
Asian Journal of Pharmaceutical Sciences 19 (2024) 100887 

Available online at www.sciencedirect.com 

journal homepage: www.elsevier.com/locate/AJPS 

Review Article 

Development of biomedical hydrogels for 

rheumatoid arthritis treatment 

Mirza Muhammad Faran Ashraf Baig 

a , ∗, Lee Ki Wong 

a , Abdul Wasy Zia 

b , Hongkai Wu 

a , ∗

a Department of Chemistry, Hong Kong University of Science and Technology, Hong Kong 999077, China 
b Institute of Mechanical, Process and Energy Engineering (IMPEE), School of Engineering and Physical Sciences, Heriot-Watt University, 
Edinburgh, United Kingdom 

a r t i c l e i n f o 

Article history: 

Received 17 July 2023 

Revised 16 October 2023 

Accepted 5 November 2023 

Available online 5 February 2024 

Keywords: 

Rheumatoid arthritis 

Orthopeadic joints 

Hydrogel 

Therapeutics 

Mechanical properties 

Medicine 

a b s t r a c t 

Rheumatoid Arthritis (RA) is an autoimmune disorder that hinders the normal functioning 

of bones and joints and reduces the quality of human life. Every year, millions of people 

are diagnosed with RA worldwide, particularly among elderly individuals and women. 

Therefore, there is a global need to develop new biomaterials, medicines and therapeutic 

methods for treating RA. This will improve the Healthcare Access and Quality Index and 

also relieve administrative and financial burdens on healthcare service providers at a global 

scale. Hydrogels are soft and cross-linked polymeric materials that can store a chunk 

of fluids, drugs and biomolecules for hydration and therapeutic applications. Hydrogels 

are biocompatible and exhibit excellent mechanical properties, such as providing elastic 

cushions to articulating joints by mimicking the natural synovial fluid. Hence, hydrogels 

create a natural biological environment within the synovial cavity to reduce autoimmune 

reactions and friction. Hydrogels also lubricate the articulating joint surfaces to prevent 

degradation of synovial surfaces of bones and cartilage, thus exhibiting high potential 

for treating RA. This work reviews the progress in injectable and implantable hydrogels, 

synthesis methods, types of drugs, advantages and challenges. Additionally, it discusses 

the role of hydrogels in targeted drug delivery, mechanistic behaviour and tribological 

performance for RA treatment. 

© 2024 Shenyang Pharmaceutical University. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Rheumatoid arthritis (RA) is a chronic disorder that damages
the human joints due to an autoimmune abnormality [ 1 ,2 ].
The immune system starts destroying its cells, and due
to immune auto-response, some cytokines are released,
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such as interleukins (IL 6, IL 7, etc.), leukotrienes, and
other inflammatory mediators like tumor necrosis factors
(TNF- α), which lead to the destruction of biological and
physiochemical structures. The average incidence rate of RA
is 0.5% to 1% for adults and between 5 and 50 new cases
per 100,000 among elderly or female individuals are reported
every year among certain populations [3] . 
rsity. 
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Fig. 1 – The mechanism of pathogenesis in a rheumatoid 

arthritis joint and the associated inflammatory changes 
compared to a healthy joint. The figure has been 

reproduced from a template of an open-source platform of 
“biorender”. 
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RA is characterized by continual synovitis, angiogenesis 
nd immunological reactions which gradually damage joints,
ones and cartilage. Fig. 1 presents a systematic illustration of 
he pathogenesis and associated inflammatory mechanisms 
n RA joint compared to a normal joint [ 4 ,5 ]. Autoantibodies 
an be detected within the affected joints and serum 

f patients to assess rheumatoid factors and citrullinated 

eptides [ 3 ,6 ]. Up to a 50% genetic risk factor is attributed to
A development [7] , while smoking is another prominent risk 
hat contributes to RA in well-developed countries [8] . This 
isease proportionally exists more in women groups than in 

en and elderly groups [ 3 ,9 ]. Active RA is often uncontrollable 
hich makes patients suffer from painful chronic swelling,

issue damage, instability and deformity [ 10 ,11 ]. 
RA being a chronic inflammatory disorder usually 

ffects the patient’s synovial joints and bone tissue 
 12 ,13 ]. Immunological reactions in RA patients may lead 

o persistent synovitis, systemic inflammatory reactions,
nd the presence of autoantibodies in serum samples 
 14 ,15 ]. The RA treatment requires preventing discomfort 
nd inflammation, recovering the synovial fluids [ 16 ,17 ], and 

lowing down the autoimmune-driven gradual damage in 

oints [ 18 ,19 ]. Hydrogels may exhibit mechanical biomimicry 
f synovial fluids to protect the joints [20] to sustain normal 
unctioning of joints. In this context, the last decade 
as witnessed numerous advancements in biomedical 
aterials and polymer technology, and multiple studies 

ave demonstrated the potential application of biomedical 
ydrogels in RA treatment. Thus, this work reviews the 
rogress made in the synthesis and performance of hydrogels 
eing used for RA treatment in recent years. 

