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Abstract: This study aimed to develop a novel nanotechnological slow-release drug delivery 
platform based on hyaluronic acid Microsponge (MSP) for the subcutaneous administration of 
methotrexate (MTX) in the treatment of rheumatoid arthritis (RA). RA is a chronic autoimmune 
disease characterized by joint inflammation and damage, while MTX is a common disease-
modifying antirheumatic drug (DMARD), the conventional use of which is limited by adverse 
effects and the lack of release control. In this work, MSP were synthesized as freeze-dried powder 
to increase their stability and allow for a facile reconstitution prior to administration and precise 
MTX dosing. These MSP exhibited stable, rounded shapes, with a signature open porosity structure, 
and achieved a high MTX loading efficiency, with a slow release after injection. Our drug release 
studies demonstrated indeed an initial burst, followed by sustained release over a month. 
Remarkably, by means of a (collagen induced - CIA) rat model of RA, the MTX-loaded MSP almost 
doubled the therapeutic efficacy, by significantly reducing arthritic scores compared to controls. 
The pre-clinical study was replicated twice to confirm this marked improvement in performance 
and the safety profile of MSP. The results show the potential of MSP mediated therapy to enhance 
MTX efficacy in RA treatment by enabling sustained slow-release while minimizing side effects. 
This study therefore suggests that the MSP platform may be considered in clinical practice for 
improving the MTX delivery in RA therapy. 

Keywords: microsponge; rheumatoid arthritis; methotrexate; slow delivery system 
 

1. Introduction 

Rheumatoid arthritis (RA) is an immune mediated inflammatory disease characterized by 
hyperplastic synovium, cartilage damage, bone erosion and different systemic manifestations [1]. The 
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disease is defined by the activation of fibroblast-like synoviocytes and the infiltration of monocytes 
into the joints, where they undergo transformation into macrophages [2]. This perpetuates the chronic 
nature of the ailment and markedly affects the quality of life of individuals suffering from it. RA 
affects approximately 0.5% to 1% of the global population, typically emerging between the ages of 25 
and 60, but globally the incidence of RA is increasing [3,4]. This disease tends to disproportionately 
affect women compared to men, requiring several therapeutic interventions throughout the life of a 
patient to alleviate symptoms [5]. Factors such as infections, trauma, advanced age, abnormal 
metabolism, and dysfunction in the immune system significantly contribute to the increased risk of 
developing RA. Individuals with RA experience substantial discomfort, swelling, limited joint 
mobility, and difficulties in daily activities throughout their life. 

The diagnosis of RA primarily relies on clinical assessment, evaluating the characteristics and 
distribution of joint symptoms, which often begin appearing in hands and feet, notably involving the 
metacarpophalangeal and metatarsophalangeal joints [6]. The presence of autoantibodies such as 
rheumatoid factor or anti-citrullinated peptide autoantibodies (ACPAs), along with indicators of 
systemic inflammation such as elevated erythrocyte sedimentation rate or C-reactive protein, can 
support diagnosis of RA [7]. 

The treatment of RA includes several options, e.g., oral medications, non-pharmacological 
interventions, the use of splints, and, in the final stage, joint replacement surgeries [8]. Initially, the 
RA treatment primarily focused on using antibodies that target tumor necrosis factor (TNF). 
Subsequently, drugs capable of modulating the immune system (disease-modifying antirheumatic 
drugs - DMARDs) were approved for RA treatment, with options falling into synthetic or biologic 
subcategories [9]. DMARDs are often used in combination with glucocorticoids and non-steroidal 
anti-inflammatory drugs (NSAIDs) to prevent joint erosion and chronic inflammation. However, the 
frequent parenteral administration of these drugs can lead to complications such as thrombus 
formation, hypersensitivity, pain, and increased costs. 

Early diagnosis and personalized treatments of RA are crucial for proper management of the 
disease but current therapeutic options for long term management of such a severe chronical disease 
are lacking in many ways, determining a clear unmet medical need and a demand for new 
personalized medicine approaches. Advancements in RA treatment are driven by the expanding 
selection of targeted therapies propelled by a deeper understanding of pathobiology and 
complemented by biotechnological advancements. 

Among DMARDs, methotrexate (MTX), a derivate of folic acid and aminopterin, is recognized 
as the primary pharmaceutical choice for managing both RA and juvenile idiopathic arthritis (JIA) 
due to its relatively low cost and favorable efficacy/safety profile [10–12]. Numerous biochemical and 
cellular mechanisms have been proposed to explain the potent anti-inflammatory and anti-rheumatic 
effects of MTX. Intracellularly, MTX can stimulate the transition of inflammatory M1 monocytes to 
anti-inflammatory M2 monocytes, inducing monocyte apoptosis, and inhibiting the activation of 
fibroblast-like synoviocytes [13]. MTX has demonstrated efficacy in relieving arthritis symptoms and 
controlling disease progression, whether used as a standalone treatment [13] or in combination with 
other chemical or biological DMARDs [14,15]. 

Nevertheless, it should be noted that MTX possesses impactful hepatotoxic properties, 
potentially causing liver fibrosis in up to 3% of individuals with RA. Furthermore, despite MTX 
effectiveness in treating RA, the current methods of administration are considered unsatisfactory for 
treating this pathology [16]. In fact, the choice of MTX route of administration can significantly affect 
drug bioavailability, influencing both its efficacy and tolerability. The oral route is the most common 
and convenient method for administering MTX [17]. However, the oral administration of MTX 
exhibits variable intestinal absorption and non-linear pharmacokinetics. This case-by-case and 
patient-by-patient variability has significant implications in terms of drug bioavailability and clinical 
efficacy [18–21]. Furthermore, the extended use of orally administered MTX may result in both minor 
adverse and severe effects [22–24] that often lead to limited compliance, with more than half of the 
patients dropping out of therapy or switching to costly biological drugs [17,25]. 
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Over time, the shift from oral therapy to subcutaneous (SC) injection has been recognized as a 
successful strategy to bypass the gastrointestinal tract [18], but it also is plagued by its own 
challenges, such as nausea and vomiting [26,27] arising from the increased peak blood levels of MTX 
[24,28]. Moreover, SC injections are related to discomfort and stress, also impacting patient 
compliance [27,29]. 

