/95) of Panjab University and the Institute of Microbial Technology (IAEC/43/2022/02), 
Chandigarh, India. We followed the guidelines laid down by the Animal Welfare Board of India (AWBI) and Committee 
for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) (Reg No. 55/GO/Re/Rc/Bi/Bt/S/99/ 
CPCSEA) under the Ministry of Environment Forest and Climate Change (MoFE & CC). The experimental animals were 
euthanized by asphyxiation followed by the cervical dislocation.

Experimental Induction of RA in Wistar Rats
Rheumatoid arthritis was induced using CFA supplemented with Mycobacterium tuberculosis (Mtb) following the 
published protocols.44–46 1 mg Mtb (H37Ra, ATCC 25177) mixed in 1 mL CFA was heat killed, dried, and reconstituted 
in 0.85 mL paraffin oil and 0.15 mL mannide mono-oleate. Lyophilized Mtb (10, 20, or 40 mg) was dissolved in 1 mL 
CFA. Anesthetized female rats were intradermally injected with a 0.1 mL suspension in the right ankle joint. On days 7 
and 14 post-sensitization, the rats were intradermally administered 0.1 mL CFA for boosting to stimulate the induction of 
RA, and the induced inflammation and nociception were studied before and after the induction of arthritis.

Quantification of Methotrexate in Plasma and Synovial Fluid of RA Animals
CFA-induced arthritis (CIA) rats were divided into four groups. The two groups were dedicated primarily to quantifying 
the drug in the plasma, and the remaining two in the synovial fluid. Experimental RA animals from groups I and III were 
subcutaneously injected with 0.6 mg/kg MTX, and groups II and IV animals received MTX-loaded LPHNP. Furthermore, 
an equivalent dose of MTX was administered intravenously, and blood sampling was performed for 7 days to perform 
pharmacokinetic quantification of MTX in the plasma. Blood samples from groups I and II were drawn at 24-h intervals 
in heparinized tubes, and an equivalent volume of normal saline was injected into the animal at each blood draw to make 
up the volume. MTX was quantified in plasma for 7 days (168 h). MTX was quantified in the synovial fluid of euthanized 
animals from groups III and IV at 12, 24, 48, 72, and 96 h. Synovial joints were flushed with 1 mL saline and the 
collected fluid was analyzed to quantify free and MTX-loaded LPHNPs.

Anti-Arthritis Activity of ACE and MTX Delivered Through the NLCs and LPHNPs
Anti-arthritis treatment was started on day 2 post-booster dose, and animals were categorized into eight groups: group 1, 
single injection of gel-(ACE-NLCs + CE) (t.d.); group 2, MTX-LPHNPs (i.v.); group 3, gel (ACE-MKT) (t.d.); and 
group 4, MTX-MKT (s.c.). Combination therapy groups were as follows: group5, gel-(ACE-NLCs) (t.d.) + MTX- 
LPHNP (i.v.); group 6, gel-(ACE-MKT) (t.d.) + MTX-MKT (s.c.); group 7, untreated control; and group 8, untouched 
control. Drug formulations were topically applied to paw and knee joints of experimental RA animals at 1.5% 
concentration of ACE once per day. ACE was injected through subcutaneous and intravenous routes, and corresponded 
to 10 mg/kg MTX once per week.

The mean arthritis score and changes in paw thickness were recorded for each animal at different time intervals, and 
the inflammation in each paw was measured. Arthritis index (AI) was calculated as follows:

Histopathological Analyses
Tissue sections of the paw and knee joints were prepared for the histological assessment of the ankle and interphalangeal 
joints. Extracted organs were fixed with 10% formalin, decalcified with formic acid, and embedded in the paraffin, and 
sections of paraffin-embedded tissues were prepared and stained with Hematoxylin and Eosin (H and E). Severity of 
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arthritis was assessed and scored under blinded conditions with three parameters: extent of infiltration of mononuclear 
and polymorpho-nuclear cells, extent of hyperplasia of synovium, and pannus formation.46 Histopathological changes in 
the skin of CIA animals receiving combination drug regime treatment and sections of joints, bones of paw and ankles 
were presented in accordance with our published findings.17 Arthritis mean score was quantified by determining 
histological parameters: hyperkeratosis (thickening of stratum corneum), parakeratosis, spongiosis and exocytosis.

Human Ethics Permission
The present study was approved by the Institutional Ethics Committees of the CSIR Institute of Microbial Technology 
(IEC approval no: IEC (Dec 2021) #2) and the Postgraduate Institute of Medical Education and Research (PGIMER) 
(IEC-12/2021-2271), Chandigarh. Written consent was obtained from patients with RA prior to sampling and the patients 
provided informed consent, in accordance with the Declaration of Helsinki.

Inclusion and Exclusion Criteria
Twelve healthy individuals and 29 RA patients were recruited for this study. All patients included in the study fulfilled 
the 2010 European League Against Rheumatism (EULAR) classification criteria for RA. Patients included in the study 
were aged between 18 and 70 years and were on DMARD therapy. Patients with any severe, progressive, or uncontrolled 
cardiac, hepatic, renal, HIV, or any infections such as tuberculosis, malaria, hepatitis B or C, or cancer were excluded 
from the study.

PBMC Selection and Determination of Immune Markers by the qRT-PCR
About 10–12 mL whole blood was collected in EDTA tubes from patients and healthy individuals under aseptic 
conditions. PBMCs were isolated by density gradient centrifugation using Ficoll Histopaque-1077 (Sigma, USA) 
according to the manufacturer’s recommendations. Isolated PBMCs were used to extract total RNA, synthesize cDNA, 
and quantify mRNA expression, following the methods described above.

Serum Estimation of Immune Markers in the Experimental Animals and Patients with RA
Blood samples of 3–4 mL were collected from drug-treated Wistar rats with experimental RA, patients with RA, and 
healthy controls, and centrifuged at 2500 RPM for 10 min to separate the serum, and stored at −80°C. Serum samples 
were used for sandwich ELISA according to the manufacturer’s recommendations. Briefly, the standard solution and 
samples were added to antibody-coated wells and incubated for 2 h at room temperature, followed by washing three 
times with washing buffer (PBS and Tween-80). Biotin-conjugated secondary antibodies were added and incubated for 2 
h at room temperature. After washing, streptavidin-horseradish peroxidase was added and incubated for 1 h at room 
temperature. Following this, TMB substrate was added and incubated for 10 min in the dark, and the reaction was 
stopped by the stop solution. The absorbance was read at 450 nm using an ELISA plate reader (BioTek, EPOCH/2 
microplate reader). The concentrations of the immune markers were calculated using their respective standards.

Statistical Analysis
Data are shown as mean ± SD, and statistical analysis was carried out by one-way analysis of variance (ANOVA) with 
Tukey–Kramer multiple comparison post-test using the GraphPadInStat™ software (GraphPad Software Inc., San Diego, 
California). Statistical differences are represented as *p< 0.05, **p< 0.01, ***p< 0.001, and ns= non-significant (p> 
0.05). The unpaired t-test (non-parametric test, Mann–Whitney test) was used to analyze the data presented for the 
inflammatory cytokines in THP-I macrophages, patient samples, and paw, synovial fluid, and serum of RA-induced rats.