.1. Synergistic behaviours of synovial fluids and 

iomedical hydrogels 

iomedical hydrogels have demonstrated a good record of bio- 
imicking the synovial fluids for mechanistic, therapeutics 

nd lubrication purposes which are described below. 
.1.1. Mechanical behaviour of hydrogels for biomedical 
pplications 
ydrogels have been continuously applied to fabricate lenses 
nd drug delivery vehicles for medical purposes and tissue 
ngineering [ 21 ,22 ]. Physically, hydrogels are soft, porous and 

lastic materials in which a polymer matrix encapsulates 
arge amounts of water, drugs or other biological fluids 

ithout destroying the unique polymer matrix structure 
 23 ,24 ]. The hydrogel reaction mixture solidified into an 

lastic cushion-like structure after being injected into the 
ynovial cavity of the synovial joints. The cushion-like 
tructure is capable of absorbing mechanical stresses and 

resents high elastic recovery to restore its original structure 
rom mechanistic strains and elastic deformations. The 
elf-healing feature of hydrogels makes them suitable 
andidates for RA treatment [ 25 ,26 ] which are capable of 
rotecting articulating bone surfaces from degradation during 
ovements. 

.1.2. Biomimetic properties of hydrogels 
ydrogels are produced by hydrophilic polymers forming 
 three-dimensional network with crosslinking structures.
iomolecules and drugs can be incorporated into a this 
etwork for therapy or biochemical analysis [ 27 ,28 ]. In 

ddition, the biocompatibility of hydrogels can be controlled 

y the permeability of oxygen, nutrients and other water- 
oluble metabolites, which promotes the growth, restoration 

nd regeneration of damaged tissues. Hydrogels also possess 
ree radical scavenging properties that are necessary for 
iomedical applications in treating various diseases including 
A [29–31] . 

.1.3. Biotribology and lubrication performance of hydrogels 
or arthritic joints 
iotribology investigates the friction and degradation of 
rticulating joint surfaces due to the frictional effect subject 
o load/weight. The wear of joint materials is subject-specific 
nd appears as a critical factor for load-carrying joints 
uch as hip and knee joints. Friction increases and joint 
egradation accelerates when joint surfaces articulate under 
ry conditions i.e., when synovial fluid dimmishes in a 
ynovial cavity. In this case, the role of hydrogel role becomes 
ignificant as it can effectively decrease the friction between 

he articulating surfaces. 
Since hydrogels hold a large amount of fluids, they are 

ailored for a controlled-release mechanism and jelly-like 
ubricant for articulating joints [32] , reducing the friction 

nd degradation between the surfaces of moving bones and 

artilage [ 33 ,34 ]. Furthermore, the hydrogels exhibit intrinsic 
roperties such as swelling, de-swelling, re-swelling and self- 
ealing, which make them usable for an extended period to 
rotect the joints. 

.2. Application of biomedical hydrogels for RA treament 

he medicated hydrogels are reported to exhibit a stimuli- 
esponsive, temperature-sensitive, site-specific and pH- 
esponsive controlled release of antirheumatic drugs to the 
oints [35] . Therefore, they can be directly applied to the target 
oints to relieve pain, limit inflammation, mitigate surface 
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Fig. 2 – Illustration of different formulations to treat RA. The delivery carriers can transport a variety of drugs to treat RA, 
such as DMARDs (MTX), natural drugs (curcumin), NSAIDs (meloxicam), steroidal drugs (dexamethasone), etc. Among 
different formulations, hydrogels effectively provide a cushion between articulating joints to alleviate cartilage damage 
through immunomodulation. Hydrogels decrease friction, swellings, inflammations and pain, promoting bone/cartilage 
repair, recovery and regeneration. Moreover, hydrogels may carry nanoparticles, drugs, biomolecules and therapeutic 
modalities for targeted and prolonged delivery to the articulating joints. The figure has been reproduced from a template of 
an open-source platform of “biorender”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

deterioration, and cushion the joints to sustain normal joint
functioning [ 36 ,37 ]. Injectable hydrogel with intra-articular
injection has been introduced to advance the distribution
of drug loads to address the aforementioned challenges
[ 38 ,39 ]. Hence, sustained release and precise permeability
of therapeutic drugs to the target site becomes more
advantageous than rapid exposure to free drugs which may
trigger adverse effects [40] . Fig. 2 illustrates the therapeutic
mechanism of this methodology [41] . Based on available
literature reports, it is conceived that biomedical hydrogels
are a high-potential candidate for the therapeutic needs of
RA patients [ 42 ,43 ]. Therefore, the following sections discuss
formulations of medicated hydrogels for potential use in RA
treatment in detail. The mechanical and pharmacological
manifestation of hydrogels, as well as their pros and cons, are
elaborated for their use in RA treatment. 