In this context, options entailing slow delivery of MTX are not available in the market but could 
offer a way to overcome several of aforementioned limitations. This study illustrates the first pre-
clinical results of using a novel slow drug delivery platform (DDP), called Microsponge (MSP) [30], 
to administer MTX and selectively accumulate it in inflamed and rheumatic joints has been 
employed. 

MSP is a nano-enabled, tunable, biodegradable and biocompatible polymeric delivery platform 
made of microscale near-spherical particles endowed with a nanoscale open porous structure, 
capable of effectively entrapping active ingredients/drugs and their subsequent controlled release 
[31,32]. These sponge-like particles consist of a 3D network of interconnecting voids with a large 
porous surface and sizeable mechanical properties, ensuring structural stability during drug loading-
unloading operations and gradual biodegradation [33]. 

Some other microsponge systems, usually much larger in size, have been proposed as topical 
formulations for controlled drug release. For example, when used as inert particles, those 
microsponges may remain on the skin surface, thereby gradually releasing active ingredients to 
prevent buildup and enhance treatment safety [34]. Therefore, microsponge-based formulations, as 
a class of DDP, have the potential to enhance stability, decrease side effects, and positively modify 
drug release [35,36]. 

The main goal of this study is to provide a pre-clinical proof-of-concept for the safe and effective 
deployment of our MSP loaded with MTX in RA treatment, culminating with animal models assays 
(collagen induced arthritis “CIA” rats) of RA assessed in terms of pathophysiological outcomes and 
replicate twice for confirmation. Both molecular and morphological parameters were accounted for 
and compared with results from conventional subcutaneous drug injections. 

2. Materials and Methods 

2.1. Materials 

Di(imidazol-1-yl)methanone (carbonyl di-imidazole, CDI), 2,2′-Diaminodiethyl disulfide 
dihydrochloride (Cys), [9-(2-carboxy-6-isothiocyanatophenyl)-6-(diethylamino) xanthen-3-ylidene]-
diethylazanium-chloride (Rhodamine B isothiocyanate, RBITC), and dipotassium-trisodium-
dihydrogen phosphate-hydrogen phosphate-dichloride (phosphate buffered saline, PBS) were 
obtained from Merck Italia (Milan, Italy). Sodium Hyaluronate (HA, MW 1,590 kDa) was purchased 
from Lifecore Biomedical (Chaska, MN, USA). Commercially available Methotrexate (Reumaflex 
prefilled syringe, dose 50 mg/mL, Alfasigma S.p.A., Bologna, Italy) was used. All additional reagents 
and chemicals employed were analytical grade. 

2.2. Synthesis of Microsponge 

The synthesis of hyaluronic acid based Microsponge was carried out following previously 
reported procedure with some modifications [30,37]. 20 mg of Cys dissolved in 300 µL of MilliQ water 
was added to 30 mg of CDI and the cross-linker (CL) was obtained as precipitate. The mixture was 
then stirred using a vortex and allowed to incubate for 30 minutes at room temperature. After, to 
solubilize the precipitate, 50 µL of HCl 5M was added until reaching a final pH between 2 and 4. The 
MSP are obtained by adding 1 mL of a solution of HA 1% in MilliQ water (w/v) to the cross-linker. 
After the mix was maintained at 30 °C for 24 hours, a white precipitate was obtained, washed 3 times 
with MilliQ water, and centrifugated each time for 5 min at 5000 RPM to eliminate unreacted cross-
linker and polymer molecules. The precipitate, containing purified MSP, was than frozen for 1 hour 
at -20 °C and placed in a freeze-dryer (Lyovapor L 300, Buchi, Italy) for 48 hours, with pressure under 
0.1 mbar, and a condenser temperature of -60 °C. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2024 doi:10.20944/preprints202411.0336.v1

https://doi.org/10.20944/preprints202411.0336.v1


 4 

 

2.3. Loading studies 

MTX loading in the platform was achieved using the physical adsorption method [38], where 1 
mg of lyophilized MSP was reconstituted with 100 µL of an aqueous solution of MTX 15 mg/ml 
[39,40]. After, the obtained suspension was incubated in a rotary shaker at room temperature for 24 
hours. At variable intervals (0, 30 minutes, 1, 2, 3 and 24 hours), the sample was centrifuged at 7,000 
rpm at room temperature for 5 min [41]. The drug loading efficiency into MSP was assessed using 
UV–Visible spectroscopy (Jasco V-550, Jasco Corporation, Japan) to quantify the free MTX present in 
the supernatant. This method provided an indirect measurement of the amount of drug loaded into 
the MSP, by analyzing the absorbance peak at 302 nm for MTX and referencing a previously 
established calibration curve [42]. 

The percentage of MTX that was successfully incorporated into MSP compared to the initial 
amount used, expressed as entrapment efficiency (EE), was estimated according to Equation 1. 
Alternatively, the loading efficiency (LE) of MSP refers to the payload capacity, which indicates the 
amount of drug encapsulated per unit weight of the MSP, was calculated by equation 2 [40]. 

𝑬𝑬𝑬𝑬 (%) =
𝑴𝑴𝑴𝑴𝑴𝑴 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 (𝒎𝒎𝒎𝒎)
𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒐𝒐𝒐𝒐 𝑴𝑴𝑴𝑴𝑴𝑴 (𝒎𝒎𝒎𝒎)

 𝒙𝒙 𝟏𝟏𝟏𝟏𝟏𝟏 (1) 

𝑳𝑳𝑳𝑳 (%) =
𝑴𝑴𝑴𝑴𝑴𝑴 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒎𝒎𝒎𝒎)

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒐𝒐𝒐𝒐 𝑴𝑴𝑴𝑴𝑴𝑴 (𝒎𝒎𝒎𝒎)
 𝒙𝒙 𝟏𝟏𝟏𝟏𝟏𝟏 (2) 

Where the MTX loaded amount was obtained by calculating the difference between the initial amount 
of added MTX and the amount of free MTX in the supernatant. 

Once the optimal time for achieving maximum drug entrapment in the MSP was determined, 
the sample was frozen and placed in a freeze-dryer overnight in dark conditions [36]. This process 
was carried out to obtain a dosed powder ready to be resuspended immediately before 
administration in animal studies. 

