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Abstract 

Hydrogel OA 2% is a dual-biomaterial viscoelastic implant developed for intra-articular treatment of osteoarthritis (OA). It 

consists of hydrolyzed bovine bone protein crosslinked with a carbohydrate, providing mechanical support and joint lubrication 

while maintaining biocompatibility. This study evaluated its preclinical safety in accordance with ISO 10993 and OECD Good 

Laboratory Practice (GLP) guidelines. Hydrogel OA 2% underwent cytotoxicity (L-929 fibroblast assay), genotoxicity (Ames 

and micronucleus), sensitization (guinea pig maximization), pyrogenicity (rabbit pyrogen), acute and 4-, 13-, and 26-week 

systemic toxicity studies (mice and rats), and intra-articular injection studies in rabbits. Histopathological and cytopathological 

assessments were performed at weeks 1, 4, 13, and 26 and compared with a hylan-based control gel and saline. No cytotoxic, 

genotoxic, sensitizing, pyrogenic, or systemic toxic effects were observed. Intra-articular administration induced minimal local 

reactions, with transient low-grade inflammation at week 4 resolving by week 13, where normal synovial and cartilage 

architecture was restored. Progressive phagocytic degradation resulted in near-complete material clearance by week 26 without 

pathological findings in lymph nodes or systemic organs. Chemical characterization and toxicological risk assessment further 

confirmed negligible biological risk. 
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1. Introduction 

Osteoarthritis (OA) is a chronic, progressive musculoskel-

etal disorder and a leading cause of pain, disability, and re-

duced quality of life worldwide. Global epidemiological anal-

yses demonstrate that OA affects hundreds of millions of in-

dividuals and that its prevalence continues to rise due to pop-

ulation aging, increased life expectancy, and the growing con-

tribution of metabolic and mechanical risk factors [1, 2]. In 

addition to its clinical impact, OA imposes a substantial soci-

oeconomic burden through healthcare utilization, work disa-

bility, and reduced productivity, making it a major public 

health challenge [1, 3]. 

Once considered a disease limited primarily to articular car-

tilage, OA is now widely recognized as a heterogeneous, 
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whole-joint disorder involving cartilage degeneration, syno-

vial inflammation, subchondral bone remodeling, and changes 

in periarticular tissues [2, 4]. Mechanical loading, low-grade 

inflammation, and biochemical signaling collectively drive 

disease initiation and progression. Synovitis and cartilage ma-

trix breakdown are key contributors to pain and functional de-

cline, while alterations in subchondral bone further exacerbate 

joint dysfunction [4, 5]. 

Current clinical management of knee OA is largely focused 

on symptom relief rather than disease modification. Conserva-

tive measures such as nonsteroidal anti-inflammatory drugs, 

physical therapy, and lifestyle interventions are commonly 

used in early stages, while intra-articular (IA) injections are 

frequently employed when these approaches are insufficient 

[6, 7]. IA therapies including corticosteroids, hyaluronic acid 

(HA), and platelet-rich plasma (PRP) have demonstrated var-

iable efficacy in reducing pain and improving function; how-

ever, their clinical benefits are often transient and inconsistent 

across patient populations [6, 8]. Systematic reviews and um-

brella analyses highlight the short duration of symptom relief, 

heterogeneity of outcomes, and limited impact on long-term 

joint structure associated with these interventions [8, 9]. 

A major limitation of conventional IA injections is the rapid 

clearance of injected agents from the joint cavity. Small mol-

ecules and soluble biologics are typically eliminated within 

hours to days via synovial vasculature and lymphatic drainage, 

necessitating repeated injection to maintain therapeutic bene-

fit [10]. Even viscoelastic agents such as HA exhibit finite in-

tra-articular residence times, with clearance kinetics influ-

enced by molecular weight and formulation [11]. Frequent 

dosing increases treatment burden and may elevate the risk of 

adverse effects, underscoring the need for IA platforms capa-

ble of prolonged joint retention and controlled biological in-

teraction [12]. 

In response to these challenges, injectable biomaterials, 

particularly hydrogels, have emerged as promising candidates 

for IA OA therapy. Hydrogels are three-dimensional, water-

swollen polymer networks that can be engineered to mimic 

aspects of native joint lubrication and viscoelasticity while 

providing mechanical support, sustained delivery, or bioactive 

interactions within the joint environment [12-14]. Their inject-

ability allows minimally invasive injection, and their physico-

chemical properties can be tailored to modulate mechanical 

strength, degradation rate, and biological response [12, 15, 16]. 

Recent advances in hydrogel design have focused on en-

hancing intra-articular retention, mechanical resilience, and 

functional integration. Strategies include the use of natural 

polymers, synthetic polymers, or hybrid systems; incorpora-

tion of adhesive or shear-responsive features; and develop-

ment of microparticulate or composite architectures to control 

distribution and clearance [12, 13, 17]. Natural polymer-based 

hydrogels derived from proteins and polysaccharides have at-

tracted particular interest due to their intrinsic biocompatibil-

ity, biodegradability, and similarity to extracellular matrix 

components [18, 19]. These materials can degrade into low-

molecular-weight products such as small saccharides and pep-

tides that are readily processed by endogenous metabolic path-

ways, reducing the potential for long-term accumulation [20]. 

For IA applications, hydrogel performance is not defined 

solely by mechanical or functional attributes. Biocompatibil-

ity, degradation behavior, and local tissue response are critical 

determinants of translational success. Preclinical studies of in-

jectable and bioabsorbable biomaterials demonstrate that 

clearance mechanisms often involve enzymatic degradation 

combined with phagocytic uptake by synovial macrophages, 

with limited systemic distribution when materials are appro-

priately designed. Persistent foreign-body responses or uncon-

trolled degradation can compromise safety and efficacy, high-

lighting the importance of comprehensive biological evalua-

tion [20-22]. 

Hydrogel OA 2% was developed to overcome the limited 

mechanical strength, shear susceptibility, and short intra-artic-

ular residence time of conventional hydrogels by using a novel 

dual-biomaterial design that integrates an ECM-mimetic pro-

tein matrix with a carbohydrate-based crosslinking system. 

The protein component provides a biologically relevant, hy-

drated microenvironment resembling native extracellular ma-

trix, supporting compatibility and contributing to desirable 

viscoelastic and lubricating properties. 

Mechanical performance is further enhanced by incorpora-

tion of cellulose nanocrystals (high-stiffness, high–aspect-ra-

tio nanomaterials) that reinforce the hydrogel network and 

substantially improve load-bearing capacity and rheological 

stability. Dense dynamic covalent crosslinks stabilize the 

composite matrix, imparting self-healing behavior and ena-

bling rapid structural recovery during repetitive joint motion. 

These combined features yield a mechanically resilient and fa-

tigue-resistant IA hydrogel that is better suited to withstand 

the demanding biomechanical environment of the knee. 