Results
Characterization of Prepared Drug Nanoparticles
Based on the drug solubility in lipids (Cetyl alcohol-CA, Gelucire), surfactant (Tween), co-surfactant (Ethanol, IPA), and 
lipid oils (Transcutol P) (SI Tables 1 and 2), the NLCs were prepared for the efficient use of ACE through the 
subcutaneous administration. Tween-80 and PLS-100 were used as the surfactant and co-surfactant, respectively, during 
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the preparation of NLCs (SI Table 1). Furthermore, the ratios of lipids, surfactants, and co-surfactants were optimized 
based on the microemulsion (ME) region. The ME region was defined by the pseudoternary-phase diagram drawn by 
titration assays wherein branched series with serial changes in the compositional analysis were studied (SI Figure 1A).17 

The ME region with the maximum solid lipid mixture was chosen to formulate NLCs for achieving greater drug loading 
and optimized characterization parameters (particle size, poly-dispersity index; PDI; data not shown). In addition, NLC 
formulations with respect to particle size, drug entrapment, and loading efficiency were optimized using the quality by 
design (QbD) approach.21 The optimized NLC formulations prepared by the solid-lipid (cetylalcohol+Gelucire), surfac-
tant (Tween 80+PL S 100+Ethanol), and liquid-lipid (Transcutol P) at 12%, 9%, and 3% (w/w) were conjugated with the 
chemical enhancers (CEs) incorporated in the hydrogel for an efficient transdermal delivery of ACE for its maximum 
therapeutic effects.

LPHNPs were prepared by the modified single-step method for PCL-mediated MTX encapsulation and coated with the 
lipid layer.27 The average size and PDI of MTX-LPHNPs and ACE-NLCs formulations were calculated as 168.5±8.5 and 
189.87±7.2 and 0.11 and 0.19, respectively (SI Table 3). Furthermore, the increased size of the prepared MTX-LPHNPs and 
ACE-NLC formulations compared with the blank formulations suggested the higher drug loading (SI Table 3). The 
high-resolution transmission electron microscopy (HR-TEM) confirmed the intact spherical shape and surface morphology 
with the smooth edges in the nanometric size range (≤200 nm), with a narrow size distribution of the prepared MTX-LPHNPs 
(Figure 1) and ACE-NLCs formulations (Figure 2A). The negative zeta potential (−4.0 mV to −18.0 mV) induced repulsion 
prevents the formation of LPHNP aggregates. The particle size, PDI, and drug loading of the nano-formulations remained 

Figure 1 Characterization of methotrexate-loaded lipid-polymer hybrid nanoparticles (MTX-LPHNPs). Aceclofenac loaded nanostructured lipid carriers (ACE-NLCs) and 
MTX-LPHNPs treated Ha-Cat and U937 cells to confirm the cell uptake and viability. (A) High resolution-transmission electron microscopy (HR-TEM) of MTX-LPHNPs to 
characterize the spherical shape, qualitative cell uptake of (B) free Coumarin-6 (C-6) and (C) chemical enhancers (CE) conjugated NLCs (ACE-NLCs/CE) loaded C6 (1 µg/ 
mL) was assessed with the HaCaT cells upon incubation for 3 h. The confocal fluorescence microscopy based analysis where each panel of this figure represents (a) images 
taken with green fluorescence channel; (b) Superimposition of figures. Figure (c) corresponding differential interface contrast (DIC) images of HaCaT cells; (d) and (e) show 
horizontal line series analysis of fluorescence along the white line (D) Cell viability of ACE-NLCs formulation assessed by the MTT assay in HaCat cells (E) Cell toxicity 
evaluated by the MTT based cell viability of MTX-LPHNPs, ACE-NLCs and combination of drugs (ACE & MTX) s well as their nanoformulations treatment in the human 
U937 cells. The statistical data is expressed as mean ± SE (n = 3). (***p<0.001 (highly significant).
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Figure 2 Confocal laser scanning microscopy (CLSM) based ex-vivo skin permeation of the ACE-NLCs formulation by dermatokinetic modeling. (A) HR-TEM analysis 
confirms the intact spherical shape and morphology of ACE-NLCs formulations (B) Ex-vivo quantitation of total aceclofenac permeated across skin of the ear pinnae of pig. 
ACE permeated across, (C) epidermis, and (D) dermis for 48 h of treatment with ACE-NLCs/CE formulations was quantified, CLSM images of skin permeation of (E) 
coumarin-6 (C6) labelled and ACE encapsulated NLC, coumarin-6 (C6) labelled and ACE encapsulated NLC-based hydrogel (F) without CE, and (G) with CE conjugation 
(Gel-(C6-ACE-NLCs/CE)). Individual figure shows, (a) Image under the green fluorescence channel (b) Superimposition of figures. (c) corresponds differential interface 
contrast (DIC) images. The statistical data is expressed as mean ± SE (n = 6).
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unchanged when stored at the different temperatures and relative humidity for over three months. This confirmed the stability 
of the prepared drug nanoparticles (SI Table 4). In addition, X-ray diffractometry (X-RD) analysis was carried-out to 
characterize the nanoformulations (SI information) to determine the impact of the encapsulation process on the state of 
prepared nanoparticles, ie crystalline/amorphous. X-RD profile of MTX showed characteristic crystalline peaks at 2θ positions 
of 8°, 9.2°, 11.8°, 13.0°, 14.8°, 19.8°, 22.5°, and 27° (SI Figure 1Ba). The blank and MTX-loaded LPHNPs showed similar 
characteristic lipid peaks at 18.4°and 23.53°, and 19°and 23.2°. Therefore, the absence of any characteristic crystalline peaks 
of MTX confirmed the efficient encapsulation of MTX into LPHNPs. Furthermore, the crystalline nature of aceclofenac was 
confirmed by the sharp peaks observed at 2θ = 8.8°, 14.5°, 18.5°, 19.5°, 22.5°, 24.5 and 26° (SI Figure 1Bb). The XRD profile 
of blank NLCs showed characteristic crystalline peaks at 2θ positions (6.15°,19.57°, 21.8°, 22.1°,23.29°, 23.6°, and 24.51°), 
similar to those with the ACE-NLCs. The similarity observed in the peaks could be attributed to the lipid material used to 
prepare the ACE-NLCs. X-RD profiling of ACE-NLCs showed the characteristic lipid peaks, whereas no crystalline peak was 
observed with the ACE-NLC formulation, and hence suggested the complete encapsulation of ACE.

In vitro Drug Release
The cumulative in vitro release pattern of ACE and MTX by the NLC and LPHNP formulations exhibited rapid release (>60%) 
during the first 6 h, followed by a slow, biphasic and sustained release for up-to 48 h (SI Figure 2A) and 168 h (SI Figure 2B) 
when compared to the market formulations. The initial burst release of ACE and MTX could be explained by the absorbance of 
the drugs on the surface of the nano-carriers, leading to higher drug entrapment and significantly higher release of drugs. 
Furthermore, nearly 60% of MTX was released by the LPHNPs during the first 6 h, followed by sustained release for up-to 168 
h (SI Figure 2B). The extended drug release demean our controlled by the drug diffusion was attested by the lipid and polymeric 
matrix of LPHNPs.27,47

Rheological and Texture Profile of ACE-Loaded NLC Gel
ACE-loaded NLC formulations were incorporated into Carbopol 940 using a chemical enhancer (PEG 200 dissolved in 
ethanol). Carbopols readily absorb water, swell, and exhibit different rheological properties, depending on their grade. 
The topical application of 1% carbopolsis essentially non-toxic and non-irritant materials hardly cause hypersensitivity in 
humans.21,48