2.4. Endotoxin detection 

Since all formulations in this work are intended for subcutaneous (parenteral) administration in 
a clinical, it is essential that they be sterile and endotoxin-free. This was already accounted for in this 
study, ensuring that all synthesis procedures underlying our formulations were conducted under 
laminar air flow conditions, using sterilized solvents and materials to prevent microbial 
contamination. 

Additionally, after synthesis the samples were analyzed to detect the presence of endotoxins by 
means of ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit by Genescript (Piscataway, NJ, 
USA). The evaluation of endotoxin levels included MSP and MTX loaded MSP after freeze-drying. 
For experimental purposes, the samples were reconstituted in endotoxin-free water at a concentration 
of 1.0 mg/mL. Concurrently, a standard curve was established using known endotoxin concentrations 
of 0, 0.005, 0.01, 0.025, 0.05, 0.1 EU/mL. Absorbance readings were taken at 545 nm using the GloMax® 
Discover Microplate reader (Promega, Sunnyvale, CA). Utilizing the standard curve, the endotoxin 
levels of the samples were determined. 

2.5. Particle size, surface charge analysis and morphology studies 

The particle size distribution of all samples was analyzed in MilliQ water using a Mastersizer® 
3000 Hydro MV (Malvern, United Kingdom), using refractive indexes of 1.33 and 1.52 for water and 
MSP, respectively. Specifically, the particles were dispersed in water, and each sample underwent 
120 seconds of sonication before measurement to achieve a uniform resuspension without particle 
aggregation. The average particle size was expressed in terms of the volume median diameter d (0.9) 
[42]. 

The ζ-potential (PZ) of all samples was measured using dynamic light scattering (DLS) with a 
Zetasizer Nano 90ZS (Malvern Instruments Ltd., Worcestershire, UK) at 25°C. 
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Size and charge measurements were conducted in triplicate, and the average value was reported. 
The morphology of all samples was characterized by optical, confocal fluorescence and scanning 
electron microscopy experiments. 

A field-emission Scanning electron microscopy (FEG-SEM, LEO 1530, Zeiss, Germany) was used 
to observe MSP dispersed on a SEM sample stub covered with silicon or graphite background. 

Fluorescence microscopy experiments were carried out on an Axio-Zoom Scope microscope 
(Zeiss, Oberchoken, Germany), equipped with an HBO 50 Hg lamp and an AxioCam ICm1 CCD 
camera. Dry powdery samples were dispersed on glass slides. Confocal laser scanning fluorescence 
microscopy (CLSFM) experiments were performed using an FV1000 (Olympus, Tokyo, Japan) 
confocal scanning device interfaced to an OlympusIX 81 inverted microscope. CLSFM measurements 
were carried out using an oil immersion 60x objective (numerical aperture: 1.35) and 488 nm (Ar) and 
543 nm (HeNe) laser for green (MTX) and red (MSP) channel respectively. 3D Volume rendering of 
the samples investigated were elaborated by Imaris 6.2.1 software (Bitplane, Switzerland). For this 
purpose, the HA polymer was labelled using the RBITC, as previously reported [36]. Briefly, the 
fluorescent dye RBITC was dissolved in MillliQ water at a concentration of 1 mg/ml [43]. After, 1 ml 
of the dye solution was added to the HA solution 1% (w/v) in NaHCO3/Na2CO3 buffer (12 M, pH 9 
[44]) and stirred for 12 hours at room temperature in the dark. The resulted mix was then dialyzed 
against water (3 times, 500 mL per time), using a dialysis membrane (MWCO 12-14 kDa 
Spectra/Por®), to allow the elimination of residual non-conjugated dyes [45]. 

2.6. In vitro release profile of MTX from Microsponge 

MTX release from MSP was performed using the dialysis method using a dialysis tube (MWCO 
12–14 kDa SpectraPore, Spectrum Laboratories Inc., Rancho Dominguez, Canada) [46]. In particular, 
the lyophilized MTX-MSP was resuspended in 0.1 mL of PBS 1X (pH 7.4) and transferred into the 
dialysis membrane which was previously soaked overnight in the dissolution medium (PBS, pH 7.4). 

The membrane was tied from both ends and immersed in PBS medium maintained at 37 ± 1°C 
and stirred at 200 rpm. Aliquots were withdrawn periodically at predetermined time interval (from 
1 to 8 hours each hour and after 24 hours, up to 1 month), analyzed and then replaced back into the 
release solution to maintain the volume constant [45]. To quantify the cumulative fraction of MTX 
released, withdrawn samples were assayed by measuring the absorbance at λ = 302 nm with a 
spectrophotometer and using a standard curve of MTX concentration. Parallelly, the release profile 
of methotrexate was compared by placing the free drug inside the dialysis bag, to evaluate its 
behavior under the same experimental conditions. Additionally, to demonstrate that the ability of the 
MSP to release MTX was not altered by the lyophilization step following loading, the release profile 
of the lyophilized sample was compared with that of the centrifuged sample, where the precipitate 
was resuspended in 0.1 mL PBS. All experiments were conducted independently in triplicate. 

2.7. Ethical approval 

All experiments were carried out at the Interdepartmental Center for Comparative Medicine, 
Alternative Techniques and Aquaculture, University of Rome Tor Vergata. All the animal 
experiments were ethically approved by the Animal-Welfare body (OPBA) and authorized by the 
Ministry of Health, Legislative Decree no. 26/2014; European Directive 2010/63/UE (Authorization 
number 763/2021-PR - October 12, 2021). This research was performed and reported according to the 
animal research: Reporting of In Vivo Experiments (ARRIVE) guidelines 
(https://arriveguidelines.org/). 

2.8. Animal husbandry 

A total of 34 female and male Winstar rats aged 9 and 11 weeks (Envigo, Rome, Italy) were used 
in this study. The animals were acclimatized for 7 days before the experiment and housed under 
standard conditions: a 12/12-hour light/dark cycles, room temperature of 20±2°C, and 55% relative 
humidity. The rats were provided with a standard laboratory diet and tap water ad libitum. A 
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veterinary surgeon, responsible for the welfare of laboratory animals, was present during all 
experiments. Animal care was overseen by trained personnel. Mice were divided into groups, and 
the number of mice in each group was calculated using G Power Analysis. 