In parallel, the dual-material architecture is engineered 

to extend residence time by reducing early dilution, enzy-

matic degradation, and synovial clearance, while maintain-

ing a controlled and predictable bio resorption profile 

through gradual enzymatic and phagocytic processing into 

metabolizable fragments. This integrated strategy repre-

sents a meaningful advancement in IA biomaterial engi-

neering, providing prolonged durability without compro-

mising safety. 

Accordingly, regulatory and translational frameworks 

emphasize the integration of biological testing, chemical 

characterization, and toxicological risk assessment to sup-

port the safe use of novel IA biomaterials. Guidance docu-

ments and international standards, including the ISO 10993 

series, provide structured approaches for evaluating local 

tissue effects, systemic toxicity, and material-related risks 

associated with medical devices intended for prolonged 

contact or implantation [23]. The present study therefore 

undertakes a comprehensive biological evaluation of 

Hydrogel OA 2%, assessing cytotoxicity, genotoxicity, 

local and systemic responses, and chemical 

http://www.sciencepg.com/journal/jb


Journal of Biomaterials http://www.sciencepg.com/journal/jb 

 

3 

characterization with toxicological risk assessment to 

substantiate its suitability as a next-generation injectable 

biomaterial for knee osteoarthritis. 

2. Materials and Methods 

2.1. Ethical Considerations 

All biocompatibility tests were performed on the final ster-

ile product in accordance with the ISO 10993 series (Biologi-

cal Evaluation of Medical Devices), following full characteri-

zation and toxicological risk assessment per ISO 10993-1 

within a risk management process. In vitro and in vivo studies 

were conducted under OECD Good Laboratory Practice (GLP) 

(ENV/MC/CHEM (98) 17). Animal studies were approved by 

the relevant Ethical Committee prior to initiation. 

2.2. Materials 

Hydrogel OA 2% is a sterile Class III implantable viscoe-

lastic hydrogel composed of nonpyrogenic hydrogel micro-

particles suspended in DPBS. The main component is hydro-

lyzed bovine bone protein crosslinked with a carbohydrate. 

The device is supplied in prefilled 2.25 mL Luer-lock syringes 

(SCHOTT TOPPAC®) containing 2.0 mL hydrogel. 

The protein raw material is produced under European Cer-

tificate of Suitability (CEP) No. R1-CEP2000-029 Rev 6 in a 

GMP environment, with TSE compliance (EN ISO 22442-3: 

2007) and viral risk assessment (EN ISO 22442-1: 2015). The 

hydrogel contains 2% solids (pH ~6.5) and is terminally ster-

ilized by ionizing radiation. 

2.3. Preclinical Evaluation 

2.3.1. In Vitro Cytotoxicity 

Cytotoxicity was assessed using L-929 fibroblasts follow-

ing extraction of Hydrogel OA 2% in EMEM10 at 37°C for 

72 hours (0.2 g/mL). Cells were exposed to full-strength and 

diluted extracts and incubated at 37°C (5% CO₂) for 24–26 

hours. Cell viability was determined using the MTS assay with 

optical density measured at 492 nm. Detailed procedures are 

provided in the Supplementary Information. 

2.3.2. In Vitro Genotoxicity 

Genotoxicity was evaluated using a standard battery in ac-

cordance with OECD and ISO guidelines: Ames test (Salmo-

nella typhimurium TA98, TA100, TA1535, TA1537 and E. 

coli WP2uvrA), in vitro micronucleus assay in human lym-

phocytes, HPRT assay in mouse lymphoma L5178Y cells 

(OECD 476, 2016), and TK assay in human TK6 cells (OECD 

490, 2016), each with and without metabolic activation [24, 

25]. Detailed procedures are provided in the Supplementary 

Information along with Table S1, Table S2,Table S3, Table 

S4, Table S5, Table S6, Table S7 and Table S8. 

2.3.3. Guinea Pig Maximization Sensitization Test 

Delayed dermal sensitization was assessed in Dunkin Hart-

ley guinea pigs using intradermal and topical induction phases, 

followed by challenge application. Reactions were scored at 

24 and 48 hours post-challenge. Details are provided in the 

Supplementary Information. 

2.3.4. Rabbit Pyrogen Study 

Pyrogenicity was evaluated in New Zealand White rabbits 

following intravenous administration of saline extracts. Rectal 

temperatures were recorded pre- and post-injection to 

determine temperature elevation relative to baseline. Details 

are provided in the Supplementary Information. 

2.3.5. Intracutaneous Study in Rabbits 

Intracutaneous irritation was evaluated per ISO 10993-23 

following injection of Hydrogel OA 2%, Synvisc (control), 

and 0.9% NaCl (negative control). Erythema and edema were 

assessed up to Day 14. Details are provided in the Supplemen-

tary Information. 

2.3.6. Acute Systemic Toxicity in Mice 

Acute systemic toxicity was evaluated in OF1 mice follow-

ing intraperitoneal administration of Hydrogel OA 2% (50 

mL/kg). Animals were observed for clinical signs and body 

weight changes for 72 hours. Details are provided in the Sup-

plementary Information. 

2.3.7. 4-13-26 Week Systemic Toxicity in Rats 

Sprague Dawley rats received subcutaneous injections and 

were evaluated at 4, 13, and 26 weeks. Clinical observations, 

body weight, hematology, clinical chemistry, necropsy, organ 

weights, and histopathology were performed. Details are pro-

vided in the Supplementary Information. 

2.3.8. Local Tissue Effects After Intra-Articular 

Injections in Rabbits 

Intra-articular injections of Hydrogel OA 2%, Synvisc One 

(control), and 0.9% NaCl (negative control) were adminis-

tered bilaterally in rabbit knees. Local tissue responses were 

evaluated at 1, 4, 13, and 26 weeks through macroscopic, his-

topathologic, and cytopathologic assessments in accordance 

with OECD GLP, ISO 10993-6, and OARSI criteria. Synovial 

fluid, joint tissues, and draining lymph nodes were analyzed. 

Study design and animal distribution are summarized in Table 

1. 

 

http://www.sciencepg.com/journal/jb


Journal of Biomaterials http://www.sciencepg.com/journal/jb 

 

4 

Table 1. Number of intra articular sites and animals for local tissue effects study. 

 1 week 4 weeks 13 weeks 26 weeks Reserve D0 

Test group 10 sites 10 sites 10 sites 10 sites 2 sites / 

Control group 10 sites 10 sites 10 sites 10 sites 2 sites 2 sites 

Negative control group 2 sites 2 sites 2 sites 2 sites / / 

Number of rabbits (n) 11 11 11 11 2 1 

 

Animals were observed daily for general health and to de-

tect mortality and morbidity. A detailed clinical examination, 

including but not limited to general condition, behavior and 

activity, locomotion and posture was performed for each 

animal. Clinical signs of articular pain were closely followed 

up to 4 days. Body weight was recorded at Day 7 and then 

once a month. Details are provided in the Supplementary In-

formation. 

2.3.9. Chemical Characterization 

Exhaustive extractables were evaluated using hexane, iso-

propanol, and water (37°C and RT). Extracts were analyzed 

by GC-MS, LC-MS, ICP-MS, and HS-GC-MS as appropriate. 