1.3. Intra-articular injections of drug-loaded hydrogels 

The intra-articular injection is the localized administration
of the hydrogel reaction mixture into the soft tissues around
a joint, cartilage and synovial cavity. This technique has
certain advantages over the direct administration of free drugs
into the bloodstream. Therefore, this targeted approach can
avoid high-risk systemic toxicity of antirheumatic and anti-
arthritic drugs, or any negative impact on biocompatibility,
distribution, and pharmacokinetic profiles, due to poor
systemic stability caused by factors like metabolism or
excretion. Moreover, intra-articular injections bypass the
physiological barriers such as hard tissues which hinder
the accessibility of drug molecules to the synovial cavity
at the arthritic site. However, the intra-articular injection
technique is still struggling against certain challenges
such as swelling, allergic reactions to drugs or tissue
damage after localized and prolonged drug retention. It
is expected that the ongoing research and technological
advancements will overcome the challenges of prolonged
drug-release rates. Overall intra-articular injections prove
advantageous for minimal invasive surgery and protection
of critical body organs against toxic drugs used for RA
treatment. 

2. Overview of methodologies for RA 

treatment 

2.1. Current practices for RA treatment 

The current options for RA treatment predominantly rely
on medications, which primarily consist of painkillers or
occasionally steroidal drugs for adverse cases [44] . These
medications include but are not limited to analgesics
e.g., non-steroidal anti-inflammatory drugs (NSAIDs)
such as piroxicam, ibuprofen, and naproxen. [45] . They
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an also be immune-suppressants and disease-modifying 
ntirheumatic drugs (DMARDs) such as methotrexate (MTX),
lucocorticoids/steroids like prednisolone, antioxidants and 

ther immuno-modifiers [46] . 

.2. Anti-inflammatory drugs for RA treatment 

ain-relieving medications can be categorized into three 
ypes. The first type is NSAIDs. The second type is called 

teroidal drugs such as corticosteroids and glucocorticoids 
hich also possess anti-inflammatory activity. The third type 

s monoclonal antibodies that can target immune cells to 
lock the synthesis of immune modulators, preventing the 
ody’s immune system from damaging its cells to treat 
utoimmune diseases like RA. 

.2.1. NSAIDs for RA treatment 
SAIDs are known as pain-relieving medications such 

s piroxicam, naproxen, ketoprofen and aceclofenac.
hese drugs inhibit the cyclooxygenase (Cox) enzyme to 

imit the synthesis of inflammatory eicosanoids. Thus,
he conversion of arachidonic acid into prostaglandins,
hromboxane and prostacyclin is blocked by NSAIDs. The 
nflammation of the joints can be relieved by inhibiting 
ain mediators. Thus, NSAIDs are effective in relieving pain 

nd alleviating joint inflammation, redness, swelling and 

ever, and they also can slow down the progression of RA 

ymptoms and preserve the structure and function of the 
oints. 

.2.2. Steroids-based anti-inflammatory drugs for RA 

reatment 
he oral administration of steroids, including both 

orticosteroids and glucocorticoids, can suppress the immune 
ystem. Therefore, corticosteroids such as prednisolone and 

rednisone can quickly relieve inflammation, stiffness,
enderness and pain caused by RA within minutes which 

asts up to a few hours. However, the intake of artificial 
teroids decreases the release of natural steroids produced 

y the body, and doses may need to be increased over time 
o achieve the same level of therapeutic response. Prolonged 

ntake of steroids may have many adverse effects on protein 

nd fat metabolism in the body including adverse effects 
n mineralocorticoids, salt-ion balance and homeostasis,

eading to bone desorption. Thus, prolonged use or higher 
oses of steroids are not advised in medical practice. Most of 
he time, physicians prescribe low doses for a maximum of 
–3 months. If a high dose of prednisone is required, then the 
osage should be changed from 10 mg once per day to 5 mg 
wice per day. 

.2.3. DMARDs for RA treatment 
MARDs are a diverse group of drugs with many sub-types 
vailable in the market to treat RA. MTX, also known as 
 cytotoxic drug and immunosuppressant, is one type of 
MARD used to treat RA. Other types may include drugs that 
re not cytotoxic but still inhibit the immune system through 

arious mechanisms. The newest class of DMARDs recently 
pproved by the FDA is known as Janus kinase inhibitors,
hich can inhibit JAK 1, 2, 3, and even TYK2 to disrupt 
he intracellular pathway of JAK-STAT. The inhibition of the 
AK/STAT pathway will block the release of inflammatory 
ytokines to decrease inflammation. Other types of DMARDs 
nclude monoclonal antibodies inhibiting interleukins (IL-6 
nd IL-7) like tocilizumab and sarilumab, as well as inhibitors 
f tumor necrosis factor (TNF) such as certolizumab and 

olimumab, etc. 

.3. Surgical interventions for RA treatment 

n addition to drugs, surgery is another ongoing treatment 
ractice. However, it is considered as the ultimate solution 

ccording to the latest clinical guidelines [47] . The associated 

isk includes a higher chance of trauma and subject- 
pecific suitability of the patient to withstand repeated 

urgical procedures conducted within a short period [48] .
evertheless, post-surgical interventions still require the use 
f drugs for RA therapy, that will aggravate the patient’s 
ondition, complicate healing, and may bring tremendous 
dverse effects [49] . 