2.9. Animal treatment for safety study 

In this study, female and male rats were used. Rats were randomly divided into six groups (n = 
3), a control group and five treated groups of three animals each: 
(i) Control group 0.8 mL of Normal saline (NS) as vehicle); 
(ii) MSP 1 mg/rat/0.8 mL in NS; 
(iii) MSP 5 mg/rat/0.8 mL in NSL; 
(iv) Cross Linker 0.75 mg/rat/0.8 mL in NS; 
(v) Cross Linker 3.75 mg/rat/0.8 mL in NS; 
(vi) Hyaluronic acid 0.25 mg/rat/0.8 mL in NS. 

To determine a safe concentration of MSP, two doses were tested in this experiment: 1 mg and 5 
mg. Additionally, the individual components of MSP, CL and HA, were also evaluated. The 
quantities of these individual components were calculated based on the ratio of CL to HA in MSP, 
which is approximately 1:4. For hyaluronic acid, only one dose, equivalent to 1 mg of MSP, was 
selected, because according to literature data, the widely used hyaluronic acid generally does not 
exhibit significant toxicological effects, and its safety profile is well-established and recognized [47]. 
By excluding this group, we ensured compliance with ethical standards while maintaining the 
integrity and relevance of the study’s findings. Instead, about the cross-linker, both doses, 
corresponding to the amounts present in 1 mg and 5 mg of MSP, were evaluated. 

All animals received a single subcutaneous injection on day one of the experimental plan (Figure 
1). On the ninth day post-injection, the rats were sacrificed, and histopathological studies were 
conducted. 

 
Figure 1. Experimental design of safety study. 

2.10. Animal treatment for efficacy study 

Seventeen rats were randomly divided into five groups of four or three rats each. Four groups 
were immunized intradermally with 200 μg Type II collagen from bovine tracheal cartilage (Sigma 
C1188) in 0.05 M acetic acid/rat/100 l emulsified with an equal volume of incomplete Freund’s 
adjuvant (IFA) (Chondrex, Redmond, WA, USA) on day 7 to induce RA. A boost injection of 100 μg 
collagen-IFA suspension was given in the same manner on day 15 (Figure 2). 

 
Figure 2. Experimental design of efficacy study. 
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In the first experiment conducted, the animals were randomized into the following experimental 
groups: 
(i) healthy non-arthritic as negative control; 
(ii) arthritic untreated as positive control; 

From day 22 to 42, immunized groups were subcutaneously administered with a single injection 
every week of: 
(i) MTX 0.125 mg/rat in 0.1 mL NS for MTX group; 
(ii) MSP 1mg/rat in 0.1 mL NS; for MSP group; 
(iii) 1mg/rat in 0.1 mL NS; for MTX-loaded MSP Lyophilized. 

Meanwhile, in the second study, the experimental design included: 
(i) Positive control group: untreated arthritic rats; 
(ii) MSP group: arthritic rats treated with 1.5 mg MSP/rat in 0.1 mL NS; 
(iii) MTX group: arthritic rats treated with 0.125 mg MTX/rat in 0.1 mL NS; 
(iv) MTX-MSP centrifuged group: arthritic rats treated with 1.5 mg MTX-MSP centrifuged/rat in 0.1 

mL NS; 
(v) MTX-MPS lyophilized group: arthritic rats treated with 1.5 mg MTX-MSP lyophilized/rat in 0.1 

mL NS; 
In the design of the second experiment, variations were made to the groups: specifically, a higher 

amount of MSP (1.5 mg) was used while keeping the loaded methotrexate concentration constant and 
both the centrifuged and lyophilized samples were evaluated. 

All animals were anesthetized with Ketamine 70 mg/Kg and Medetomidine Chlorhydrate 0.1 
mg/Kg and sacrificed by intracardiac blood sampling with subsequent aortic arch recession on day 
43. In the first experiment, both posterior knees and serum were collected for analysis while in the 
second experiment, only the right knees were collected. For each rat, an aliquot of about 1 mL of 
blood was used for obtaining serum, and an aliquot of about 0.5 mL of blood was used to make the 
blood cell count. 

2.11. Measurement of hematological parameters 

For determination of hematological parameters, 20 µL of whole blood, collected in K2EDTA 
microtainers (Becton, Dickinson and Company, USA), were analyzed using the commercially 
available automated cell counter “Drew3” (BPC BioSed s.r.l., Italy). For cytomorphological 
examination, each sample from peripheral blood smears was prepared using the differential staining 
Diff-Quick (Dade SpA, Italy) and analyzed under optical microscopy. The complete blood count 
(CBC) includes: haemoglobin (HGB), haematocrit (HCT), red blood cell (RBC) count, white blood cell 
(WBC) count, platelet count (PLT), red cell distribution width (RDW), mean corpuscular volume 
(MCV), mean platelet volume (MPV), mean corpuscular volume (MCV), mean corpuscular 
haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), red cell distribution 
width (RDW), lymphocytes (LYMF), mid-range cells (MID), granulocytes (GRAN), platelet 
distribution width (PDW), platelet large cell ratio (LPCR), plateletcrit (PCT). 

2.12. Detection of spleen index and thymus index 

After the measurement of rat weight, rats were sacrificed. The spleen and thymus were isolated 
from rats and weighed immediately. Thymus index and spleen index were analyzed based on the 
following equation: Thymus index or spleen index = (weight of thymus or spleen)/body weight. 

2.13. Histological analysis 

For the toxicological study lung, liver, kidney and spleen have been formalin fixed and paraffin 
embedded. Architectural modification, as well as the presence of inflammatory infiltrate, have been 
evaluated on 4-µm serial section stained with haematoxylin and eosin (H&E) (see Table 1). Right hind 
limbs were formalin fixed, then decalcified in 0.5 M EDTA and 0.5% paraformaldehyde for 24h. 
Decalcified samples were dehydrated an alcohol series, cleared with xylene, and paraffin embedded. 
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Five-micrometer thick sections of talocrural joint sections were stained with H&E and mounted on 
glass slides for histological analysis by light microscopy. Histopathological changes of the joint were 
evaluated based on morphological parameters (structure, cells, matrix and tidemark) using a 
cumulative score ranging from 0 to 11 points. Higher scores indicate greater tissue damage. Criteria 
used to evaluate the histopathological score are shown in Table 2. 

Table 1. Histological scoring. 