The analytical evaluation threshold (AET) was calculated 

based on a dose-based threshold (DBT) derived from the tox-

icological concern threshold (TTC) per ISO/TS 21726. Details 

are provided in the Supplementary Information. 

 

3. Results 

3.1. In Vitro Cytotoxicity 

The in vitro cytotoxicity assessment demonstrated that Hy-

drogel OA 2% did not induce cytotoxic effects in L-929 

mouse fibroblast cells under the conditions of the study. The 

assay validity was confirmed as the negative control exhibited 

high cell viability, while the positive control produced the ex-

pected reduction in cell viability across tested concentrations. 

The test article extract showed cell viability values of 80.5% 

at full strength (100%), 79.6% at 50% dilution, 81.5% at 25% 

dilution, and 87.0% at 12.5% dilution. All measured viability 

values remained above the 70% threshold commonly used to 

indicate cytotoxic potential according to ISO 10993-5 criteria. 

These results indicate that Hydrogel OA 2% does not exhibit 

cytotoxic potential and demonstrates good cellular compati-

bility across the tested concentration range. 

Table 2. Cell viability levels at different concentrations for negative control and positive control). 

Material Percent Viability of Control Articles System Suitability 

Negative Control (100%) 90.7% Met criteria 

Positive Control (25%) 2.5% Met criteria 

Positive Control (20%) 1.9% Met criteria 

Positive Control (15%) 2.1% Met criteria 

Positive Control (10%) 15.8% Met criteria 

Positive Control (3%) 90.2% Met criteria 

Table 3. Cell viability levels at different concentrations for test article (Hydrogel OA 2%). 

Material Percent Viability of Test Article Cytotoxic Potential 

Test Article (100%) 80.5% No Cytotoxic Potential 

Test Article (50%) 79.6% No Cytotoxic Potential 
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Material Percent Viability of Test Article Cytotoxic Potential 

Test Article (25%) 81.5% No Cytotoxic Potential 

Test Article (12.5%) 87.0% No Cytotoxic Potential 

 

Validity of the test assay was confirmed based on the sys-

tem suitability criteria, see Table 2 and Table 3. 

3.2. In Vitro Genotoxicity 

No ≥2-fold increase in revertants (TA98, TA100, WP2uvrA) 

or ≥3-fold increase (TA1535, TA1537) was observed with 

Hydrogel OA 2% extracts in the presence or absence of 

metabolic activation. Both NaCl and DMSO extracts were 

therefore considered non-mutagenic in the Ames assay. 

In the in vitro micronucleus assay, Hydrogel OA 2% 

induced no statistically significant increase in micronucleated 

binucleated cells under short-term treatment (±S9) or 

continuous treatment (−S9). No dose-response trend was 

detected (Cochran-Armitage test not significant), and all 

values remained within historical control ranges. 

In the HPRT assay (OECD 476, 2016), negative controls 

were within established historical ranges and positive controls 

demonstrated assay sensitivity (RS ≥10%). No statistically or 

biologically meaningful increases in mutant frequency (MF) 

were observed under −S9 or +S9 conditions up to 5000 µg/mL. 

Mild cytotoxicity was observed at 5000 µg/mL with metabolic 

activation (RS = 77%), without precipitation-related 

interference. All MF values remained within the 95% 

confidence limits of historical controls, except one +S9 

concentration (2500 µg/mL), which remained within overall 

historical distribution and was considered non-impactful. 

In the TK gene mutation assay in TK6 cells (OECD 490, 

2016), no statistically or biologically significant increases in 

mutant frequency were observed following 4-hour (±S9) or 

24-hour (−S9) exposure up to 5000 µg/mL. Mutation 

frequencies remained below the global evaluation factor (126 

× 10⁻⁶) and within historical control distributions. 

Overall, Hydrogel OA 2% demonstrated no mutagenic or 

genotoxic potential under the experimental conditions. 

3.3. Guinea Pig Maximization Sensitization Test 

No evidence of dermal sensitization was observed follow-

ing injection of the test article at a concentration of 100% in 

the guinea pig maximization model. Although some animals 

exhibited local skin reactions at the intradermal injection sites, 

these were attributed to the use of Freund's Complete Adju-

vant (FCA), as expected, and were not related to the test article. 

These reactions were self-limiting and did not compromise the 

integrity or interpretability of the study. 

All animals remained clinically normal throughout the 

study, aside from anticipated FCA-associated dermal re-

sponses. The test article was non-irritant during the prelimi-

nary assessment, supporting its use at 100% concentration for 

both the second induction and the topical challenge phase. 

Importantly, no test animals showed dermal responses in-

dicative of delayed sensitization. A single deviation involving 

one animal during the preliminary test did not affect the out-

come or validity of the results. 

3.4. Rabbit Pyrogen Study 

No clinical abnormalities were observed throughout the study, 

and body weight remained stable with no significant differences be-

tween time points. Temperature monitoring following administra-

tion showed minimal fluctuations in all animals. The sum of indi-

vidual temperature increases did not exceed 1.15°C, remaining 

within the acceptance criteria specified by the European Pharmaco-

poeia. These findings demonstrate that Hydrogel OA 2% did not in-

duce a pyrogenic response under the conditions of the study. There-

fore, under the conditions of the study, the test article met the re-

quirements of the European Pharmacopoeia and was considered 

non-pyrogenic. The sum of the 3 individual temperature increases 

did not exceed 1.15°C (Table 4 and Table 5). 

Table 4. Temperature Measurements of the animals before injection. 

Rabbit number Weight (kg) Volume Injected (mL) 

Temperature Before Injection (°C) 

Temperature Before (°C) 

1.5h 1.0h 0.5h 0.0h 

N35853 2.2 22 39.44 39.09 39.02 39.16 39.09 

N35860 1.9 19 39.00 39.08 39.02 38.94 38.98 

N35861 2.0 20 39.13 39.12 39.02 39.00 39.01 
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Table 5. Temperature Measurements of the animals after injection. 

Rabbit number 

Temperature After Injection (°C) 

Temperature Increase (°C) 

0.5h 1.0h 1.5h 2.0h 2.5h 3.0h 

N35853 39.13 39.05 39.17 39.05 39.11 39.15 0.08 

N35860 39.13 39.09 39.08 39.04 38.99 38.95 0.15 

N35861 39.35 39.17 39.11 39.12 39.05 39.10 0.34 

    Total: 3 rabbits 0.57 

 

3.5. Intracutaneous Study in Rabbits 

Under the conditions of the study, the test article demon-

strated a mild and transient erythema response following in-

tracutaneous injection in rabbits. After the initial 72-hour 

grading period (Day 1 to Day 3), the difference between the 

test article and the negative control mean score was 1.3, 

slightly above the non-irritant threshold of 1.0. Importantly, 

this response showed a rapid and consistent decline, with the 

score decreasing below 1.0 by Day 4 and remaining low 

throughout the 14-day observation period, reaching a final 

score of 0.3 on Day 14. The control article produced minimal 

erythema responses, with a mean score difference of 0.5 at 72 

hours and a final score of 0.0 on Day 14. When compared with 

the sodium chloride negative control, Clinical Hydrogel OA 

2% demonstrated an initial response close to the acceptable 

limit but showed clear resolution over time, indicating good 

local tolerance. Additionally, when compared with the Syn-

visc® marketed control article, Clinical Hydrogel OA 2% 

demonstrated an irritant score of less than 1. Overall, the Tox-

icological Risk Assessment (TRA) identified no significant 

concerns regarding the risk of local adverse effects, including 

irritation or sensitization. 