Our earlier findings17 on the textural properties of gel-(ACE-NLCs+CE), including spreadability, gel strength, and 
extrusion force of the developed formulation, were satisfactory. As in other studies,49 we fitted the developed gel formulation 
(ACE-NLC) in the Herschel–Bulky model (SI Figure 3) and established a correlation between the decreased viscosity and 
increased shear stress in terms of the shear rate (0–100/sec with NLC-incorporated gel). The shear stress was directly 
proportional to the shear rate, and a sharp initial increase followed a slow but steady increase in the shear stress. Thus, NLC gel 
formulation exhibited pseudoplastic flow resulting from a colloidal network structure that deformed and adjusted in the 
direction of flow. Pseudoplastic flow and thixotropy were observed in the NLC gel because of their importance in transdermal 
applications. The results obtained from the amplitude LVR test showed a higher storage modulus (G’) than the loss modulus 
(G’). This conferred higher elasticity to the gel that dissipated less energy, and the loss modulus was higher for the viscous 
samples. The outcomes of the frequency sweep study helped determine the internal alterations in the gel structure, with no 
cross-over observed at the ambient temperature in the logarithmic graph. Further, the changes observed in the shear stress 
might alter their viscosity, stability, and structure (SI Figure 3).49,50

Cell Uptake and Biocompatibility of ACE-NLCs in the Human-Keratinocyte Epidermal 
(HaCaT) Cells
The in vitro internalization efficiency of NLCs and chemical enhancer (CE)-based gel formulations was assessed using 
HaCaT cells. The fluorescence emission of the hydrophobic fluorescent dye from the C-6-labelled ACE-NLC formula-
tions was qualitatively determined (Figure 1B and C (a-e)).

The CE-conjugated ACE-NLC formulation suggested higher internalization to retain C-6as confirmed by extended 
(for 3h) emission of the fluorescence by the C-6 loaded nano-formulation taken up by the HaCaT cells when treated with 

https://doi.org/10.2147/IJN.S439359                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 2160

Negi et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com/get_supplementary_file.php?f=439359.docx
https://www.dovepress.com
https://www.dovepress.com


C6-ACE-NLCs+CE. NLCs gained access to the cell surface with the minimal steric hindrance, and hence facilitated the 
entry of ACE-NLCs into HaCaT cells. The unmodified surfaces of NLCs exhibited greater endocytic internalization. The 
CE conjugation increased the ACE permeation in the C-6(ACE-(NLC+CE) formulation after incubation for 2–3 h in 
HaCaT cells (Figure 1B and C (a-e). We determined the cytotoxicity of ACE-NLCs and MTX-LPHNPs by the MTT cell 
viability assay in the HaCaT (Figure 1D) and human U937 cells (Figure 1E). ACE-NLCs+CE gel exhibited lower cell 
viability than the free and ACE-NLC formulations. Further, the completeness of the hydrogel formulation was deter-
mined with and without CE conjugation, and incorporation of NLCs into the hydrogel showed slightly higher cytotoxi-
city in HaCaT (Figure 1D) and U937 (Figure 1E) cells. The higher cytotoxicity seen in HaCaT cells was attributed to the 
irritant property of the CE-conjugated nanoparticles (Figure 1D).5 The vehicle control and aceclofenac-loaded NLCs 
showed no toxicity (p≤0.001), whereas ACE delivery via CE-conjugated NLCs exhibited significant cytotoxicity 
(Figure 1D). Also, the cytotoxicity of the nanoformulations in U937 cells was confirmed (Figure 1E). The combination 
of MTX-LPHNPs and ACE-NLCs saw a reduced cell viability, and higher cell viability was seen with the plain NLCs, 
LPHNPs, and ACE vehicle controls (RPMI-1640) (Figure 1E).

Ex-Vivo Skin Permeation of Aceclofenac Nanoparticles
The permeation parameters of our gel-loaded and CE-conjugated ACE-NLCs were investigated and compared with ACE 
market gel-(ACE-MKT) formulations (Table 1). Our data showed a significant (p<0.001) permeation of aceclofenac with gel- 
(ACE-NLC+CE) when compared to the gel-(ACE-NLC) without CE conjugation as well as the market gel-(ACE-MKT) 
formulations at 24, 48, and 60 h (Figure 2B, Table 1). Higher cumulative skin permeation of ACE using gel-(ACE-NLC) (772 
µg) as compared to the lower (391 µg) permeation estimated with the market gel formulation (gel-(ACE-MKT)) 60 
h following the treatment (Figure 2B, Table 1). The gel-(ACE-NLC+CE) conjugated with the CE exhibited 0.7 and three- 
fold permeation and was higher than that with the ACE-NLC-incorporated gel and market gel-(ACE-MKT) formulations 
(Table 1). A higher steady-state permeation flux (Jss) (µg/cm2/h) of ACE was estimated using the gel-(ACE-NLC+CE) 
(25.23). The latter was compared with the gel-(ACE-NLC) (17.09) and gel-(ACE-MKT) (12.82) formulations using the slope 
of the regression lines to fit the linear segment of the permeability profiles (Figure 2B, Table 1).51

Dermatokinetic Modeling to Assess the Permeability of ACE-NLCs Formulation
Aceclofenac permeation across the skin layers was assessed by the ex-vivo assay performed with the pig’s ear pinnae 
(Figure 2B–D). The distribution of ACE in the epidermis (Figure 2C) and dermis (Figure 2D) was assessed by the one- 
compartment open body model (1-CBM) at the different time points using dermatokinetic modeling (Table 2). The arbitrary 
values for the dermatokinetic parameters (AUC0-48hrs, Ke, Kp) for gel-(ACE-NLs) and gel-(ACE-NLCs+CE) were higher 
(p<0.001) than the commercially available gel formulation. About 550–700 µg in the epidermis (Figure 2C) and 600–750 µg 
of aceclofenac in the dermis (Figure 2D) were seen deposited 6–8 h following treatment with the gel-(ACE-NLCs+CE) 
formulation (Figure 2C and D). The equilibrium of aceclofenac permeation was observed 9–10 h following the sustained 
delivery of ACE mediated by the NLCs (Figure 2C and D). The significant ACE deposition confirmed the penetration and 
permeation of ACE-NLCs across the skin layers in order to reach the dermal vasculature.

Table 1 Characteristic Skin Transport Parameters of ACE-Nanoparticles and the Market Formulation

Formulation Code Cumulative Drug Permeated (µg/cm2) Permeability 
Coefficient  
(Kp) (cm−2.h−1)

Steady State 
Permeation Flux 
(Jss) (µg/cm2/h)

Enhancement 
Ratio (ER)

24 h (Q24) in 
µg/cm2

48 h (Q48) in 
µg/cm2

60h (Q60) in

Gel-(ACE-NLC+CE)* 483.87±32.43 1057.5± 41.5 1120.6± 38.87 1.59E-02 25.23 1.96

Gel-(ACE-NLC) 269.8 ± 6.53 736.45±7.28 771.98±8.2 1.07E-02 17.09 1.34

Gel-(ACE-MKT) 322.8 ±3.23 370.452± 3.28 390.87± 3.2 9.15E-03 12.82 1

Notes: *CE the optimized concentration of Chemical enhancer ie PG in Ethanol. Permeation flux (Flux J) was calculated by plotting the cumulative amount of drug released 
per unit surface area Vs time. Slope was calculated from 6 linear points of permeation values, where we got maximum slope. Enhancement ratio is defined as the ratio of % 
increase in the permeation parameter (amount permeated/ flux/ % retention) from the NLCs formulation to the amount permeated from the gel-MKT formulation.
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Higher Cskin
max(µg/cm2) was observed with ACE-NLCs+CE and ACE-NLCs when compared with the market formulation 

(Table 2). The higher AUC0-48hrs andTskin
max with the NLC gel formulation than that with the CE conjugated gel-(ACE-NLCs) 

formulation is due to the greater permeation of ACE-NLCs upon conjugation with the CEs. Therefore, the maximum ACE 
may have permeated the ACE-NLCs+CE gel formulation, leading to a higher AUC0-48hrs andTskin

max with the ACE-NLC gel 
formulation than the gel-(ACE-NLCs+CE) and market gel formulations. Our study design and composition of NLCs allowed 
higher transportation of ACE across the epidermis and dermis with NLCs than does with the existing commercially available 
gel formulation (Table 2). We believe that favorable interaction between NLCs, lipid/phospholipid-conjugated CE, and skin 
lipids may have synergized the interaction with ACE. It could lead to the transport of ACE mediated by the NLCs across skin 
layers and saw higher drug deposition at the diseased site.