Histological scoring 
Architectural damage Inflammatory infiltrate 

No alterations 0 No inflammatory cells 0 
Slight alterations 1 Rare isolated inflammatory cells 1 

Moderate alterations 2 Focal infiltration of inflammatory cells 2 
Severe alterations 3 Widespread infiltration of inflammatory cells 3 

Table 2. Histological rheumatoid arthritis scoring. 

Histological rheumatoid arthritis scoring 
Structure Cells Matrix Staining Tidemark Integrity 

Normal 0 Normal 0 Normal 0 
Intact 1 Surface irregularities 1 Diffuse hypercelluarity 1 Slight reduction 1 

Pannus and surface irregularities 2 Clusters 2 Moderate reduction 2 
Clefts to transitional zone 3 

Hypocellularity 3 
Severe reduction 3  

Destroyed 
 

2 Clefts to calcified zone 4 
No staining 4 

Complete disorganization 5 

2.14. Cytokine and antibody  -collagen ELISA assays 

IL1-β quantification in rat serum was performed using an ELISA kit (BMS630, Invitrogen) 
according to the manufacturer’s instructions. 

Antibody levels to type II collagen were measured using an enzyme-linked immunosorbent 
assay (ELISA) technique. Ninety-six-well plates were coated with type II collagen (Sigma C1188) 
diluted (final concentration 2 µg/mL) in 100 µL of phosphate buffer (pH 9.3), then incubated 
overnight, washed three times and blocked using PBS containing 1% bovine serum albumin (PBS-
BSA) for 1h. The sera were incubated (37°C, 1 h) with 100 µL of serum (1:100). After the incubation 
with sera, all plates were incubated (37°C, 1 h) with anti-rat IgG secondary antibody HRP-conjugated 
(Invitrogen, Italy). The absorbance (OD) at 495 nm of antigen- and buffer-coated wells was measured, 
and the difference in mean OD values was calculated. All samples were assayed in duplicate to 
increase precision. 

2.15. Statistical analyses 

Experiments were repeated 3 times. Data were reported as the mean values ± standard error of 
the mean (SEM) or standard deviation (SD). 

To calculate the size of each in vivo treatment group G*Power 3.1 power analysis software was 
used, considering an 80% probability of detecting the difference and α error of 0.05. 

For the analysis of data derived from in vitro experiments, differences in means were assessed 
for statistical significance using ANOVA and Tukey tests, with p values < 0.05 considered significant. 

Statistical comparisons between animal groups were performed using a 2-Way ANOVA, with p 
values < 0.05 considered to be statistically significant. 

GraphPad Prism version 7.0 statistical software (GraphPad Software Inc., San Diego, CA, USA) 
was used for all statistical analyses and graphs. 
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3. Results and Discussion 

This study was designed as a proof-of-concept preclinical trial aimed at evaluating the safety 
and efficacy of the MSP. In particular, the focus of this investigation was the use of MSP technology 
to deliver methotrexate, a drug currently used in the management of RA, via subcutaneous 
administration. 

3.1. Physico-chemical characterization of unloaded and loaded Microsponge 

Hyaluronic acid-based MPS were synthesized using an established one-pot self-
precipitation/cross-linking method [30,37]. In contrast to previous studies, the hyaluronic acid 
utilized in this work has a higher molecular weight (1,590 kDa), compared to the reported ranges (20–
70 kDa [36] and 1,200 kDa [48], However, the synthesis steps remained unchanged to maintain the 
patented platform. This choice was based on literature, suggesting that high molecular weight HA 
exhibits anti-angiogenic and anti-inflammatory properties [49]. 

After synthesis, all formulations were freeze-dried, converting the suspension into a powder. A 
well-designed freeze-drying cycle ensures both the physical and chemical stability of the final 
formulation, thereby prolonging its long-term conservation. It also allows for adjusting concentration 
and dispersant type during reconstitution, facilitating easy redispersion for parental administration. 

Generally, the freeze-drying process involves: (i) initial freezing of the suspension, (ii) primary 
drying, during which water is removed from the formulation by sublimation without passing 
through a liquid phase, and (iii) secondary drying, which removes any adsorbed surface-bound 
water and reduces residual moisture content, resulting in a free-flowing dry powder. However, a 
drug delivery platform may be damaged during lyophilization and/or subsequent rehydration if 
appropriate stabilizers are not used. Such instability can lead to aggregation and coalescence of MSP 
into significantly larger constructs [46]. Cryoprotectants were not used in MSP formulation because, 
SEM analysis (Figure 3) revealed no evidence of morphological instability. This is evident by 
comparing panels A and B, for empty MSP and panels C and D, for loaded MSP. The result was 
confirmed by particle size analysis using the same technique (Table 3), showing no significant 
changes between filled and empty samples, before and after lyophilization. Moreover, all synthetized 
MSP displayed a spherical shape of nano-sized porous surface with a homogenous population 
(Figure 3, Panel E). 
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Figure 3. SEM images of: MSP before (Panel A) and after (Panel B) freeze-dry step; MSP loaded with 
MTX after centrifugation (Panel C) and after freeze-drying (Panel C); scale bar: 1 m; Morphology of 
MTX-MSP population by SEM (Panel E; scale bar: 20 m) and by Confocal analysis (Panel F, 3D 
rendering with isosurfaces where green colour indicates MTX, and red colour indicates MSP; scale 
bar: 5 m).). MTX spectra of MTX-MSP after centrifugation and lyophilization processes (Panel G). 
Picture of MSP loaded with MTX, centrifuged and lyophilized, after reconstitution with PBS buffer 
(Panel H). 

Table 3. Particle size of all samples by SEM. 

Formulation Centrifuged Lyophilized 
 Dimensions (µm ± SD) Dimensions (µm ± SD) 

MSP 8.34 ± 0.35 7.44 ± 0.64 
MTX-MSP 7.25 ± 0.55 6.87 ± 0.73 

To achieve effective loading of MTX on the porous surface of the MSP through physical 
absorption, lyophilized MSP were exposed to a MTX solution. For drug loading studies, the 
lyophilized formulation was used because according to Crotts and Park [50], the lyophilization 
process leaves pores open and available for drug loading by removing solvent (water). 

Absorbance measurements were taken on centrifuged samples at different time intervals to 
determine the time required to achieve maximum drug absorption. 