3.6. Acute Systemic Toxicity in Mice 

Table 6. Mortality and Body Weight Data at Different Time Points Following Intraperitoneal Injection in Mice. 

 Test Article Negative Control 

Route 

and Dose 

Mouse 

Number 

Weight (g) 
Dead/ 

Tested 

Mouse 

Number 

Weight (g) 
Dead/ 

Tested 
T0 T24h T48h T27h T0 T24h T48h T27h 

IP 50 

mL/kg 

7877 19.2 19.8 21.0 21.7 

0/5 

7884 21.3 21.4 23.1 24.2 

0/5 

7878 18.3 19.4 21.5 22.0 7885 20.3 21.0 21.7 22.4 

7879 17.1 18.7 20.4 21.7 7886 17.8 18.0 19.2 20.5 

7880 19.6 21.2 22.7 23.5 7887 20.6 21.1 22.6 24.0 

7881 18.6 19.6 21.1 21.9 7888 18.0 18.0 19.3 20.0 

Mean 18.6 19.7 21.3 22.2 Mean 19.6 19.9 21.2 22.2 

SD 0.9 0.8 0.8 0.7 SD 1.4 1.6 1.6 1.7 

SD: Standard deviation 

IP: Intraperitoneal route 
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Table 7. Summary of the Clinical Observations at Different Time Points Following Intraperitoneal Injection in Mice. 

 Test Article Negative Control 

Score 0 1 2 3 4 0 1 2 3 4 

T0 5 0 0 0 0 5 0 0 0 0 

4 Hours 5 0 0 0 0 5 0 0 0 0 

24 Hours 5 0 0 0 0 5 0 0 0 0 

48 Hours 5 0 0 0 0 5 0 0 0 0 

72 Hours 5 0 0 0 0 5 0 0 0 0 

 

No mortality or evidence of systemic toxicity was observed 

in mice following intraperitoneal administration of Hydrogel 

OA 2% at a dose of 50 mL/kg. Body weight measurements 

remained within acceptable ranges throughout the study pe-

riod and did not show biologically significant differences 

compared with the negative control group. Clinical observa-

tions confirmed that all animals remained clinically normal, 

with no treatment-related abnormalities detected at any eval-

uated time point. These findings demonstrate that Hydrogel 

OA 2% met the study acceptance criteria and did not induce 

acute systemic toxicity under the conditions of the study. 

Mortality and Body weight data are presented in Table 6. All 

mice were clinically normal throughout the study. Clinical 

observations are presented in Table 7. 

3.7. 4-13-26 Week Systemic Toxicity in Rats 

Following subcutaneous injection in rats, systemic toxicity 

was evaluated from different aspects including mortality, clin-

ical observations, body weight and clinical pathology data. 

There were no premature deaths related to test article injection 

in the studies. There were no test article related clinical signs 

throughout the week 4, 13 and 26 observation periods in any 

rats, as well as no test article related statistically significant 

changes in body weights throughout the studies at any time 

point. 

To assess the clinical pathology data, hematology and clin-

ical chemistry parameters were evaluated. Blood from the ab-

domen of each rat was sampled to K2-EDTA containing and 

dry tubes for hematology parameters and clinical chemistry, 

respectively. There were no test-article related changes in he-

matology or clinical chemistry parameters for any of the ani-

mals from all-time points. 

Following exsanguination, a complete macroscopic 

observation of the tissue and viscera was conducted. Tissues 

listed in Table S9 were collected and preserved appropriately 

for histopathological evaluation. Paired organs were weighed 

together, and all tissues were fixed in 10% neutral buffered 

formalin (NBF), except for the testes, which were initially 

fixed in modified Davidson’s solution. The gastrointestinal 

tract and lungs were infused with fixative, and non-target 

tissues were retained in the carcass for potential future 

analysis. There were no test article related changes and no 

statistically significant differences between absolute organ 

weights and orgar/body weight ratios. The test article did not 

reveal any evidence of systemic toxicity in the examined 

tissues. Under the conditions of the study, there was no 

evidence of systemic toxicity from the test article 4, 13 and 

26-weeks after subcutaneous injection in rats, based on the 

clinical pathology data, organ weight, macroscopic and 

microscopic findings. 

3.8. Local Tissue Effects Study in Rabbit 

Local tissue effects of Hydrogel OA 2% were evaluated at 

week 1, 4, 13 and 26 following intra articular injection in com-

parison with hylan-based elastoviscous gel (control article: 

Synvisc One) and saline solution (negative control article: 

NaCl 0.9% injectable) (Table 8). 

At week 1, the test article induced no or minimal local tissue 

reaction according to Reactivity Ranking calculations. Syno-

vial changes, articular cartilage morphology, and synovial 

fluid smears were comparable across groups. 

At week 4, local tissue effects varied within the test group, 

with 7/10 joints showing low-grade inflammation and 3/10 

showing more pronounced inflammation. Synovial changes 

were more evident in joints with higher inflammation, con-

firmed cytopathologically in one of these joints. Articular car-

tilage morphology remained comparable in all groups. 

At week 13, no or minimal local tissue reaction was ob-

served. Synovial changes, cartilage morphology, and synovial 

fluid smears were comparable among groups, indicating no 

significant test-related alterations. 

At week 26, local tissue reaction was low-magnitude and 

considered absent or minimal compared with the control arti-

cle. Synovial membrane morphology, articular cartilage, and 

synovial fluid findings were comparable across groups. No 

pathologically significant findings were detected in draining 

popliteal lymph nodes at any time point. Body weight in-

creased throughout the study, and animals remained clinically 

normal without signs of pain or discomfort. 
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Table 8. Reactivity Ranking Score at Different Time Points Following Intraarticular Injection. 