Next, we assessed the penetration/permeability of the prepared NLC formulations ex-vivo across the skin layers using 
CLSM (Figure 2E–G). Therefore, C-6 co-encapsulated NLCs were prepared and qualitatively determined to test the skin 
penetration ability of lipid nano-carriers. The CE-conjugated NLC-ACE showed higher skin uptake and greater permea-
tion across the skin layers (Figure 2E–G). The CE conjugated and C-6 loaded gel-(ACE-NLCs) formulations showed 
better skin uptake (Figure 2G) compared to that seen with the C-6 loaded gel-(ACE-NLCs) formulation with no CE 
conjugation (Figure 2F). The bright fluorescence signals lasted longer with C-6 co-encapsulated gel-(C6-ACE-NLCs-CE) 
(Figure 2G) than that with gel-(C6-ACE-NLCs) (Figure 2F) and C6-ACE-NLCs (Figure 2E).

Signaling and Immune Mediators in the Macrophage Model of Inflammation
We next decided to determine the interactions of pro-inflammatory, apoptotic, bone degradation, and signaling protein 
markers to that with their ligands/drugs (ACE and MTX) by the molecular docking analysis (Figure 3A). Our docking 
analysis suggested an ascending order of binding affinity for the proteins that interact with ACE and MTX (Figure 3A). 
We saw the robust interaction between both ligands and Akt1, and the weakest interaction with IL-6 (Figure 3A). The 
detailed molecular docking analyses of drugs with immune and signaling markers have been illustrated in SI Figures 4–7.

We then determined the anti-inflammatory and signalling activities of ACE and MTX as well as combination of ACE 
and MTX treatment in LPS (1 µg/mL) stimulated macrophages (MMI) (Figure 3B and 3C, SI Figure 8A–8I). However, 
we sought to determine the gene transcription of pro-and anti-inflammatory, and signalling markers in the LPS stimulated 
macrophages with no drug treatment (SI Figure 9A). The LPS stimulation drove the higher expression of inflammatory 
immune markers compared to that seen with the unstimulated experimental control (SI Figure 9A). This data led us 
calculate the fold regulation (FR) of the relative mRNA expression of immune and signalling (PI3K-Akt) markers in the 
stimulated macrophages receiving treatment with ACE and MTX (SI Figure 8) as well as the combination of ACE and 
MTX (Figure 3B and C). Our data showed the inhibited mRNA expression of signaling (CD40, Akt1, NF-kB, Bim, 
Caspase-3, 8), pro-inflammatory (IL-1β, IL-6, TNF-α, TLR-4), apoptosis regulatory pathway (iNOS), and bone degrada-
tion (MMP-1) markers in the stimulated macrophages upon treated with the combination of drugs (Figure 3B and C). Our 

Table 2 Quantification of Aceclofenac Distribution Across Skin Layers Following the Topical Application of ACE-NLCs/CE 
Formulations

Dermatokinetic 
Parameters

Gel-(NLCs+CE) Gel-NLC Gel-MKT

Epidermis Dermis Epidermis Dermis Epidermis Dermis

AUC0-48hrs (µg/cm2/h) 7633.97±805.42 8602.11±293.10 9025.54±946.91 10,038.28±927.50 3818.11±365.73 3991.66±330.83

Cskin
max (µg/cm2) 697.81 ± 43.89 681.67±62.21 552.03±38.52 612.67±49.59 279.76±28.23 305.86±30.62

Tskin
Max (h) 7.61 ± 0.67 11.69±1.18 7.97±0.44 12.85±1.34 4.51±0.76 6.98±0.75

Kp(h
−1) 2.26 ± 0.479 2.61±1.03 2.08±0.39 2.51±0.04 0.837±0.65 0.94±0.36

Ke(h
−1) 2.07 ± 0.89 2.32±0.43 1.88±0.37 2.08±0.44 1.22±0.061 1.60± 0.89

Notes: ACE was quantified in the epidermis and dermis, and compared with the market formulations (n = 3; mean ± SD).
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Figure 3 The assessment of the immune and signalling markers, (A) In silico molecular docking analyses based on the binding affinity of proteins (AKT-1, TNF-α, Cox-2, pAKT-1, 
Caspase-3, MMP-1, Caspase-8, TGF-β, IL-17, IFN-γ, IL-1 β, CD40, IL-6, Bim, IL-10, NF-kBp50) confirmed their interaction with ACE and MTX. The quantitation of the fold changes 
of the relative mRNA expression of (B) PI3K-Akt signalling (CD40, AKT-1, NF-kB, Bim, Caspase-3, 8) and (C) inflammatory and immunoregulatory markers (IL-1β, IL-6, IL-8, IL-10, 
TNF-α, NOS, MMP-1, TLR-4, IDO-1) in the stimulated macrophages receiving treatment with the ACE and MTX, (D) The transcript profiling of the inflammatory and 
immunoregulatory genes was carried out by the qRT-PCR on the PBMCs isolated from the patients with RA. PBMCs isolated from the healthy individuals served as healthy 
control (HC), (E) Gene transcription regulation (FR) of the inflammatory, immunoregulatory, signalling and apoptotic gene expression in the ACE (100 µg/mL), MTX (100 µg/mL) 
and combination of ACE (50 µg/mL) and MTX (50 µg/mL) treated PBMCs (1×106 PBMCs/mL) was determined (n=3, all experiments were performed in triplicates). (*p< 0.05 
(significant), **p< 0.01 (moderately significant, ***p< 0.001 (highly significant).
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data showing the reduced expression of the metabolic enzyme (IDO-1) may imply the reduced production of IDO- 
competent inducible regulatory T cells (Tregs) RA (Figure 3C).

Ex-Vivo Gene Expression Profile of the Immune Markers from the Samples Collected 
on the Patients with RA
We analyzed the gene expression pattern of pro- and anti-inflammatory, bone degradation, apoptotic, and immunoregulatory 
markers (IL-6, IL-1β, TNF-α, IL-17, IL-10, MMP-1, Bim, and IDO-1) in the un-stimulated PBMCs selected from the blood 
collected on the patients with RA and the healthy controls (Figure 3D). Information regarding the primer sequences for all 
genes is provided in SI Table 5. We saw a higher expression of IL-1β, many-fold expression of Bim, and slightly higher 
expression of IL-17 in the PBMCs isolated from RA patients and healthy controls. There was no difference seen in the 
expression of the immunoregulatory metabolic enzyme (IDO-1) in the PBMCs isolated from patients with RA compared to 
that with the healthy controls (Figure 3D). Following this observation, we treated the PBMCs with ACE (100 µg/mL), MTX 
(100 µg/mL), and their combination (ACE and MTX, 50 µg/mL each) to quantitate the FR in the expression of relative mRNA 
of the immune/signaling markers (Figure 3E). Since the samples collected from patients already on drug therapy, we hardly 
saw the major changes in the FR of the individual and combination drug-treated PBMCs as compared to the untreated controls 
(Figure 3E). We quantify the slight difference in the transcript expression of IL-1β, MMP-1, TNF-α, Bim, and IDO-1, this 
difference did however not reach the statistical significance (Figure 3E).