As shown in Figure 4, after 3 hours of contact, the MSP retained 91.76% of the initially loaded 
dose, expressed as entrapment efficiency, which corresponds to 0.125 mg of MTX. This result is 
promising for the in vivo studies, as the recommended weekly dose of MTX for humans is 7.5-15 mg 
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[51]. When adjusted for rats, the equivalent acceptable range for this study is 0.11-0.23 mg/week, 
based on dosage conversion criteria between animals and humans [52]. 

 

Figure 4. Entrapment Efficiency (EE%) and Loading Efficiency (LE%) of MTX-MSP over time. 

Results are presented as the average ± standard deviation (SD) (n = 3). 
After 24 hours, the data remained unchanged (data not shown), which is why 3 hours was 

established as the optimal time for drug loading. 
Analysis of the loading capacity of the MSP for MTX at the used concentration reveals that it is 

approximately of 110% at the 3-hour mark. This result indicates that 1 mg of MSP can effectively 
entrap the loaded MTX. The observed excess in the maximum amount of loaded capacity can be 
explained by the fact that the amount of MSP used in this experiment is fully capable of 
accommodating the MTX within the MSP pores [40]. In fact, when using 10 mg of MSP while 
maintaining a constant MTX concentration, the loading efficiency percentage decrease (data not 
shown). 

This finding is also confirmed by the data obtained by fluorescence confocal microscopy (Figure 
3, Panel F, and Figure S1, in Supporting Information). The image is acquired in xyz mode and 4x 
optical zoom and is shown in volume rendering with isosurfaces for the green and red channels. It 
shows that MTX (in green) is primarily localized within the pores of MSP (in red). Since drug loading 
is achieved through physical adsorption, the interaction between MTX and MSP is crucial to ensure 
strong drug-support interactions. According to a recent study [53], computational approaches 
suggest that MTX absorption on the HA surface within MSP pores is primarily due to polar covalent 
and electrostatic bonding in aqueous mediums [36]. 

Following, the sample was freeze-dried. This technique is commonly and widely used in the 
pharmaceutical industry to stabilize drugs, vaccines, antibodies, and other biological materials [54]. 
According to the literature, this process preserves API and its activity. However, it does not guarantee 
that the physical state of the final formulation remains unchanged [55]. To ensure that not only the 
morphology and size were not altered by this technique but also that the drug itself was stable, the 
MTX spectrum was analyzed. As shown in Figure 3, Panel G, no significant changes were observed 
in MTX spectra, confirming the stability of the MTX-MSP formulation after freeze-drying. 
Additionally, Panel H (Figure 3) shows that the formulation can be easily reconstituted within 
seconds, indicating no particles aggregation [39]. 

Table 4 shows the average particle size, expressed as 90th percentile, and ζ-potential values of 
empty MPS and MTX-MPS reconstituted after lyophilization. 
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Table 4. Mean particle size distribution of unloaded and loaded MSP after lyophilization using 
Mastersizer® 3000, when MSP are swollen. ζ-potential analysis of all samples using a DLS. Endotoxin 
concentration in all samples after synthesis process. All analyses were performed in triplicate (n = 3) 
and results are expressed as the mean ± standard deviation. 

Formulation Mean particle size (μm) ζ-Potential (mV) Endotoxin (EU/mL) 
MSP 34.5 ± 0.2 - 36 ± 2 < 0.01 

MTX-MSP 60.8 ± 0.5 - 43 ± 2 < 0.01 

Photon correlation spectroscopy revealed a particle size d (0.9) of 34.5 µm for empty MSP 
resuspended after freeze-drying. After the addition of MTX, the particle size significantly increased 
to 60.8 µm, indicating successfully drug loading into the MSP [56]. 

The ζ-potential values were measured as −36 mV for empty MSP and – 43 mV for MTX-MSP. 
According with the literature [57], particles with a ζ-potential higher than +30 mV or less than −30 
mV typically exhibit steric stabilization due to electrostatic repulsion forces, which prevent 
agglomeration. This suggests that the achieved ζ-potential values ensure steric stabilization and 
maintain the physical stability of the formulation. These findings indicate that both the composition 
and synthesis processes used in this work make the samples electrically stable. Additionally, the 
negatively charged particles demonstrate enhanced lymphatic uptake and prolonged retention time 
[57]. 

Manufactured samples must be free of microbial agents to protect tissues and reduce patient 
inflammatory and immune responses. Microbial agents can be introduced through raw materials or 
the manufacturing process. To ensure the absence of such agents, all samples were tested for 
endotoxin contamination. Endotoxins, which are lipopolysaccharides (LPS) from Gram-negative 
bacteria, are a common cause of toxic reactions due to pyrogens. Endotoxin assays test for viable 
Gram-negative bacteria and also detect LPS from dead bacteria. Therefore, the absence of LPS 
indicates an absence of pyrogens. In this study, samples were tested for endotoxins using a Limulus 
Amebocyte Lysate (LAL) assay. The results, shown in Table 4, indicated that each sample contained 
very low levels of endotoxin n each sample (below 0.01 EU/mL) [58]. This is significantly lower than 
the threshold for being considered endotoxin-free (0.5 EU/mL) [59]. These results confirm the 
suitability of the developed formulations for subcutaneous administration. 

3.2. MTX release studies from Microsponge 

The in vitro release of MTX from the loaded MSP was evaluated using a dialysis membrane and 
compared to the release profile of the free drug. Additionally, to assess whether the lyophilization 
technique altered the release capacity of the platform, release profiles of MTX from both lyophilized 
and centrifuged formulations were evaluated and compared. 

As shown in Figure 5, the conventional formulation (free MTX) released 50 % of the drug load 
after 30 minutes and was completely exhausted within 2 hours. In contrast, both MSP formulations 
exhibited an initial burst release followed by a sustained release phase, lasting over 30 days. 
Moreover, the freeze-drying step did not significantly modify the release profile of MTX. 
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Figure 5. Comparison of MTX release profile percentage among free MTX, MTX-MPS lyophilized and 
centrifuged. 