Time Period Group Average Score Reactivity Ranking Reaction 

W1 

NC 0.7 NA NA 

C 2.0 NA NA 

T 3.6 vs C 1.6 minimal or no reaction 

W4 

NC 1.5 NA NA 

C 3.7 NA NA 

T 10.9 vs C 7.2 slight 

W13 

NC 0.3 NA NA 

C 2.1 NA NA 

T 3.1 vs C 1.0 minimal or no reaction 

W26 

NC 0.3 NA NA 

C 0.5 NA NA 

T 3.1 vs C 2.6 minimal or no reaction 

NC: Negative control 

C: Control 

T: Test article 

Over time, the presence of the test article decreased in the 

joint cavity and in the synovial stroma. At week 13 post-injec-

tion, the test article was no longer visible in the joint cavity 

but could still be found in slight amounts in the synovial 

stroma of most of test article joints. At the week 26 time point 

following injection, most of the test article joints showed min-

imal amounts of test article under the synoviocyte lining, 

along with slight numbers of vacuolated macrophages and gi-

ant cells. This observation suggests material phagocytosis, 

which is a possible mechanism for material degradation. In the 

synovial stroma of the remaining joint, no identifiable test ar-

ticle was found, but there were slight numbers of phagocytic 

cells. In conclusion, under the condition of this study and ac-

cording to the Reactivity Ranking score, the intraarticular in-

jection of the test article in rabbits was considered to induce 

no or minimal local tissue reaction at the week 1, 13 and 26 

time points according to the Reactivity Ranking calculations. 

At the week 4 time point however, the intra-articular injection 

of the test article induced variable local tissue reactions. Over-

all, there were no pathologically significant findings in the 

popliteal lymph nodes draining the test article at any of the 

time points. No pain or discomfort was observed with the an-

imals. 

D0 sites (i.e., joints injected at termination) were used to 

morphologically characterize the injected material before any 

degradation process has taken place. The test article consisted 

of multiple pieces of slightly vacuolated amorphous material, 

staining eosinophilic with SHE and blue-grey with ABS. The 

staining properties of the test article were the same as those 

observed at DO sites for SHE and ABS sections at week 1 

(Figure S1). Pieces of test article were observed in the joint 

cavity (9/10 joints, overall moderate amounts of material 

surrounded by synoviocytes/macrophages) and in the synovial 

stroma (10/10 joints, moderate to marked amounts of 

material). 

The average score of the changes observed at test article 

joints (3.6) was slightly higher than the average score obtained 

for control article joints (2.0) and negative control article 

joints (0.7). When compared to the reaction elicited by the 

control article, the test article was considered to induce no or 

minimal local tissue reaction one week after intra-articular 

injection, as per the Reactivity Ranking calculations. The 

synovial changes and articular cartilage morphology were 

comparable in all groups. 

At week 4, the test article showed staining properties 

similar to DO sites with SHE stain and slightly different with 

ABS stain, appearing yellow-grey at week 4 instead of blue-

grey (Figure S2). Small fragments were occasionally found in 

the joint cavity (4/10 joints), while variable amounts were 

consistently present in the synovial stroma, ranging from 

slight to marked accumulation, sometimes forming 

pedunculated outgrowths. Among the ten joints examined, 

seven displayed low-grade inflammation and three showed 

significant inflammation, with no clear correlation between 

inflammation severity and the amount of test article present. 

In joints with low-grade inflammation, mild fibrosis, slight 

neovascularization, limited macrophage and 

lymphoplasmacytic infiltration, and occasional giant cells 

were observed, with some macrophages showing evidence of 

test article degradation. In joints with significant inflammation, 

http://www.sciencepg.com/journal/jb


Journal of Biomaterials http://www.sciencepg.com/journal/jb 

 

9 

moderate fibrosis, increased vascularization, and abundant 

mixed inflammatory infiltrates were seen, including giant 

cells and macrophages with vacuoles indicating material 

degradation, along with fibrin deposits in the synovium or 

joint cavity. Overall, synovial changes varied in severity, 

being most pronounced in joints with stronger inflammation, 

while the femoral and tibial cartilage remained histologically 

unaffected. 

The inflammation caused by the test article was polytypic 

(vacuolated macrophages associated with giant cells, plasma 

cells and lymphocytes) while the inflammation caused by the 

control article was monotypic (essentially composed of 

vacuolated macrophages). The average score of the changes 

observed at test article joints (10.9) was clearly higher than the 

average score obtained for control article joints (3.7) and 

negative control article joints (1.5). 

When compared to the reaction elicited by the control 

article, the test article was considered to induce slight tissue 

local reaction four weeks after intra-articular injection, as per 

the Reactivity Ranking calculations. However, the local tissue 

reaction varied in the test group with 7/10 joints showing a 

low-grade reaction (overall similar or slightly higher than the 

one observed in control article joints) and 3/10 joints 

exhibiting a markedly higher reaction compared to the one 

observed in control article joints. Therefore, reactivity ranking 

on the group scale was not considered relevant. 

Synoviocyte hypertrophy and proliferation were 

comparable in all groups. Villous hyperplasia was higher in 

the test article group compared to the control and negative 

control groups. 

At week 13, the test article showed staining properties 

similar to DO sites with SHE stain and slightly different with 

ABS stain, appearing yellow-grey instead of blue-grey  

(Figure S3). Only one small fragment was found in the joint 

cavity (1/10 joints), while slight amounts of material were 

present in the synovial stroma of most joints (8/10), forming 

small aggregates or thin bands beneath the synoviocyte lining; 

in two joints, the material was absent but vacuolated 

macrophages indicated phagocytosis. Overall, tissue reactions 

were mild, characterized by slight fibrosis (4/10 joints), 

minimal inflammatory infiltration with small numbers of 

macrophages (9/10), rare giant cells (3/10), and lymphocytes 

(6/10). Macrophages and giant cells contained pale yellow 

cytoplasmic vacuoles suggestive of material degradation. 

Minor fibrin deposits were seen in a few joints (2/10), and the 

synovial membrane showed mild synoviocyte proliferation, 

hypertrophy, and villous hyperplasia. No significant 

histopathological changes were observed in the femoral or 

tibial articular cartilage. 

The average score of the changes observed at test article 

joints (3.1) was slightly higher than the average score obtained 

for control article joints (2.1) and negative control article 

joints (0.3). When compared to the reaction elicited by the 

control article, the test article was considered to induce no or 

minimal tissue local reaction thirteen weeks after intra-

articular injection, as per the Reactivity Ranking calculations. 

Synovial changes were absent in the negative control group, 

and comparable in the test and control groups. 

At week 26, the staining characteristics of the test article 

were similar to the Day 0 (DO) sites for SHE-stained slides 

and slightly different for ABS-stained slides, appearing yel-

low-grey instead of blue-grey  (Figure S4). No test article 

was found in the articular cavity of any joint (10/10). Minimal 

material (<1 mean score) was detected in the synovial stroma 

of 9/10 joints as small aggregates or thin bands beneath the 

synovial lining, while one joint showed only vacuolated mac-

rophages, suggesting phagocytosis. Local tissue effects were 

mild, with slight fibrosis in 4/10 joints and minimal inflam-

matory infiltration consisting mainly of macrophages, rare gi-

ant cells, and occasional plasma cells. The synovial membrane 

appeared normal, and no significant histopathological changes 

were observed in the articular cartilage of the femur or tibia. 