Combination Drug Treatment Modulates the Inflammation to Establish the Immune 
Eubiosis
We sought to determine the protein expression of signaling and inflammatory markers in the in vitro model of 
inflammation (MMI) upon treated with the individual and combination of drugs (Figure 4A–G). The expression of 
Akt1, Bim, CD40, iNOS, TLR-4, NF-kβ, IDO1, and COX-2 was determined in the LPS stimulated macrophages without 
any drug treatment compared to the unstimulated control (SI Figure 9B). We then treated the inflamed macrophages with 
the individual treatment of ACE and MTX as well as the combination of ACE and MTX to determine the expression of 
immune-mediators and PI3K-Akt signaling markers (Figure 4A, B, C, E and F). The combination of ACE and MTX led 
to the Akt1 mediated death of stimulated macrophages driven by the induced CD40 expression (Figure 4A). Our findings 
suggest the death of antigen stimulated macrophages was controlled by the NF-β (Figure 4E) and dependent upon the 
non-phosphorylated/active FOXO1 (Figure 4F), which, in turn, promoted the expression of pro-apoptotic protein (Bim) 
in the nucleus (Figure 4A and C).52,53 Also, the caspase-3 independent death of antigen stimulated macrophages 
receiving treatment with the combination of drugs was seen (Figure 4B and D). The IDO-1 competent inducible 
regulatory T cells (iTregs) are crucial to maintain the auto-tolerance to be able to check RA progression.54–56 Our 
findings indicating the higher expression of immunoregulatory (IDO1) metabolic enzyme seen with the treatment of the 
combination of drugs suggested to establish the immune homeostasis (Figure 4C). The autophagy-like survival mechan-
isms may disrupt the auto-tolerance that could be detrimental to the death of the diseased cells. Hence, we investigated 
whether antigenic stimulation leads to the activation of the autophagy in the macrophages to withstand the drug pressure. 
The immunoblot analysis (Figure 4E–G) did not seen the expression of mTOR signaling (Figure 4E) in the macrophages 
that is associated with the synovitis and inflammatory arthritis. Further, the reduced expression of apoptosis inhibitors 
(survivin family, Beclin) (Figure 4F) and autophagy markers (LC3II) (Figure 4G) was seen in the antigenic stimulated 
and drug-treated macrophages. Collectively, our data suggest that the induced cell death and suppression of autophagy 
could have circumvented the therapeutic effects of ACE and MTX.

Estimation of the Reactive Oxygen Species (ROS) and Nitric Oxide (NO)
ROS production was determined in stimulated macrophages upon receiving treatment with the combination of ACE and 
MTX (Figure 4H). The right shift in the peak of stained, stimulated, and drug-treated macrophages compared to the 
unstimulated control suggests the increased ROS production. We opine that combination drug treatment augmented the 
ROS production that leads to the death of the stimulated cells (Figure 4H).
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Further, the higher levels of NO (five-fold) suggest the greater expression of cartilage-destroying osteoclasts, leading 
to the recruitment of immune effecters. The immune effecters augment the RA-induced inflammation.57,58 Hence, the NO 
production was quantified in LPS (1 and 5 µg) stimulated THP-1 macrophages (SI Figure 9C) and consistent with the 
others,59–61 findings, we confirmed the higher production of NO.

Cell Death Programmed by the Combination Drug Treatment
ROS and NO production data led us confirm the role of the combination of ACE and MTX treatment in to induce the death of 
antigenic-stimulated macrophages (Figure 4I). The antigen stimulated macrophages are shown to enhance the death seen by 
the Annexin V staining following the drugs (mono- and combination) treatment. The increased death of stimulated macro-
phages was significantly higher (p<0.001) with the combined (ACE and MTX) treatment of drugs when compared with the 
individual drug (ACE, MTX) treatment (Figure 4I). Also, we confirmed the cell death by the immunofluorescence assay (IFA). 
The inactive transcription factor pFOXO1 (phosphorylated FOXO1) and pro-apoptotic protein (Bim) act in the tight 
regulation of CD40 mediated PI3K-Akt pathway.52,53 Therefore, we assessed the qualitative (Figure 4J) and quantitative 
(SI Figure 10) expression of Bim in the stimulated macrophages by the confocal microscopy-based IFA. The Bim expression 
was seen higher in the stimulated macrophages compared to those receiving treatment with the combination and individual 
drug treatment (Figure 4J, SI Figure 10).

Figure 4 Protein expression of signalling/cell death (Bim, NF-kBp65, Akt-1, pAkt-1, CD40, Caspase-3), inflammatory (Cox-2), autophagy (Atg5, mTOR, Beclin, LC3II) and 
immunoregulatory (IDO-1) markers in the individual (ACE, MTX) and combination (ACE & MTX) drug treated macrophages stimulated with LPS (1 µg/mL) (A–G). The LPS 
(1 µg/mL for 24h) stimulated macrophages best mimicked the chronic inflammation induced by the RA. The drug treated cells were lysed and proteins were detected by the 
immunoblotting. β-actin served as a loading control. This data represents three independent experiments (n = 3), (H) the stimulated macrophages were treated with drugs 
to quantify the reactive oxygen species (ROS) production (I) The death of the stimulated macrophages was detected by the fluorescently labelled Annexin V staining kit. 
7-aminoactinomycin (7-AAD) or propidium iodide (PI) stained cells were seen to identify the apoptotic stages by C6 accuri flow cytometer (n=3). (*p< 0.05 (significant), 
**p< 0.01 (moderately significant), (J) The confocal microscopy-based immunofluorescence assay (IFA) for the qualitative expression of Bim in the LPS stimulated 
macrophages (n=3, experiments were performed in triplicates).
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Bio-Distribution of Methotrexate in Serum and Synovial Fluid
We developed the experimental RA in the Wistar rats by the treatment with CFA and BCG in order to validate the in vitro 
and ex-vivo findings. The severity of Complete Freund’s Adjuvant (CFA) induced rheumatoid arthritis was augmented by 
the Mtb (BCG) treatment. We observed that the severity of the disease was inhibited by the treatment with combination 
drug regimen. The chronic inflammation was seen mounted in the bones and joints of both paws and ankles of female rats 
following the administration with the 40 mg BCG along with CFA (Figure 5A and B). The 40 mg BCG was shown to 
best mimic the natural RA better than that seen with the 10 and 20 mg Mtb/BCG dosages (Figure 5A and B). Hence, 
40 mg BCG was used to induce acute rheumatoid arthritis to carry out the animal assays.