The absence of an initial burst release at the time zero from the formulation confirms the absence 
of non-encapsulated MTX on the exterior of the MSP. The MTX release reached about 14.51 % during 
the first few hours of the experiment, followed by a drastic drop in release-rate after 3 hours, 
indicating the onset of prolonged drug release from the MSP, thereafter lasting up and beyond 1 
month. Initially, the rapid release of the drug from the MSP could be attributed to the superficial 
MTX adsorbed on the porous surface, while the sustained release suggests that most of the drug is 
retained within the nano-sized pores [60]. Furthermore, the drug release from the MSP is also 
controlled by interactions between MTX and hyaluronic acid. In fact, the slow release of the drug 
from the MSPs can be explained by the results obtained by Faizul Azam et al. [53]. By all-atom 
molecular dynamics simulations, they showed that the HA-MTX complex is extremely stable in an 
aqueous solution, preventing the premature release of MTX immediately after resuspension at the 
time of administration. 

These findings support that the developed hyaluronic acid-based MSP are a promising drug 
platform for MTX, especially for RA. 

3.3. In vivo safety study 

As an initial step toward a preclinical evaluation, an in vivo safety experiment was conducted 
to evaluate the potential effects on target organs following a single injection of empty MSP and its 
individual components in a healthy animal model using both male and female Wistar rats. The study 
assessed the effect of a single subcutaneous dose of MSP on the structure and function of the liver, 
lungs, kidneys, and spleen of the rats. At sacrifice, blood, liver, kidneys, spleen, and lungs samples 
were collected for histological examination. 

As shown in Figure 1, animals were weighed three times: (i) before the administration of MSP, 
(ii) on day 4 after MSP administration, and (iii) the day before sacrifice. 

No significant body weight differences were observed between experimental and control groups 
(Figure 6). No adverse effects on body weights were noted in either sex throughout the study. No 
clinical signs of morbidity or mortality were observed during the study. 
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Figure 6. Body weight measurement. Data are presented as mean ± SD. 

Blood count parameters (Table S1, in Supporting Information) and histopathological evaluations 
(Figure 7 and S1 and Table 5 and S1) displayed no anomalies. In particular, no significant macroscopic 
differences were observed at necropsy, and no macroscopic or microscopic changes were reported. 

 

Figure 7. Histopathological analysis for safety study. Histological analysis of Knee Joint sections by 
H&E staining: (A) Liver; (B) Spleen; (C) Lung; (D) Kidney. 20 X magnification: Scale bar = 50 μm. 

Any histopathological change in examined organs did not reach statistical significance. Based 
on a combined score of architectural damage and inflammation (Table 5 and S2), histopathological 
evaluation revealed in fact no abnormalities related to the subcutaneous injection of MSP or its 
components. 

In conclusion, the single subcutaneous administration of two different doses of MSP (1 mg and 
5 mg), and their respective components (CL and HA), was well tolerated in rats and caused no 
adverse clinical or anatomical pathology findings, proving the safety of the DDP. 
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Table 5. Organs histological score. 

 Architectural Damage SCORE Inflammation SCORE 

Sample Untreated 
MSP 

(1 mg) 
CL 

(0.75 mg) 
HA 

(0.25 mg) 
Untreated 

MSP 
(1 mg) 

CL 
(0.75 mg) 

HA 
(0.25 mg) 

LIVER 0 < 1 1 0 0 0 1 < 1 

SPLEEN 0 0 0 0 0 0 0 0 

LUNG 0 < 1 0 < 1 < 1 0 0 0 

KIDNEY 0 0 < 1 0 0 0 0 0 

3.4. In vivo efficacy study 

Following the safety study, encompassing doses from 1 mg to 5 mg of MSP, we proceeded to 
conduct our preclinical studies, starting with an experiment using a dose of 1 mg of MSP and 0.125 
mg of MTX. The study investigated the efficacy of weekly subcutaneous treatment with MTX-loaded 
MSP compared to MTX alone, in the CIA rat model. At sacrifice, blood samples and knee joints were 
collected (Figure 2). The therapeutic efficacy of MTX loaded delivery platform was evaluated in terms 
of the histopathological RA score, a key parameter for assessing the anti-inflammatory effect. 

This specific histological RA score was evaluated for both posterior knees of the CIA animals. 
Similar body weight trends were observed in rats from several treated groups compared to the 
positive and negative control groups, without significant variations (Figure 8, Panel a). 

 
Figure 8. a) Body weight measurement; (b) ELISA assay against Ab -Collagen II. Data are 
presented as mean ± SD. *p<0.05 compared with negative control. 

To confirm RA induction in the positive control group and study post-RA induction changes in 
rats, the expression levels of autoreactive antibodies against CII (CII-specific IgG) were evaluated in 
the serum samples collected at the end of the experiment. The Anti-CII antibody levels in the positive 
control group and the empty MSP group were significantly higher than those in the negative control 
group (Figure 8, Panel b). 

The results suggest that treatments with free MTX and MTX-loaded MSP positively affected the 
pathology, influencing the levels of expression of antibodies against CII. Though not statistically 
significant compared to the positive control, a clear downward trend in antibody expression levels 
was observed in the treated groups, hinting to an improvement in therapeutic efficacy of MTX-MSP. 

To assess the impact of treatments on immune organ indices, spleen and thymus weights were 
measured at the end of the experiment to calculate thymus and spleen indices. Treatments had a non-
significant effect on both indices compared to both negative and positive control rats. No statistically 
significant differences were observed between groups (Figure 9, Panel a and b). 
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Figure 9. Analysis of Index of Spleen and Thymus at sacrifice. Data are presented as mean ± SEM. 

To evaluate the impact of weekly MTX-loaded MSP subcutaneous treatment on joint 
destruction, both posterior joints were analyzed histologically (Figure 10, Panel a). 

H&E staining of both hind limbs in the negative control group revealed normal structure, 
normal cellular organization, matrix staining, and tidemark integrity. Conversely, as expected, the 
analysis of RA rats in the positive control group showed structural irregularities, cellular clusters, 
reduced matrix staining, and altered tidemark integrity. These modifications were reflected in 
increased RA score in both limbs (Figure 10, Panel b). The average values used to calculate the RA 
score are reported in Tables S3, S4, and S5 (in Supporting Information). The histological RA scores 
for individual treated groups are presented in Figure 10, showing pooled data of both knees (Panel 
b), the score for the right (Panel c) and left limb (Panel d). 

Figure 10 (Panel b) presents the RA score calculated as the total sum of the analyzed knees. 
Treatment with MSP alone significantly reduces the RA score. An even more pronounced reduction 
was observed in the group treated with MTX alone. The MTX-loaded MSP group, however, exhibits 
the most significant reduction in this histological scoring. 