The local tissue effects were observed to be higher in the 

test article joints (average score of the changes: 3.1) compared 

to the control article joints (average score of the changes: 0.5) 

and negative control article joints (average score of the 

changes: 0.3) due to the presence of phagocytic cells in all the 

test article joints. Even if there were more inflammatory cells 

in the test group, the local tissue effects were low and fell 

within a comparable range to those of the control group, as 

determined by the Reactivity Ranking calculations. The 

morphology of the synovial membrane and articular cartilage 

was comparable in all groups. 

The intra-articular injection of the test article in rabbits 

caused no or minimal local tissue reactions at week 1, 13, and 

26. At week 4, variable responses were observed, with most 

joints showing mild changes and a few exhibiting more pro-

nounced reactions, making group-level reactivity ranking in-

appropriate. The test article was initially present in the joint 

cavity and synovial stroma but decreased over time; by week 

13, it was absent from the cavity and present only in small 

amounts in the synovial stroma. At week 26, minimal residues 

remained beneath the synovial lining, accompanied by slight 

macrophage and giant cell activity, indicating gradual phago-

cytic degradation. No test article residues or significant histo-

pathological changes were detected in the draining popliteal 

lymph nodes at any time point. 

3.9. Chemical Characterization/TRA 

To stress characteristics of the submitted materials under 

various chemical conditions, extraction was performed using 

solvents covering a range from non-polar to polar: hexane, 

isopropanol (IPA), and water. Water extraction was per-

formed at both 37°C and room temperature (RT, 15- 30°C). 

Extraction was performed exhaustively by NVR. Once ex-

hausted, reserved aliquots of the extracts were pooled and an-

alyzed. The hexane, IPA, and water (37°C) extracts were an-

alyzed by GC-MS for volatile to semi-volatile compounds and 

by LC-MS for semi-volatile to non-volatile compounds. The 
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water (37°C) extracts were also analyzed by ICP-MS for ele-

mental (metal and other) components. The water (RT) extracts 

were analyzed by HS-GC-MS for residual solvents and other 

volatile compounds. 

The NVR evaluation demonstrated that the hexane extract 

reached exhaustion after one iteration, the isopropanol (IPA) 

extract after two iterations, and the water (37°C) extract after 

six iterations. GC-MS analysis of the hexane, IPA, and water 

(37°C) extracts revealed no reportable compounds in any of 

the corresponding chromatograms. LC-MS analysis showed 

no reportable compounds in either positive or negative ion 

modes for the hexane and IPA extracts, while the water (37°C) 

extract contained one reportable compound in positive ion 

mode and none in negative ion mode. ICP-MS qualitative el-

emental analysis of the water (37°C) extract identified two el-

ements, with tungsten being the most abundant. Finally, HS-

GC-MS of the water (RT) extract identified eight reportable 

compounds. Findings were analyzed via toxicological risk as-

sessment. Of the nine organic compounds found above AET, 

five were handled implementing the Tolerable Exposure Limit 

(TSL) concept in accordance with ISO 10993-17. The remain-

ing four compounds were present with a margin of safety 

above 1, based on conservative toxicological assessment. No 

significant concerns were identified regarding to the risks of 

local effects, such as irritation and sensitization. The two de-

tected elements show margins of safety well above 1, based 

on very conservative toxicological assessment. Compounds 

for which the toxicological risk was not possible, or deemed 

sufficient, to address using TSL, together with the margins of 

safety calculated as per ISO 10993-17, are summarized in Ta-

ble S10. Overall, it was concluded that the risk assessments of 

all of the extractables from the Hydrogel OA 2% demon-

strated Margin of Safety (MoS) values above 1 in all cases, 

confirming unlikely presence of systemic risks, including gen-

otoxicity and carcinogenicity. Hence, the biological risk to the 

patient is considered free. 

4. Discussion 

The preclinical assessment shows Hydrogel OA 2% deliv-

ers outstanding safety and biocompatibility results because it 

operates as a dual-biomaterial viscoelastic implant made from 

a cross-linked protein matrix and polysaccharide-based cross-

linker. The comprehensive testing strategy, incorporating both 

biological evaluation and chemical characterization, provides 

a robust, risk-based assessment aligned with the ISO 10993 

framework [26]. The complete set of in vitro and in vivo eval-

uations demonstrated that the compound does not induce cy-

totoxicity, genotoxicity, sensitization, pyrogenic reactions, or 

systemic toxicity, supporting its suitability for osteoarthritis 

(OA) treatment through intra-articular injection. In the intra-

cutaneous irritation study, Hydrogel OA 2% showed a mini-

mal and transient irritant response following injection, with a 

mean score of 1.3 at Day 3 compared to the negative control. 

This value was close to the acceptance criterion (≤ 1.0) and 

decreased promptly, falling below 1.0 by Day 4 (score of 0.9) 

and further declining to 0.3 by Day 14, demonstrating com-

plete resolution over time and favorable local tissue tolerance. 

When compared with the marketed control article Synvisc®, 

Hydrogel OA 2% demonstrated an irritant score below 1, with 

an observed score of 0.5 that remained low and within the ex-

pected range of biological variability typically reported in in 

vivo irritation studies. The absence of pyrogenic responses 

and systemic toxicity further supports the favorable biological 

profile of the material. These findings are reinforced by endo-

toxin testing confirming compliance with acceptable endo-

toxin limits, with detailed results provided in the supplemen-

tary data (Figure S5 and Figure S6). The toxicological risk as-

sessment identified no significant concerns related to local or 

systemic effects, including irritation and sensitization, associ-

ated with the detected extractables, and the Investigator’s Bro-

chure has been updated accordingly. Collectively, the research 

findings demonstrate that the hydrogel remains within the 

joint for extended periods while maintaining its mechanical 

properties without triggering harmful biological responses, 

supporting its potential as a safe and effective viscosupple-

mentation treatment for OA patients. 

In vitro safety profile 

The L-929 fibroblast cytotoxicity assay showed that Hydro-

gel OA 2% does not harm mammalian cells because it main-

tained cell viability above 80% at all tested concentrations in-

cluding the highest concentration. The results show that hy-

drogel components and leachables do not affect cell metabo-

lism or membrane stability which meets the requirements of 

ISO 10993-5 acceptability criteria. The Ames reverse muta-

tion assay and micronucleus and HPRT and TK6 gene muta-

tion assays performed in vitro showed no evidence of muta-

genic or clastogenic effects when the compound was tested 

with or without metabolic activation. The study produced re-

sults that are crucial for understanding a long-term intra-artic-

ular implant because they show that the cross-linked protein 

network and its breakdown products do not cause DNA dam-

age when exposed to body fluids or enzyme activity. The con-

vergence of negative results across bacterial and mammalian 

systems therefore provides a high level of confidence in the 

genetic safety of Hydrogel OA 2% [27, 28]. 