.4. Major challenges in RA treatment 

urgery is not feasible for most patients due to subject-specific 
edical profiles, while none of the aforementioned drugs 

sed for RA treatment adequately address the treatment 
pecifications and requirements [ 50 ,51 ]. The major drawback 
ncludes inadequate therapeutic effects, which can not be 
chieved completely and permanently by using oral drugs due 
o poor performance and lack of targeted dosage to intended 

ites [52] . Furthermore, many antirheumatic drugs have lower 
ccessibility at drug absorption sites and have high clearance 
nd metabolic rates including the first-pass effect which 

efers to the metabolism of drugs by the liver [ 53 ,54 ]. Some
rugs bind with the plasma proteins such as albumin, which 

lows down the drug metabolism and increases their half-life 
nd toxicity to the non-targeted tissues [ 55 ,56 ]. Non-specific 
harmacokinetic biodistribution and toxic metabolites may 
ometimes aggravate drug-disease, drug-food and drug-drug 
nteractions [ 38 ,57 ,58 ]. Furthermore, inadequate elimination 

r excretion of antirheumatic drugs leads to frequent 
omplications in patients [ 37 ,59 ]. Therefore, antirheumatic 
gents raise noticeable and adverse incidents due to such 

easons. Hence, the major approach to address these 
nsatisfactory outcomes is achieving specific distribution of 
ntirheumatic drugs to the targeted sites [ 60 ,61 ]. 

. Hydrogel for RA treatment 

.1. Scope of hydrogels for RA treatment 

s discussed above, painful surgical interventions [63] and 

ntirheumatic drugs pose adverse effects [62] , have slower 
ecovery, and may encounter super-infections by resistant 

icrobes [64] . Recently, the research and development 
cope has focused on formulating safe medication target 
pproaches for RA treatment [65] . The hydrogel can be 
irectly injected into intended sites (joints) or targeted after 

mplantation [ 66 ,67 ]. Thus, intra-articular implantation of 
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the hydrogels (or post-injection) can provide a mechanically
elastic, sustainable and biocompatible cushion for the
joints [ 68 ,69 ]. It may protect against damage or mechanical
fragmentation of cartilage or bone layers and joint surfaces
[70] . The hydrogel-protected joints are expected to undergo
osteogenesis and re-mineralization of joints with a possibility
of recovery from RA [ 1 ,71 ]. Therefore, this work also covers the
synthesis of hydrogels and corresponding applications for RA
treatment. The principle behind the combination of hydrogel
with medications is also described. 

3.2. Requirements of biomedical hydrogels for RA 

treatment 

There are some general properties required by hydrogel for
their successful application in RA treatment [72] . Firstly, the
hydrogel scaffold intended for RA treatment needs to be
highly biocompatible and immuno-modulatory, and should
not initiate hypersensitivity or allergic reactions, which is
essential and fundamental for RA treatment [73] . The second
requirement of hydrogel is to possess excellent mechanical
properties within the articular joints, including porosity, self-
healing, elastic recovery and biodegradation [74] by design.
The third requirement is suitable tribological performance
which provides sufficient lubrication to minimize frictional
effect, material degradation caused by wear, and effective
heat transfer [75] at a local scale. Finally, the fourth important
requirement of biomedical hydrogel is the capability to
control and sustainably release the loaded drugs [76] . Recent
studies show that there are two main types of hydrogels
suitable for RA treatment, including intra-articular injection
hydrogel and transdermal hydrogel [77–79] . Injectable
hydrogel shows excellent performance in substance delivery,
which needs to be degradable for drug-release purposes
[80] . 

3.3. Development of medicated hydrogels for biomedical 
purposes 

The injectable hydrogels can be crosslinked for gelation
within the target site after injection [81] . Light can
penetrate target sites like intra-articular joint cavities,
and initiate the conversion of a liquid monomer or
macromer by the cross-linking reaction to form a hydrogel
through free radical polymerization, even under controlled
ambient or physiological conditions [77] . Nevertheless,
photopolymerization for in vivo implementations is
challenging [75] . However, it has limited applicability in
certain disease conditions and narrow ranges of body
temperatures where pH may also vary at the site of infection
[42] . The treatment goal further involves avoiding toxic
materials like organic solvents and most monomers at the
injection site [82] . 

3.4. Drug loading in hydrogels for RA treatment 

Various types of injectable hydrogels, as well as transdermal
hydrogels, have been reported for delivering NSAIDs, steroidal
anti-inflammatory drugs and DMARDs. Examples are
summarized in Table 1 . The corresponding mechanisms
of steroidal, non-steroidal drugs and DMARDs to relieve RA
symptoms have been explained in earlier Sections 2.2 and
2.3 . 

4. Hydrogel synthesis through 

photopolymerization 

Photopolymerization is an established technique to overcome
treatment obstacles, as it offers mild polymerization which
is safe for cells and tissues [ 75 ,83 ]. The process involves
the use of photosensitizers for photo-initiations to start
crosslinking reactions that are capable of being activated at
lower light intensities [ 77 ,84 ]. This technique possesses a
short irradiation time, physiological temperature, and lower
levels of organic solvents, ultimately providing a viable option
to develop polymeric hydrogels within in vivo environments
[24] . 