The bio-distribution of MTX was determined in the plasma of experimental animals upon injection with the 
existing market formulation of MTX and prepared MTX-LPHNPs formulations via subcutaneous and intravenous 
routes of administration, respectively (Figure 6A). Maximum plasma concentration (Cmax) of the intravenously injected 
MTX mediated by LPHNPs was calculated 7.3 µg/mL 6 h post-injection. The maximum quantity of MTX was 
released by the LPHNPs in the plasma for 12 h and followed a slow release 168th h. In contrast, subcutaneously 
administered free MTX exhibited maximum concentration at 24 h, followed by a sustained release for up-to 
120 h (Figure 6A). Additionally, we determined the availability of MTX (free or MTX-LPHNPs) in local tissues 
(synovial fluid) using HPLC and quantitated the maximum MTX release 12 h following the injection lasted for up-to 
72 h (Figure 6B). A consistent decrease in the concentration of MKT-MTX was seen commencing from the 24 h post- 
injection lasting for up-to 96 h (Figure 6B). The LPHNPs mediated delivery of MTX showed the maximum deposition 

Figure 5 The induction of the experimental rheumatoid arthritis in, (A) paw and (B) ankle by the Complete Freund’s adjuvant (CFA) and Mycobacterium tuberculosis (Mtb; BCG) in 
the female rats. The color tonality (bottom to top) of arrow is in the order of the increasing severity of rheumatoid arthritis induced by the CFA and BCG 10mg (I), 20mg (II), 40mg 
(III). Top panels of (A and B) showing higher immune-cells infiltration is directly proportional to the severity of the induced RA in the paw and ankle. Each panel shows H &E stained 
images of bone and joints of paw and ankle. The degree of severity is presented as + equivocal; ++ mild; +++ moderate; and ++++ severe. (Scale bar: 50 μm).
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of MTX at the diseased site. The maximum MTX deposition was (16.22 µg/mL) after 24 h and then a sustained 
release for up-to 96 h (4.78 µg/mL MTX) (Figure 6B).

Therapeutic Efficacy of “Mono” and “Combination” Drug Regimen in the Rats with 
Experimental RA
The therapeutic efficacy of gel-(ACE-NLCs+CE) and MTX-LPHNP formulations as “mono” and “combination” drug 
regimens was tested in the female Wistar rats with the experimental RA. Mono- and combination therapy achieved their 
maximum therapeutic effect by transdermal application of ACE-NLCs and intravenous injection of the MTX-LPHNP 
formulation. Our prepared drug formulations were compared with the conventional aceclofenac gel applied transder-
mally, and commercially available formulations of MTX (MTX-MKT) administered through the subcutaneous route of 
administration (Figure 6C and D). The anti-arthritis activity of drugs was expressed as “arthritis index (AI)” (Figure 6C) 
and “arthritis score (AS)” (Figure 6D). Moreover, the reduced AI and AS were quantified with the combination drug 
therapy and exhibited a significantly reduced severity of RA (Figure 6C and D). The severely inflamed joints of 
experimental rats upon receiving treatment with the market MTX (s.c.), ACE-MKT gel (t.d.), and their combination 
(Figure 7A) showed a significant reduction in inflammation. However, this reduction in the inflammation could not 
restore the structure of paw and joints similar to the untouched control. Whereas, animals receiving treatment with our 
drug nanoformulations (gel-[ACE-NLCs+CE, MTX-LPHNPs]) to deliver ACE and MTX via transdermal and intrave-
nous routes, respectively, as monotherapy and combination therapy not only showed a steep reduction in RA-induced 

Figure 6 The bio-distribution of MTX (free and LPHNPs mediated delivery) was estimated in the systemic (plasma) and local (synovial fluid) tissues of CFA and BCG 
induced rheumatoid arthritis in rats. Assessment of severity of the experimental RA induced inflammation following the treatment with the mono- and combination drug 
therapy based on ACE and MTX. (A) plasma levels of MTX upon administered as “free” or mediated by LPHNPs, (B) synovial fluid levels of the MTX when administered as 
“free” or mediated by LPHNPs. Determination of the (C) arthritis index and, (D) arthritis score upon following the drug nanoparticles treatment and compared with the 
market formulations. The CFA induced arthritis (CIA) and untreated experimental animals served as positive and experimental/healthy controls. ACE was applied 
transdermally once a day and MTX administered weekly via the subcutaneous/intravenous route to mimic the existing market drug regimen. The healthy control animals 
treated with CFA and served as “untouched” control. The statistical data is expressed as mean ± SE (n = 6 animals/group). (***p<0.001 (highly significant).
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chronic inflammation but also these drug nanoparticles restored the shape of the paw and joints, similar to the healthy/ 
untouched control (Figure 7B).

Clinical Assessment of Disease Severity by Histopathology of Inflamed Tissues and Skin
The sections of bone and joint tissues of the paws (SI Figure 11A and B) and ankles (SI Figure 12A and B) of the Wistar 
rats with experimental RA were stained with hematoxylin and eosin (H and E). These animals were treated with the 
mono-drug therapy of market MTX (s.c.) and ACE-MKT gel (t.d.), and the combination therapy (ACE and MTX) 
exhibited the reduced disease severity, measured and graded from severe (++++) to normal (0) and compared with the 
healthy tissues. Inflammation was observed as severe osteomyelitis, bone destruction, and inflammation extending to the 
joint synovium (SI Figure 11 and 12). The animals receiving transdermal application of the market gel formulation of 
aceclofenac gel-(ACE-MKT) and subcutaneous injection of the MTX-MKT formulation exhibited the infiltration of the 
inflammatory cells, synovial hyperplasia, and partial destruction of bone and joints of paw when compared to the 
untreated control and the animals with the arthritis induced by the complete Freund’s (CIA) animals. Our data showed 
a reduced cell infiltration when the experimental animals were treated with the combination drug therapy (MTX-MKT [s. 
c.] and gel-[ACE-MKT] [t.d.]). However, this drug combination could not regain the structure or shape of the joints of 
the paw and ankles of the animals similar to the untreated control (Figure 7, SI Figure 11A and 12A). The experimental 
CIA and BCG-augmented CIA animals treated with the prepared nano-formulations via the transdermal application of 
gel-(ACE-NLCs+CE) and intravenous injection of MTX-LPHNPs saw a higher reduction in the severity of RA as well as 
pathological changes in the animals with experimental RA than the healthy controls (SI Figure 11B and 12B). Based on 
these investigations, we confirm the “therapeutic efficacy” of our drug nano-formulations as mono- and combination drug 
therapies to reduce the RA-induced inflammation and manage the disease (SI Fig 11A and 12A). The inhibition in the 
cell infiltration with the combination drug therapy treatment and resulting significant reduction in the arthritis index 

Figure 7 The therapeutic efficacy of “Mono” and “Combination” drug regimen in the rats with the experimental RA. The CIA served as a positive control and untouched 
controls were taken as the healthy/experimental control. (A) MTX-MKT (s.c.), Gel-(ACE-MKT) (t.d.) and combination of these formulations were administered to the 
experimental animals, (B) mono (MTX-LPHNPs (i.v.), Gel-(ACE-NLCs+CE) t.d.) and combination [MTX-LPHNPs (i.v.) and Gel-(ACE-NLCs+CE) t.d.)] drug therapy via the 
intravenous and transdermal route saw a significantly higher reduction of the inflammation induced by the RA. The experimental animals regained the paw structure similar 
to those with the untouched healthy control.
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(Figure 6C) and arthritis score (Figure 6D) compared to CIA animals surface the importance of our drug formulation in 
RA therapeutics. The experimental rats with chronic RA receiving treatment with the combination of ACE and MTX 
nano-formulations showed faster recovery from RA. This recovery was comparable to that seen with the commercially 
available drug formulations for treating RA. Therefore, reduced arthritis parameters and paw thickness of the rats with 
experimental RA (SI Figure 11 and 12), regaining the normal shape and structure of paw and joints similar to healthy 
control (Figure 7B) suggested the “therapeutic potential” of the prepared nanoformulations (Figures 6 and 7).