Systemic and local tolerability 

The hydrogel was also devoid of systemic toxic or pyro-

genic effects in murine and rabbit models. The acute, week 4, 

13 and 26 systemic toxicity studies showed no animal deaths 

and no behavioral changes or organ weight changes while all 

blood and chemical tests stayed normal for 26 weeks. The re-

search shows that the hydrogel degradation products and me-

tabolites produce no adverse systemic inflammatory or toxic 

effects in the body. The rabbit pyrogen test results showed that 

the material was non-pyrogenic because intra-articular inject-

ables require this property to prevent endotoxin-induced syn-

ovial inflammation from small product contaminants. 

Systemic toxicity was evaluated using different parenteral 
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routes for acute versus repeated‑dose studies to balance scien-

tific rigor with animal welfare. Intraperitoneal (IP) injection 

was selected for the acute study because it provides rapid, re-

liable systemic exposure and is widely used for single‑dose 

hazard identification in rodents, particularly when oral absorp-

tion may be limited or variable. Route‑dependent differences 

in toxicity are well documented; for example, antimony potas-

sium tartrate is essentially non‑toxic at high oral doses but 

causes marked mortality and liver lesions when given intra-

peritoneally, underscoring that IP administration represents a 

conservative ‘worst‑case’ approach for acute systemic hazard 

characterization [29]. 

In contrast, repeated IP injections over weeks are associated 

with an increased risk of local irritation, peritonitis, and adhe-

sions, which can confound interpretation of subchronic and 

chronic toxicity. Subcutaneous (SC) injection is therefore pre-

ferred for 4‑, 13‑, and 26‑week studies, as it is better tolerated 

for long‑term dosing, provides consistent systemic exposure, 

and more closely reflects the intended clinical use scenario for 

parenterally administered products. The use of SC dosing for 

repeated‑dose systemic toxicity is consistent with standard 

toxicology practice and avoids the cumulative local morbidity 

that can accompany prolonged IP administration. Additionally, 

unexpected toxicity of vehicles when given IP, such as poly-

ethylene glycol 200, has been reported, further supporting the 

choice of less invasive routes for long‑term studies [30]. 

Intra-articular biocompatibility and degradation 

The intra-articular injection studies in rabbits provide the 

most direct insight into the biological behavior of Hydrogel 

OA 2% within the joint environment. The histopathological 

and cytopathological evaluations conducted at week 1, 4, 13 

and 26 showed no significant local tissue reactions except for 

week 4 when a small number of joints displayed low-grade 

inflammation. The body produced an inflammatory response 

which naturally disappeared without harming cartilage tissue 

or causing fibrosis to advance or lymph nodes to become af-

fected. The transient inflammatory response observed at week 

4 after intra-articular injection of Hydrogel OA 2% appears 

consistent with normal macrophage-driven clearance rather 

than an adverse reaction. By week 13, inflammation had re-

solved and joint morphology resembled controls, coinciding 

with a marked reduction in detectable hydrogel. No material 

remnants were present by week 26. 

Histopathology revealed vacuolated macrophages, occa-

sional multinucleated giant cells, and mild fibrosis, findings 

characteristic of controlled foreign-material processing re-

ported for biodegradable biomaterials. Importantly, these 

changes were self-limiting and not accompanied by cartilage 

degeneration, synovial injury, or lymph node pathology. 

The macrophage and giant cell activation pattern through-

out time follows a standard foreign-body response which man-

ages biodegradation [20, 31] instead of causing inflammatory 

conditions. The histopathological findings observed following 

intra-articular injection of Hydrogel OA 2%, including the 

presence of vacuolated macrophages and occasional multinu-

cleated giant cells, are consistent with a known host response 

to implanted or injectable biomaterials. Macrophage-medi-

ated phagocytosis represents a common mechanism for pro-

cessing and clearance of biodegradable materials and plays a 

central role in regulating local tissue remodeling [20, 31]. The 

hydrogel disappeared from the joint cavity during week 13 

while the synovial lining contained only remaining traces 

which phagocytic cells consumed. The hydrogel completely 

disappeared from the joint space by week 26 [20]. 

The inverse relationship between inflammatory activity and 

material persistence supports the interpretation that the week 

4 response reflects peak phagocytic engagement during bio-

degradation rather than sustained immune activation. 

The clearance pattern aligns with established pathways for 

resorbable intra-articular materials [32], and the absence of 

granulomatous inflammation or persistent fibrosis differenti-

ates this response from adverse foreign-body reactions re-

ported for some cross-linked hyaluronan formulations. More-

over, the relatively high intra-articular dose used in this rabbit 

model, designed to enhance sensitivity in safety assessments 

[23], likely accentuated early macrophage recruitment without 

predicting clinical intolerance. Considering the known 

properties of the hydrogel-based intra-articular products, 

plausible conclusions can be considered as the findings were 

delayed rather than immediate and were characteized by 

changes in hostology without signs of pain or discomfort [33-

35]. This pattern is consistent with a benign local tissue 

response to the presence and degradation of a hydrogel 

biomaterial [36]. Overall, the complete resolution of inflam-

mation and preservation of cartilage integrity indicate that Hy-

drogel OA 2% elicits a controlled, non-adverse biological re-

sponse compatible with its intended intra-articular use. 

Hylan-based viscosupplements have been reported to in-

duce acute synovitis, as well as inflammatory cell infiltration 

in preclinical joint models [37]. In contrast, Hydrogel OA 2% 

displayed a more quiescent inflammatory profile, with mini-

mal cellular recruitment and no evidence of cytokine amplifi-

cation. This difference in inflammatory quality suggests that, 

unlike cross-linked hylan formulations, which may transiently 

activate innate inflammatory pathways and have been linked 

to pseudoseptic-type reactions [38], Hydrogel OA 2% can re-

side intra-articularly without provoking biologically meaning-

ful synovial inflammation. 

Chemical characterization and toxicological risk assessment 

Chemical characterization further strengthens the biologi-

cal safety profile by providing a detailed understanding of po-

tential extractables and leachables associated with Hydrogel 

OA 2%. Exhaustive extraction using solvents of increasing 

polarity (hexane, IPA, and water) demonstrated that the mate-

rial reached NVR exhaustion within a limited number of ex-

traction cycles, indicating a finite and controlled release pro-

file. Analytical evaluation by GC-MS, LC-MS, HS-GC-MS, 

and ICP-MS revealed a limited number of organic compounds 

and trace elements above the analytical evaluation threshold. 
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Subsequent toxicological risk assessment, performed in ac-

cordance with ISO 10993-17 and supported by ISO 10993-18 

chemical characterization principles, demonstrated margins of 

safety greater than one for all identified compounds, including 

Low Molecular Weight Chemicals. Importantly, no extracta-

bles were identified that raised concerns for systemic toxicity, 

genotoxicity, carcinogenicity, or local biological effects such 

as irritation or sensitization. These findings are consistent with, 

and complementary to, the negative outcomes observed in the 

in vitro and in vivo biological tests, reinforcing the conclusion 

that chemical constituents and degradation products of Hydro-

gel OA 2% are unlikely to pose clinically relevant risks. 