4.1. Development of photo-crosslinked polymerized 

hydrogels 

Photopolymerization produces mechanically elastic and
crosslinked structures of the polymers [85] . A crosslinked
polymer matrix is essential for obtaining the required
mechanical elasticity for diverse applications [24] . The
photopolymerization technique has been extensively
demonstrated in different fields, such as material production,
microfluidics, membrane design, surface modifications and
coatings for biomedical engineering [86] . A key feature
of this technology is its ability to control polymerization
in terms of space and time. This technique exhibits high
curing rates at a range of temperatures without excessive
heat generation, and also the reaction time is significantly
quick which spans from a few seconds to several minutes
[87] . 

4.2. Methods to produce biomedical hydrogel scaffolds for 
RA treament 

Since photopolymerization is the most reported method to
synthesize hydrogel, biomedical hydrogels are designed to
undergo photopolymerization in both in vitro and in vivo
environments , facilitated by photo-initiators using ultraviolet
(UV), visible light or relatively safe low-power infrared (IR) light
which involves numerous reactions and pathways. Hence,
they have higher suitability to be tailored for biomedical
applications including RA treatment [88] . The development
of targetable technologies for RA treatment involves injecting
a mixture of reactants into the targeted area of the body
including affected RA joints. The short irradiation of light
initiates cross-linking reactions and transforms the reaction
mixture into a hydrogel. The properties and compositions of
hydrogel matrix can be tuned in situ to form intended shapes
and structures, and to induce desired mechanical properties
[89] . This swift and manipulatable photopolymerization
process has made it a valuable technique for various
biomedical applications, such as preventing thrombosis,
reducing post-operative trauma, targeted/sustained drug
delivery, biosensor coatings and cell transplantation [90] . 
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Table 1 – A summary of drug-loaded hydrogel scaffolds for rheumatoid arthritis treatment. 

Drug name Technique and method Advantages Ref 
Injectable hydrogels loaded with DMARDs 

MTX MTX-loaded HA-PLGA-DOTA complex 
nanoparticle-incorporated hydrogels 
were synthesized. 

A bi-modal MTX treatment mechanism 

was achieved using Lutetium177. 
[112] 

Iguratimod Hyaluronic acid (HA) was loaded with the 
biodegradable polyvinyl alcohol micelles 
encapsulating IGUR and was gelated in 
situ after injection. 

The hydrogel provided sustained control 
of drug release with excellent mechanical 
properties. 

[74] 

MTX A click-chemistry reaction to cross-link 
novel tetrazine-modified HA and 
trans-cyclooctene-modified HA. 

An excellent drug-release profile was 
achieved. 

[113] 

MTX The gelation was carried out in situ , and it 
contained AuNPs. 

Cytocompatibility was enhanced with 
improved mechanical properties of the 
hydrogel achieving controllable drug 
release. 

[114] 

MTX They integrated black phosphorus 
nanosheet material with a 
thermosensitive chitosan hydrogel rich in 
platelet plasma. 

The hydrogel exhibited thermosensitive 
properties and precision for controlled 
drug release. 

[75] 

MTX A chitosan-polyolefin was complexed 
with the Fe3 O4 nanocomposite and was 
loaded with MXT and growth factor β1 to 
attain a multifunctional hydrogel. 

The mechanical as well as 
anti-inflammatory properties were 
excellent, and it promoted the 
regeneration of cartilage. 

[115] 

MTX A self-assembled supramolecular 
hydrogel was synthesized using GD FD FD Y. 

The synoviocytes exhibited controlled 
migration and proliferation using this 
hydrogel scaffold showing its potential to 
treat RA. 

[65] 

MTX The polyelectrolyte complexes were 
synthesized by combining oligo-chitosan 
and hypromellose phthalates. 

This product provided precise control 
over drug release with thermosensitive 
properties. 

[103] 

Transdermal hydrogels loaded with DMARDs 
MTX The PCL- PEG-PCL triblock copolymers 

were synthesized with MTX-loaded 
nano-micelles. 

The hydrogels were loaded with 
nano-micelles releasing the MTX drug in 
a controlled manner across the skin 
layers. 

[108] 

MTX An MTX-loaded reservoir patch was 
linked to the hydrogel-based formation of 
microneedle arrays (HFMN). 

The hydrogels released the MTX drug in a 
controlled manner across the barrier 
layers of the skin. 

[107] 

MTX Mesoporous-silica NPs-laden eutectic 
hydrogel. 

Excellent transdermal therapeutic effects. [60] 

Injectable hydrogels loaded with various drug combinations (DMARDs/NSAIDs/siRNA) 
IND and MTX 

(and siRNA) 
A nanoparticles-laden hydrogel delivering 
MTX and Indomethacin (IND) with or 
without siRNA. 

Thermosensitive and controlled drug 
release. 

[ 116 ,38 ] 

Injectable hydrogels loaded with monoclonal antibodies-based anti-inflammatory drugs 
Infliximab Combining thermo-responsive hydrogel 

with microparticles by combining the 
pluronic F127/HA with poly ( γ -glutamic 
acid) (PGA). 

Inhibited inflammatory cytokines (IL-6, 
IL-7, IL-1 β) and TNF- α, reduced 
auto-immune damage to joints and 
enhanced repairing. 