Figure 10, Panel c shows that all treatments significantly impacted the reduction of the RA score 
in the right knees. With the MTX alone group showing the greatest reduction. 

In Figure 10, Panel d, presents the results of the histopathological analysis of the left knees. The 
MTX-MSP lyophilized group achieves a significant reduction compared to the control group, 
although significant reductions are also evident in the other two groups. 

The beneficial histological effect observed with MSP alone may be attributed to the high 
molecular weight hyaluronic acid used in the platform’s synthesis, which appears to significantly 
impact inflammation associated with rheumatoid arthritis [49,61]. This result confirms that selecting 
1 mg of MSP is sufficient not only for effectively trapping the loaded MTX but also for having a 
significant biological effect associated with the presence of hyaluronic acid. 
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Figure 10. (a) Histological results of the knee joints stained with hematoxylin and eosin, scale 
bar=50m;(b) Rheumatoid Arthritis scores of rats in different groups for both analyzed knees; (c) 
Rheumatoid Arthritis scores of rats in different groups for right analyzed knees; (d) Rheumatoid 
Arthritis scores of rats in different groups for left analyzed knees. Data are presented as mean ± SD. 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared with positive control. 

Additionally, the expression levels of IL-1 were measured in the serum collected at the time of 
sacrifice. Although no significant decreases were observed, a clear downward trend in IL-1 
expression levels compared to the positive control group was evident. In fact, the expression levels 
of this cytokine in the groups treated with empty MSP and MTX-loaded MSP returned to similar 
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values as those in the negative control group, albeit with a slight but notable reduction, especially in 
the MTX-loaded MSP group (Figure 11). 

 
Figure 11. The levels of IL-1 cytokine from serum determined by ELISA assay at the end of the 
experiment. Data are presented as mean ± SD. 

The CBC analysis, shown in Table S6 (in Supporting Information), demonstrated no significant 
differences across the various treatments, including MTX alone, MSP alone, or the combination of 
MTX-MSP in rats. The CBC results indicate that all treatments had a similar impact on blood 
parameters, with no notable deviations or abnormalities observed in any of the treatment groups. 

The results from the initial preclinical study spurred a second confirmatory experiment, which 
was re-designed by increasing the MSP dose to 1.5 mg while maintaining the MTX concentration. 
This was done to determine whether a higher MSP dose would enhance the biological effect in the 
CIA rat model. Additionally, to ensure that the biological outcomes were not influenced by the 
platform preparation technique, we also evaluated efficacy using centrifuged MTX-MSP, i.e., where 
an empty MSP platform was provided as dry powder and the MTX liquid drug was loaded in it at 
the time of injection by simple mixing. Conversely, in the lyophilized MTX-MSP, both the drug and 
the platform were pre-lyophilized and provided as a pre-loaded powder ready for use off-the-shelf 
at time of injection. H&E staining analysis (Figure 12, Panel a) revealed that both treatment groups 
exhibited significantly lower histological RA scores compared to the positive control one (Figure 12, 
Panel b). 
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Figure 12. (a) Histological results of the knee joints stained with H&E, scale bar=50m; (b) Rheumatoid 
Arthritis scoring of rats in different groups for analyzed right knees. 

The data from this second animal set confirmed the results from prior experiment, proving that, 
while standard MTX treatment is effective (i.e., a significant reduction in the RA score exists, Figure 
12, Panel b), combining MTX with our MSP drug delivery platform substantially enhances the 
therapeutic effect. However, contrary to the results obtained in the first experiment, increasing the 
MSP dose alone did not lead to a significant enhancement of the biological effect, suggesting that the 
therapeutic benefits are due to the combination of the platform with MTX. 

4. Conclusions 

The results of this study demonstrate the potential benefits of the proposed MSP platform for 
clinical use in the treatment of rheumatoid arthritis, laying the groundwork for further development 
and optimization of this approach. 

Formulation studies highlighted the ability to achieve a homogeneous population capable of 
withstanding the freeze-drying process while maintaining its size characteristics and capacity for 
drug loading and release, resulting in a stable and easily resuspendable powder at the time of 
administration. Furthermore, the proven absence of endotoxins ensures its compliance for parenteral 
administration, which is crucial for preventing adverse reactions in patients and guaranteeing the 
safety of the product for clinical use. In vitro release studies showed that, compared to the drug alone, 
the MSP platform enables a slow and sustained drug release, which could potentially extend the 
therapeutic effect and reduce the frequency of administrations. 

Toxicity studies confirmed the safety profile of the MSP platform, both when tested alone and 
when loaded with the drug, demonstrating that it is well-tolerated with no significant side effects 
observed during preclinical testing. 

Finally, efficacy studies clearly showed that the MSP system outperforms traditional 
subcutaneous MTX administration in terms of overall therapeutic effectiveness, reducing the severity 
of RA symptoms and potentially improving long-term outcomes. 

Following the positive outcome of this study from both a formulative and pre-clinical 
viewpoints, follow-up research could consider a dose-finding study, to further optimize the 
formulation and tailor the MSP platform more effectively for RA management towards given target 
end-points in a clinical setting, e.g., either to minimize side effects (reducing dose) for a given 
therapeutic grade or to maximize efficacy for a fewer number of injections. Moreover, exploring 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2024 doi:10.20944/preprints202411.0336.v1

https://doi.org/10.20944/preprints202411.0336.v1


 20 

 

alternative routes of administration beyond subcutaneous injection could greatly enhance the 
versatility and applicability of this treatment across various medical conditions. The potential of MSP 
to address other clinical needs beyond RA and CRD, where a DDP for slow-release could be 
beneficial, should also be considered, e.g., type 2 diabetes, cancer treatment, ophthalmic intra-vitreal 
injections, mesotherapy, etc. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Confocal images of MSP; Figure S2. Histopathological analysis for 
safety study; Table S1. Effect of different concentration of MSP, CL and HA treatments in rats: complete blood 
count (CBC); Table S2. Organs histological score; Table S3. Rheumatoid Arthritis scores for the Right Knee; Table 
S4. Rheumatoid Arthritis scores for the Left Knee; Table S5. Rheumatoid Arthritis scores for the Total Knees; 
Table S6. Effect of different treatments of MTX, MSP and a combination of MTX-MSP treatment in rats: complete 
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