Implications for osteoarthritis therapy 

The preclinical safety data and degradation pattern of Hy-

drogel OA 2% shows promise for its application in treating 

osteoarthritis. The hydrogel structure contains viscoelastic 

properties and cross-linking elements which provide extended 

joint lubrication and mechanical support to maintain symptom 

relief beyond standard hyaluronic acid injection duration. The 

material shows no signs of ongoing inflammation or body-

wide toxic reactions which allows it to stay inside the joint for 

long periods to provide mechanical support and protection 

without harming the joint structure. Moreover, the observed 

phagocytic clearance pathway suggests that repeat injection, 

if required, are unlikely to result in cumulative residue or ad-

verse tissue remodeling. 

Clinical research needs to confirm preclinical findings by 

conducting clinical studies in human osteoarthritic joints. The 

Hydrogel OA 2% dual-biomaterial structure functions as a 

flexible delivery system which releases disease-modifying or 

anti-inflammatory agents through controlled release mecha-

nisms. The pre-clinical studies demonstrated a robust safety 

profile which supports initiation of human clinical trials ac-

cording to ISO and OECD guidelines. 

5. Conclusion 

The comprehensive ISO 10993–compliant preclinical pro-

gram demonstrated that Hydrogel OA 2% exhibits an excel-

lent biocompatibility and safety profile for intra-articular in-

jection. The hydrogel was non-cytotoxic, non-genotoxic, non-

pyrogenic, non-sensitizing, and free of systemic toxicity in 

both acute and settings week 4, 13 and 26 (Table 9). Intra ar-

ticular injection showed preserved synovial and cartilage mor-

phology at week 1, 13, and 26. Inflammation at week 4, dis-

appeared on its own without harming cartilage or synovial tis-

sue confirming high local tolerance and appropriate physio-

logical interaction with joint tissues. The hydrogel underwent 

progressive phagocytic degradation, consistent with a resorb-

able biomaterial and without signs of adverse or persistent ma-

terial buildup. 

Importantly, exhaustive chemical characterization com-

bined with toxicological risk assessment confirmed the ab-

sence of clinically relevant systemic or local risks, including 

genotoxicity and carcinogenicity. 

Together, these findings establish Hydrogel OA 2% as a 

safe, biocompatible, and biodegradable viscoelastic implant 

capable of long-lasting residence within the joint space while 

maintaining tissue integrity. The demonstrated biological 

safety supports further clinical translation and evaluation of 

Hydrogel OA 2% as a next-generation hydrogel designed to 

enhance joint function in osteoarthritis. 

Table 9. Biological safety summary of Hydrogel OA 2%. 

Biological Safety Test Model Results 

Cytotoxicity ISO10993-5 In vitro L-929 mouse fibroblast cells Satisfied 

Genotoxicity ISO10993-3, OECD 476 and 490 

In vitro AMES - Salmonella typhimurium tester strains, 

Escherichia coli tester strain WP2uvrA In vitro Micronu-

cleus - Human lymphocyte cell cultures In vitro HPRT - 

L5178Y cells In vitro mammalian cel mutation - Human 

lymphoblastoid TK6 cell line 

Satisfied 

Pyrogenicity European Pharmacopoeia (Chapter 2.6.8). Rabbit pyrogen test Satisfied 

Sensitization ISO10993-10 Guinea pig maximization test Satisfied 

Intracutaneous Study in Rabbits ISO10993-23 Rabbit irritation test Satisfied at day 14 

Acute systemic toxicity ISO10993-11 

4-13-26-week systemic toxicity ISO10993-11 

Acute systemic toxicity at 4, 24, 48 and 72 hours after in-

traperitoneal injection Systemic toxicity at 4-13-26-week 

after intracutaneous injection 

Satisfied 

Local tissue effects ISO10993-6 4-13-26-week after intra articular injection Satisfied 

Chemical characterization ISO 10993-18 

TRA ISO 10993-17 
Exhaustive extractables study 

Unlikely presence 

of systemic risks 
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This study provides an integrated preclinical evaluation of 

the biological safety, degradation behavior, and chemical risk 

profile of Hydrogel OA 2% under sensitivity-optimized con-

ditions. However, several limitations should be noted: (i) all 

in vivo data were generated in animal models and may not 

fully reflect the biomechanical and inflammatory complexity 

of human osteoarthritic joints, even though the rabbit intra-

articular model and extended follow-up to 26 weeks offer 

meaningful insight into biodegradation and tissue compatibil-

ity, differences in joint biomechanics, disease state, and syno-

vial microenvironment between animal models and human os-

teoarthritis may influence material behavior; (ii) chemical risk 

assessment was based on identified extractables under con-

trolled conditions and may not capture variability arising from 

patient factors, dosing strategies, or joint pathology; and (iii) 

comparative analysis was restricted to selected hyaluronan-

based controls. Despite these considerations, the concordance 

of biological, histopathological, and chemical findings sup-

ports a controlled, non-adverse safety profile and justifies pro-

gression to clinical investigation. 
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ABS Alcian Blue Safranin 

AET Analytical Evaluation Threshold 

AMES Bacterial Reverse Mutation Assay 

ANOVA Analysis of Variance 

CE Cloning Efficiency 

CEP Certificate of Suitability 

CO₂ Carbon Dioxide 

CPA Cyclophosphamide 

CRO Contact Research Organization 

DBT Dose-Based Threshold 

DMSO Dimethyl Sulfoxide 

D0 Day 0 

DPBS Dulbecco’s Phosphate Buffered Saline 

EtOH Ethanol 

FCA Freund’s Complete Adjuvant 

GC-MS Gas Chromatography–Mass Spectrometry 

GLP Good Laboratory Practice 

HMP Hydrogel Microparticles 

HPRT Hypoxanthine-Guanine Phosphoribosyl 

Transferase 

HS-GC-

MS 

Headspace Gas Chromatography–Mass 

Spectrometry 

ICP-MS Inductively Coupled Plasma–Mass 

Spectrometry 

IPA Isopropanol 

ISO International Organization for Standardization 

LC-MS Liquid Chromatography–Mass Spectrometry 

LMWC Low Molecular Weight Chemicals 

MF Mutation Frequency 

MMS Methyl Methane sulfonate 

MoS Margin of Safety 

MTS [3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium] 

NaCl Sodium Chloride 

NC Negative Control 

NVR Non-Volatile Residue 

OA Osteoarthritis 

OECD Organization for Economic Co-operation and 

Development 

PBS Phosphate Buffered Saline 

PEG Polyethylene Glycol 

PMCID PubMed Central Identifier 

PMID PubMed Identifier 

PMS phenazine methosulfate 

RS Relative Survival 

RT Room Temperature 

S9 Metabolic Activation System (Rat Liver S9 

Fraction) 

SHE Saffron-Hematoxylin-Eosin 

SOFG Safranin O Fast Green 

TG Thioguanine 

TK Thymidine Kinase 

TK6 Human Lymphoblastoid Thymidine Kinase 

Cell Line 

TRA Toxicological Risk Assessment 

TSL Tolerable Exposure Limit 

TTC Threshold of Toxicological Concern 

W Week(s) 
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