[76] 

Injectable hydrogels loaded with NSAIDs 
Ketoprofen Anti-inflammatory action for RA. Sustained release of ketoprofen. [117] 
Transdermal hydrogels loaded with NSAIDs 
Ibuprofen The NPs made up of Eudragit L100 

polymer were loaded with ibuprofen and 
were complexed with the hydrogel 
matrix. 

The drug was controlled release and 
crossed the skin barrier. 

[118] 

Aceclofenac A NSAID containing transdermal 
hydrogels. 

Sustained release of the drug was 
achieved. The drug was delivered across 
skin layers towards the target site. 

[ 119 ,120 ] 
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Fig. 3 – Schematic of a free radical generation using 
photo-initiators to promote photopolymerizations. (A) A 

photo-initiator undergoes photocleavage to form free 
radicals after being exposed to UV light to promote the 
photopolymerization reaction. (B) Some photo-initiators 
generate free radicals by eliminating hydrogen (proton) 
from the H-donor to promote photopolymerization. 
(Reproduced with permission from [24] . Copyright 2002 
Elsevier). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. Role of photo-initiators for free radical 
photopolymerization to develop injectable hydrogels 

Various aromatic carbonyl compounds are used as photo-
initiators which can be photocleaved with UV irradiation
to form free radicals as illustrated in Fig. 3 A [24] . Thus,
photocleavage promotes the polymerization of a variety of
aromatic compounds including benzoin derivatives, benzil
ketals, benzil dimethyl ketals, hydroxy–alkyl-phenones,
acetophenones, etc. [ 24 ,91 ,92 ]. Acetophenone derivatives
such as 2,2-dimethoxy-2-phenyl acetophenone with acrylic
groups work efficiently as a photo-initiator. This type of
photo-initiator is used to formulate hydrogels derived from
acrylate polyethylene glycol (PEG) derivatives [93–95] . Another
type of photo-initiator acts as a proton (H) donor molecule. It
is oxidized after photo-cleavage by eliminating hydrogen and
promoting a reduction reaction as illustrated in Fig. 3 B [24] .
These photo-initiators not only act as H-donors but may also
contain aromatic ketones to form ketyl radicals. After the
initial reaction of the proton release, ketyl-radicals undergo
a coupling reaction to form a growing macromolecular
chain. 

4.4. Photopolymerization advantages in developing 
hydrogels for treatment 

Polymer cross-linking and hydrogel fabrication for in
situ treatment purposes is an aspiration for biomedical
applications [96] . This technique enables the formation
of intricate shapes of hydrogel scaffolds that have good
compliance with tissue structures and well adhere to them,
while providing great versatility and functionality [97] . The
matrix composed of crosslinked polymers entraps water
and drugs within its cavities to form flexible biomedical
hydrogels [91] . The cross-linking reaction is carried out
and the free radical formations are initiated using photo-
responsive compounds that are sensitive to UV, visible
or IR light [98] . A few researchers have safely carried out
reactions in situ (and in vivo ) from natural and aqueous
precursors. Photopolymerization is minimally invasive and
offers major advantages for hydrogel applications [99] . For
instance, the use of hydrogel also showed noteworthy benefits
when made with laparoscopy techniques, catheterization
or subcutaneous injections with or without the aid of
transdermal illumination [89] . 

4.5. Biomimicry of hydrogels to natural synovial fluid 

This section highlights the biomimicry of hydrogels to the
natural synovial fluid based on self-healing and mechanistic
behaviours. 

4.5.1. Self-healing properties 
The self-healing characteristics of hydrogels are crucial to
withstand contact stresses and frictional effects between
the articulating bones and cartilage surfaces. The self-
healing property of hydrogel has been improved lately by
using light-sensitive compounds such as irgacure that can
enhance the photopolymerization of host-guest complexes
of beta-cyclodextrin derivatives as a host molecule and
adamantane derivatives as guest polymolecules to form a
highly crosslinked hydrogel. 

4.5.2. Mechanistic behaviours 
Mechanical toughness, resilience, elasticity, elastic recovery
and fatigue strength are important criteria for hydrogels to
withstand stress and strain distributions at the interface of
articulating bone surfaces. Lubrication is another essential
element for establishing biomimicry in the synovial fluids as
discussed in Section 1.3 . 

5. Functionalization of hydrogels for RA 

treatment 

Hydrogel scaffolds can be used as drug delivery vehicles
and also to carry bifunctional molecules to develop a
variety of approaches for RA treatment [ 20 ,100 ]. Some recent
approaches are described in this section. 