Examination of Skin Histopathology
The transdermal application of gel-(ACE-MKT) and subcutaneous injection of market MTX-MKT formulations as 
mono- and combination drug regimens exhibited sub-optimal damage repair due to RA pathology by the restoration of 
the structural integrity. This investigation was validated by the increased number of mast cells than the severely inflamed, 
damaged, and dense inflammatory cell infiltration observed in the untreated control (SI Figure 13). The therapeutic 
effects of the mono-drug regimen with the transdermal application of gel-(ACE-NLCs+CE) and intravenous injection of 
MTX-LPHNPs showed better recovery (SI Figure 13) from RA pathology. In contrast, the combination drug regimen 
with our nanoformulations (gel-[ACE-NLCs+CE] [t.d.] and MTX-LPHNPs [i.v.] resulted in the complete recovery from 
arthritis and associated complications (SI Figure 13).

Serum Levels of Immune Biomarkers in Experimental Rats
The inflammatory mediators (IL-6, TNF-α, IL-1β, MMP-1, COX-2) and joint-destroying enzymes (iNOs) play a crucial role 
in the pathogenesis of RA.62 We used the prepared nano-formulations to confirm their therapeutic potential with respect to the 
anti-inflammatory and immunomodulatory activities. These activities were determined in the local and systemic fluids of the 
rats with the experimental RA (Figure 8 and 9). We observed a greater reduction in the RA-induced inflammation (local and 
systemic) than that seen with the existing market formulations (Figure 8A, B and 9A). We measured the pro-inflammatory 
cytokines (TNF-α, IL-1β, IL-6, and MMP-1), bone degradation enzyme (iNOS), and metabolic enzyme (cyclo-oxygenase-2; 
COX-2) in paw tissues (Figure 8A), synovial fluid (Figure 8B), and serum (Figure 9A) collected from the experimental 
animals receiving treatment with the drug nanoparticles. The mono-and combination drug regimens with the subcutaneously 
applied gel-(ACE-NLCs+CE) formulations and intravenously injected MTX-LPHNPs showed a significant (P≤0.05) reduc-
tion in immune mediators as well as bone degrading enzymes in paw tissues (Figure 8A) than the individual market 
formulations [gel-(ACE-MKT) (t.d.), MTX-MKT (s.c.)], and combination of the gel-(ACE-MKT) (t.d.) and MTX-MKT 
(s.c.) formulations. The combination of our nanoformulation exhibited significantly (P≤0.05) reduced inflammation in the paw 
tissues and synovial fluid in the experimental RA and CIA animals when compared to the commercial ACE and MKT-MTX 
formulations (Figure 8A and B). Also, systemic inflammation induced by RA in the experimental animals saw a significant 
reduction when our drug nano-formulations were used as mono- and combination drug regimen. In the end, reduced severity 
of RA was characterized by a marked reduction in TNF-α, IL-6, MMP-1, and IL-1β secretions in the sera of experimental 
animals upon treated with our drug nano-formulations (Figure 9A).

Quantification of MMP-1 in Synovial Fluid
MMP-1 interstitial and fibroblast collagenase (an enzyme encoding for the MMP1 gene) is known to degrade all 
components of the extracellular matrix during RA pathology.63 The in vitro (Figure 3B, SI Figure 8H and 9A) and ex- 
vivo studies carried out with the PBMCs isolated from the patients with RA (Figure 3D and E), and molecular docking of 
signaling and inflammatory proteins showing interaction with ACE and MTX (Figure 3A) confirmed the reduced mRNA 
expression of MMP-1 following the drug treatment. The gene transcription profiling in vitro, in silico and ex-vivo assays 
led us confirm the expression of MMP-1 in the synovial fluid of rats receiving treatment with the mono- and combination 
drug regimen (Figure 9B). No expression of MMP-1 was seen in the synovial fluid of animals treated with the 
combination of our drug nanoformulations (transdermal application of gel-(ACE-NLCs+CE) and intravenous injection 
of MTX-LPHNPs, and a lower expression was observed in the animals receiving treatment with the mono-drug regimen 
and CIA. In the end, absence of MMP-1 expression in the animals receiving treatment with the combination drug 
formulations confirmed the therapeutic potential of the prepared drug nanoparticles during RA pathology (Figure 9B).
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Serum Profiling of Immune Mediators in the Patients with RA
We next confirmed the expression of pro-inflammatory (IL-6, IL-17, TNF-α, IFN-γ), bone degradation (MMP-1), and 
anti-inflammatory/immunoregulatory (IL-10, TGF-β) markers in sera samples collected from patients with RA (n=24) 
(Figure 9C). Since the patients were on drug therapy, a little reduction in the expression of anti-inflammatory cytokines 
(IL-6, IL-17), many-fold downregulation in the secretion of TNF-α, and almost no difference in the expression of IFN-γ 
was compared the healthy individuals (Figure 9C) in the end, higher expression of IL-10, TGF-β and MMP-1 was seen in 
the RA patients in comparison to the healthy controls (Figure 9C).

Figure 8 Determination of the “immune-mediators” and joint damage markers (TNF-α, IL-1β, IL-6, MMP-1, iNOS andCOX-2) in the, (A) paw tissues (B) synovial fluid of 
animals with experimental RA upon receiving treatment with the mono-[MTX-LPHNPs, gel-(ACE-NLCs+CE)] and combination (MTX-LPHNPs & gel-(ACE-NLCs+CE) drug 
therapy. Combination drug therapy with the transdermal application of gel-(ACE-NLCs+CE) and intravenous administration of MTX-LPHNPs saw the steep reduction in the 
local inflammation characterized by the reduced expression of the immune mediators as compared to the monotherapy and combination therapy of the market formulations 
(ACE gel-[ACE-MKT]) administered transdermally along with the subcutaneous injection of MTX-MKT formulation. Statistical data is expressed as mean ± SE (n = 6 animals 
per group). (**p< 0.001; highly significant).
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Figure 9 Determination of the “immune-mediators” and joint damage markers (TNF-α, IL-1β, IL-6, MMP-1, iNOS andCOX-2) in theA) sera of the animals with 
experimental RA upon receiving treatment with the mono-[MTX-LPHNPs, gel-(ACE-NLCs+CE)] and combination (MTX-LPHNPs & gel-(ACE-NLCs+CE) drug therapy. 
Combination drug therapy with the transdermal application of gel-(ACE-NLCs+CE) and intravenous administration of MTX-LPHNPs saw the steep reduction in the systemic 
inflammation characterized by the reduced expression of the immune mediators as compared to the monotherapy and combination therapy of the market formulations (A) 
CE gel-[ACE-MKT]) administered transdermally along with the subcutaneous injection of MTX-MKT formulation, (B) The co-delivery of ACE-NLCs+CE and MTX-LPHNPs 
following the transdermal and intravenous routes exhibited no expression of MMP-1 in the synovial fluid compared to the CIA animals. Cells from synovial fluid were washed 
with RPMI followed by lysing to detect the MMP-1 expression by the Western blots. α-Tubulin, loading control (n=3). Statistical data is expressed as mean ± SE (n = 6 animals 
per group). (*p< 0.01; significant)) (ns; not significant) (C) The estimation of inflammatory (IL-6, TNF-α, IFN-γ, IL-17), immunoregulatory (TGF-β, IL-10) and joint damage 
(MMP-1) markers in the serum samples collected from the patients with RA (n=24 patients). The statistical analysis was performed using one-way analysis of test.
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Discussion
MTX inhibits proliferation of the immune cells crucial in to elicit the inflammation and joint damage during RA pathogenesis. 
ACE suppresses RA-induced inflammation by inhibiting the COX-2. The CE-conjugated NLCs mediate the efficient delivery 
of ACE to the local tissues and greatly reduce the disease induced inflammation. The intravenous injection of MTX delivered 
via LPHNPs repairs the immune cells to check the progression of RA. Therefore, we took advantage of the ACE-NLC-based 
gel to increase its permeability with CE conjugation to achieve better deposition of the drugs at the diseased site.20,21,64 

Further, a comparative study of the texture profile of ACE-NLCs in carpool gel formulations and rheological properties was 
performed using the MKT-gel formulation. As reported earlier,65,66 our data showed better affinity and biocompatibility of 
ACE nanoformulations tested in the skin model (ex-vivo), with respect to higher permeation, better cell uptake of C-6 loaded 
NLC formulations as well as better cytoplasmic distribution. The nano-formulations prepared from solid lipids exhibited 
significant cell viability in placebo controls (NLCs and LPHNPs) as compared to the other formulations tested.