5.1. Hydrogel functionalization to deliver DMARDs 

DMARDs are the recommended medications to treat RA
[56] . MTX is the most frequently used DMARDs due to its
outstanding performance in improving the functionality of
joints [101] . However, RA patients often overdose on MTX
in their daily intake, taking 15–25 mg per week which is
significantly higher than the official amount of 10 mg per
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Fig. 4 – Schematic of injectable PRP-chitosan hydrogels as a thermo-responsive scaffold biomaterial composite with BPNs as 
a photo-eradiation approach for RA therapy. (Reproduced from [75] Copyright 2020 Elsevier Ltd.). 
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eek [ 102 ,103 ]. The treatment even continues for four to 
ight weeks or longer, reaching and surpassing the maximum 

olerable dosage [102] . MTX is highly toxic to normal body 
ells if administered orally (or parentally) and is likely to 
aise biocompatibility concerns such as poor solubility, short 
lasma half-life and less permeability [104] . Moreover, MTX 

s an immunosuppressant that can slow down RA auto- 
mmune damage, and at the same time weaken the body’s 
mmune system against major pathogens such as bacteria and 

iruses. To solve these problems, targeted localized delivery 
f hydrogels can overcome MTX toxicity and even improve its 

ow biocompatibility after oral administration [ 105 ,106 ]. The 
ydrogels loaded with DMARDs (MTX) are expected to slow 

own RA, restore joint functioning, and reduce joint damage 
107] . These medicated hydrogels can effectively reduce joint 
welling, friction, pain and acute phases of inflammatory 
eactions [108] . 

.2. Types of injectable thermo-responsive hydrogel 
caffolds 

njectable hydrogels play a significant role by injecting liquid 

eactants into joints that are crosslinked in situ under IR 

rradiation as illustrated in Fig. 4 . Therefore, a novel thermo- 
esponsive hydrogel is reported by researchers that integrate 
latelet-rich plasma (PRP) to chitosan and black phosphorus 
anosheets (BPNs) and have demonstrated encouraging 
utcomes to treat RA and osteogenesis [75] . This thermos- 
ensitive as well as photo-activable hydrogel not only holds 
he potential to reduce inflammation but also promote 
steogenesis within the joints. 
The application of BPNs within the hydrogel generates 
ocalized heat when exposed to IR and releases reactive 
xygen species (ROS) within the inflamed parts. It helps 
o eliminate the hyperplastic synovial tissue in the joint 
75] . Moreover, the chitosan hydrogel is improved by adding 
RP which enhances mesenchymal stem cell capacity 
nd adhesion. In an experiment conducted with mice,
he joint surface treated with this hydrogel was smooth 

nd showed excellent lubrication, which reduced joint 
urface damage [75] . This thermo-responsive hydrogel 
as demonstrated the unique ability of drug release to 
romote the adhesion of mesenchymal stem cells. Thus,
he BPNs/Chitosan/PRP thermo-responsive hydrogel has 
hown significant potential for RA treatment through anti- 
nflammatory and osteogenesis mechanisms [75] . 

.3. Novel in vivo polymerized AuNPs-based composite 
ydrogel 

n in vivo study has reported a novel nanocomposite of gold 

anoparticles (AuNPs) with hydrogel containing MTX drug as 
llustrated in Fig. 5 A [109] . After administration into the joint,
t could rapidly crosslinked into the gel at the targeted location 

ithin the body and could be injected into the intra-articular 
avity of joints. Besides, this hydrogel was quickly produced 

ithin 8 min and exhibited enhanced elastic modulus,
ytocompatibility and cell adhesion. Whereas, the hydrogels 
ithout AuNPs took a longer time of 15 min to solidify 

109] . The superior mechanical and biological properties of 
his hydrogel were also attributed to the incorporation of 
uNPs. Another similar study has investigated the composite 
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Fig. 5 – Gold nanoparticles incorporated formulations as a potential rheumatoid arthritis treatment (A) Hydrogel with AuNPs 
has showen better cross-linking, mechanical properties, and sustained release of MTX. (Reproduced from [109] . Copyright 
2020 American Chemical Society). (B) Hyaluronate-AuNPs-toclizumab complex exhibited better efficacy in treating 
rheumatoid arthritis than without incorporating AuNPs. (Reproduced from [110] . Copyright 2014 American Chemical 
Society). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of hyaluronate with or without the incorporation of AuNPs
and tocilizumab [110] . It was observed that the efficacy of
treating RA was improved with AuNPs incorporation when
compared with the standard formulation of the drug (without
AuNPs) as shown in Fig. 5 B [110] . 

5.4. Self-assembled injectable hydrogel for RA treatment 

A group of scientists have explored a self-assembling
mechanism for drug delivery through hydrogel with GD FD FD Y
peptide and MTX [65] . A conjugation was developed due to
the interaction between carboxyl groups within MTX and
the aminated glycine in peptides as illustrated in Fig. 6
[65] . The peptides were stuck through π- π interactions and
successfully produced an injectable hydrogel upon intra-
articular injection. The hydrogels released MTX at a consistent
rate for a prolonged duration for passive biodegradation
after administration. After the MTX-GD FD FD Y peptide was
administered via intra-articular injection, it formed a gel
in the knee joints of adjuvant-induced arthritis mice (AIA
mice). That hydrogel inhibited proliferation, synoviocyte
invasion and polarization of pro-inflammatory M1-type
macrophages. It led to an effective therapy for RA by reducing
joint inflammation and degradation. Also, the performed
experiments turned out to give excellent results in targeted
drug delivery. It selectively increases the MTX toxicity for
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Fig. 6 – Illustration of the synthesis and administration of 
injectable hydrogels composed of GD FD FD Y peptide and 

MTX for rheumatoid arthritis treatment. (Reproduced from 

[65] . Copyright 2022 The Authors. Published by Elsevier Ltd). 

R
n
i
f  

H
M
R

6

6
o

T
c
a
o
d
d
d
s
t
r
a
w
c
n

b  

d
e
t
b
j

6
h

A
p
i
p
m
t
t
w
o
a
t
o
t  

p  

H
a  

T
b
e
t
d
a
n
c
a
f

7

C
w
c
t
a
t
w
a
w
a
R
s
d
r
r
s
t
p
p
t

A synoviocytes only while decreasing its toxicity to other 
ormal cells to minimize the adverse effects on the body. This 

njectable hydrogel significantly alleviated joint swelling and 

ever in adjuvant-induced arthritis during mice experiments.
ence, this study successfully established the potential of 
TX- GD FD FD Y hydrogels as a novel drug delivery system for 
A treatment. 

. Discussion and summary 

.1. Advantages of photopolymerized injectable hydrogels 
ver implantable hydrogels 

he application of injectable hydrogel for RA treatment 
an benefit patients with subject-specific compliance or 
dherence toward treatment and improved therapeutic 
utcomes. The drug effects are boosted by their specific 
istribution to inflammatory parts. A precise and targeted 

rug delivery to the desired site not only protects drug 
iffusion to the bloodstream but also the core body organs 
uch as the kidney and liver from damage caused by the 
oxic metabolites of drugs. Furthermore, the human body can 

egulate the degradation of the injected hydrogel scaffolds 
ccording to the constituents and physiological situation 

ithin the diseased tissue. A properly cross-linked hydrogel 
an be converted by the body tissues into less toxic or even 

on-toxic intermediates, which are then eliminated from the 
ody in a prolonged and biocompatible manner. Additionally,
ue to their softness and elasticity, hydrogel acts as an 

xcellent mechanical cushion for the mechanical support of 
he joints and bone articulating surfaces, reducing friction 

etween the internal lining of the joints, and protecting the 
oints comprehensively. 

.2. Disadvantages of photopolymerized injectable 
ydrogels over implantable hydrogels 

lthough hydrogel injection can provide several advantages to 
atients, some challenges still need to be addressed if photo- 

nitiations and the cross-linking reaction are not executed 

roperly. In this situation, the in vivo polymerization reactions 
ay remain incomplete due to undesired synthesis, and 

he produced hydrogels could be mechanically unstable due 
o poor crosslinking or improper chemical reactions. This 
ill influence the biological environments and biomolecules 
f the target organs as well. Also, ineffective crosslinking 
nd chemical reactions may lead to systemic exposure to 
oxic organic compounds. A mechanically loose network 
f polymers may lead to rapid cytotoxic drug release 
o the unintended tissues or even the targeted tissue,
otentially resulting in serious damage to core body organs.
ypersensitive reactions at the administration sites may 
lso occur, further aggravating the biocompatibility issues.
o overcome these drawbacks, highly cross-linked and 

iomimetic hydrogels with self-healing and mechanically 
lastic properties have been introduced recently, especially 
hose made from host-guest type of inclusion complexes 
erived from freshly synthesized derivatives of β-cyclodextrin 

nd adamantane. These hydrogels can withstand outstanding 
umbers of stress-strain cycles and mechanical stresses and 

an hold a certain amount of water, drugs and biomolecules 
gainst articulating bone/cartilage surfaces during their use 
or RA treatment. 

. Conclusion 

onclusively, RA is a chronic autoimmune disease in 

hich autoantibodies are formed which continuously 
ause synovitis and systematic inflammation. The current 
reatment primarily involves drug therapy, which carries 
 risk of toxicity, adverse effects and complications due 
o uncontrolled and generic distribution of drugs. This 
ork has reviewed different approaches for synthesizing 
nd modifying hydrogels for biomedical applications along 
ith targeted drug delivery to alleviate RA. Moreover, the 

dvantages and challenges of applying hydrogels to treat 
A are discussed. Hydrogel is a promising drug delivery 
ystem for treating RA because it has increased precision in 

rug delivery, drug distribution and release rates, and also 
educed adverse effects on patients. The essential properties 
equired by hydrogels for effective RA treatment include 
uitable self-healing, biodegradability design, and excellent 
ribological properties. Moreover, excellent mechanical 
roperties and targeted biocompatibility are also crucial 
arameters. Based on recent reports, studies have shown 

hat injectable hydrogels and transdermal hydrogels are two 
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major types of hydrogels that are suitable for RA treatment
[111] . The injectable hydrogel can deliver drugs such as
MTX as well as platelet-rich plasma. The hydrogel delivery
systems offer numerous benefits, including sustained drug
effects and mechanical cushioning for joints. However,
improper administration of hydrogels may also lead to
the mechanical instability of hydrogels and hypersensitive
reactions at administration sites. Overall, hydrogels have
the great potential to revolutionize the treatment of RA by
providing more targeted, safeand effective drug delivery
systems. 
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