The higher permeability of the gel-(ACE-NLC+CE) formulation compared to the commercial gel confirmed the higher 
deposition in order to achieve the maximum therapeutic effect of ACE (Table 1). The higher lipophilicity of the dermal layer 
circumscribes the partitioning of hydrophobic drugs. Furthermore, the enhanced permeability and retention (EPR) effect is 
attributed to the formation of a micro-reservoir of drug molecules within the skin (dermis) interior by virtue of the integration 
of phospholipids with skin lipids for the drug retention.67 The skin retention and subsequent permeation of ACE was seen 
greater with CE-conjugated NLC formulations than the market formulation gel-(ACE-MKT).68 We think that NLC formula-
tions could effectively make the ACE accessible within the skin layers (stratum corneum, epidermis and dermis) due to the 
higher skin permeability for ACE. As previously published,20,69 the NLC formulation exhibited higher penetration and 
subsequent skin permeation allowed the higher drug deposition at the diseased site. The enhanced permeation (p < 0.001) of 
drug across the skin layers could be due to the increased contact time between the CE and stratum corneum.

MTX delivered through LPHNPs showed maximum systemic (plasma) and local (synovial fluid) deposition lasting longer 
than that seen with the market formulation at the diseased site (Figure 6A and B).70 In vitro macrophage model of inflammation 
(MMI) best mimicked the RA-induced inflammation upon stimulation with higher concentration of LPS for longer duration. The 
stimulated macrophages upon receiving mono- and combination drug treatment controlled the transcriptional regulation and 
protein expression of immune events and signaling pathways (Figures 3 and 4). As earlier,52,53 our findings suggest that Akt1 
could mediate the death of antigen-stimulated macrophages (Figure 4). Further, treatment with the drugs lead to the suppression 
of the inflammation as confirmed by molecular profiling of immune biomarkers in PBMCs collected from patients with RA as 
well as MMI. The elevated serum levels of the inflammatory and regulatory markers from the patients with RA are in agreement 
with the published findings.71,72 The in vitro and ex-vivo findings were well supported by the in vivo findings performed in 
Wistar rats with experimental RA. Hence, our findings advocate the use of drug nanoparticles for the efficient delivery of ACE 
and MTX for achieving better drug therapeutics in the treatment/management of RA.

The iNOS pathway is known to regulate the apoptosis dependent upon the higher production of NO.61 The antigen- 
stimulated macrophage upon receiving treatment with mono- (SI Figure 8F) and combination of drugs (Figure 3B) showed 
a reduced expression of iNOS-mediated NO production. This suggested that our drug formulations could be crucial in 
inducing death of the diseased cells.

The selective death of the antigen-stimulated cells by the combination drug treatment attested our proposition 
whereby the compromised death of RA cells may have led to disease progression.73,74

Further, therapeutic efficacy of the combination drug treatment in the experimental rats showed erythema/inflammation or 
cell infiltration, and controlled arthritis index and arthritis score. Interestingly, co-delivery of the gel-(ACE-NLCs+CE) and 
MTX-LPHNP formulations via transdermal and intravenous routes, respectively, was shown to alleviate pain and suffering of 
patients with RA (Figures 5–7) (Tables 1, 2, and Figures 8 and 9). The prepared drug nano-formulations proved better than 
existing market formulations as far as the reduction in the inflammation and/or treatment/management of RA is concerned. 
Absence of MMP-1 expression in the synovial fluid of experimental animals once again confirmed the value of drug 
nanoparticles in overcoming the bone damage inflicted by the RA pathology.75–77

Histopathological analyses of the paw, ankle, and skin of experimental animals treated with these nano-formulations 
suggested the modulation of RA-induced inflammation. Moreover, short plasma life of intravenously injected MTX 
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advocated for the need of LPHNP-mediated controlled MTX delivery for a better therapeutic effect,78 to manage/treat the 
RA with the minimal damage to the healthy tissues. Therefore, we are at the opinion that the drug nanoparticles could be 
crucial to address the serious health complications observed with the extended drug therapy.16 Also, we determined the 
therapeutic efficacy of the developed formulations: transdermal application of gel-(ACE-NLCs+CE) at the diseased site 
every-day and weekly intravenous injection of MTX-LPHNPs. The prepared drug formulations were compared with the 
market formulation gel-(ACE-MKT) applied through the transdermal route (everyday) and MTX-MKT injected sub-
cutaneously (weekly) as the mono- and combination drug regimens. Our stability and safety data suggest that these 
nanoformulations are safe and could be licensed for the pilot patient trials. Finally, 14-3-3 zeta (an autoantigen) has been 
shown to suppress inflammatory arthritis,79 suggesting its potential as a potential vaccine candidate. Its antigenic 
potential should be however studied in the animal model(s). Therefore, collagen-induced arthritis (CIA) in humanized 
immune system (HIS) mice may be a better option to validate its antigenic potential for a development of vaccine for RA. 
Overall, the greater therapeutic efficacy of the combination regimen of these drug nanoformulations may be effectively 
used as a therapeutic approach to treat/manage RA (Figure 10).

Figure 10 The in vitro model of macrophage inflammation (macrophage model of inflammation; MMI) (Antigen/LPS stimulated THP-1 macrophages), CFA and BCG induced 
acute rheumatoid arthritis in vivo model. The ex-vivo investigations were performed with the PBMCs isolated from blood samples drawn from the patients with RA. This 
confirms the importance of drug nanoparticles for the increased deposition of drugs at the diseased site. The assays were carried out with MMI to confirm the gene 
transcription and protein expression of the inflammatory and signaling pathways to establish the eubiosis. The drug nanoparticles influence the death and autophagy axis of 
the stimulated cells to favor the death of inflamed cells induced by the drug combination regimen. The in vitro and ex-vivo characterization of ACE-NLCs and MTX-LPHNPs 
formulations and the development of the Wistar rat model for RA confirmed the importance of the combination regimen of drug nanoparticles. The molecular profiling 
(PBMCs) and protein level (from serum) confirmation of the therapeutic potential of mono- and combination drug regimen from the samples collected on the patient with 
RA. In the end, the model indicating a mechanism whereby cell–cell interaction could induce death of the stimulated cells. CD40 mediated activation of Akt1 controlling the 
activation of NF-Kb is associated with its inhibitor IkB to retain it in the cytoplasm. The FOXO1 inside the nucleus regulates the expression of pro-apoptotic protein (Bim) 
that program the death of the diseased cells.
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Conclusion
Aceclofenac and methotrexate nanoformulations when used as a combination regimen showed greater “therapeutic 
potential” to treat rheumatoid arthritis. Present work is of immense clinical relevance since no effective treatment 
based on drugs or vaccines is available for RA. We are also studying the underlying mechanism for the modulation of 
RA-induced inflammation in collagen-induced arthritis-humanized immune system (CIA-HIS) mice. We propose to 
dissect the mechanism by which the combination drug regimen could influence the Th1/Th17 axis to inhibit inflamma-
tion-dependent conversion of Th1 to Th17 phenotype.80
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