
1. Introduction
The COVID-19 pandemic has presented an array of
challenges and given rise to a spectrum of diseases
and health issues [1]. Foremost among the chal-
lenges of the pandemic is the swift transmission of
the SARS-CoV-2 virus [2]. Strategies to curb trans-
mission encompass extensive vaccination campaigns
[3], the implementation of public health measures
like mask-wearing [4] and social distancing [4], and
the promotion of hygiene practices such as frequent
handwashing [5]. The SARS-CoV-2 virus, which

causes COVID-19, primarily targets the respiratory
system [6]. However, it can also precipitate various
complications and impact other organs and bodily
systems [7]. COVID-19, an abbreviation for Coron-
avirus Disease 2019, is the ailment brought about by
the SARS-CoV-2 virus [8]. It manifests as a broad
spectrum of symptoms, spanning from mild to se-
vere respiratory ailments [9]. Common symptoms
include fever, cough, shortness of breath, fatigue,
loss of taste or smell, and body aches [10]. In severe
instances, it can progress to pneumonia and acute
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respiratory distress syndrome (ARDS) [11], a poten-
tially life-threatening condition [12]. Advanced stages
of COVID-19 may culminate in ARDS [11], charac-
terized by severe lung inflammation [13], culminat-
ing in respiratory failure [14]. ARDS can precipitate
breathing difficulties [14], diminished oxygen levels
[15], and potentially necessitate mechanical ventila-
tion in intensive care units (ICUs) [16]. Additionally,
COVID-19 can incite viral pneumonia [17], an in-
fection that inflames the air sacs in the lungs [17].
Pneumonia can trigger symptoms such as cough [10],
difficulty breathing [14], chest pain [17], and fever
[13]. COVID-19 has also been linked to an elevated
risk of blood clots [18] and abnormal blood clotting
[19], leading to conditions like deep vein thrombosis
(DVT) [20], pulmonary embolism (PE) [21], and
disseminated intravascular coagulation (DIC) [22].
Some individuals infected with SARS-CoV-2 may
develop myocarditis [23], an inflammatory condi-
tion affecting the heart muscle [24]. Furthermore,
COVID-19 can contribute to various cardiac com-
plications [25], including arrhythmias [26], heart fail-
ure [25], and acute coronary syndromes [27]. More-
over, COVID-19 can result in acute kidney injury
(AKI) in select cases [28], particularly in individuals
with severe illness [29]. AKI is characterized by the
abrupt loss of kidney function, leading to reduced
urine production and the accumulation of waste
products in the body [28]. SARS-CoV-2 can also in-
fluence the nervous system [30], eliciting a diverse
range of neurological symptoms [30]. These encom-
pass loss of taste and smell (anosmia and ageusia)
[31], headache [32], dizziness [33], confusion [34],
stroke [35], and encephalitis [36]. Some individuals
experience persistent symptoms [37] and complica-
tions even after recovering from acute COVID-19
infection [38]. This condition, recognized as long
COVID or post-acute sequelae of SARS-CoV-2 in-
fection (PASC) [39], may entail sustained fatigue
[40], respiratory issues [41], cognitive difficulties
(‘brain fog’) [42], and other protracted health prob-
lems [38, 40]. It is imperative to note that while these
conditions have been linked to COVID-19, not all
individuals infected with the virus will encounter
these complications. The severity and outcomes can
significantly vary among individuals. Timely med-
ical care, vigilant monitoring, and appropriate treat-
ment are pivotal in managing these diseases associ-
ated with the SARS-CoV-2 virus.

Drug delivery systems play a pivotal role in treating
diseases associated with the SARS-CoV-2 virus. A
range of antiviral drugs [8], including remdesivir
[43], have been rigorously investigated for their ef-
fectiveness against SARS-CoV-2 [8, 43]. These drugs
can be administered via diverse routes, including in-
travenous infusion [44] or oral ingestion [45], con-
tingent on the severity of the disease. Monoclonal
antibodies have demonstrated significant promise in
neutralizing the SARS-CoV-2 virus and mitigating
the severity of COVID-19 [46]. Delivery of these an-
tibodies can be accomplished through intravenous
infusion or subcutaneous injection [45]. Vaccines
stand out as one of the most potent strategies for pre-
venting COVID-19 and reducing disease severity
[47]. Varied vaccine types have been developed, en-
compassing mRNA-based vaccines (such as Pfizer-
BioNTech and Moderna) [48] and viral vector-based
vaccines (such as Oxford-AstraZeneca and Johnson
& Johnson) [49]. They are typically administered via
intramuscular injection [48, 49]. Inhalation drug de-
livery systems have been explored for precisely de-
livering antiviral drugs and immune-modulating
agents directly to the respiratory system [8, 45]. This
approach seeks to transport therapeutics directly to
the infection site, amplifying their efficacy and di-
minishing systemic side effects. Nanoparticles serve
as carriers for the targeted conveyance of drugs to
infected cells or tissues [50]. They provide safeguard-
ing against drug degradation [51], enhancement of
drug stability [52], and augmentation of bioavailabil-
ity [53]. Delivery systems reliant on nanoparticles
can be introduced through different routes, including
intravenous injection [45], oral administration [54],
or inhalation [55]. Localized drug delivery systems,
such as injectable hydrogels or implants [45], have
been harnessed to transport therapeutics directly to
infection or inflammation sites [56]. These systems
ensure the sustained release of drugs [57], maintain-
ing their presence at the target location for an ex-
tended duration [58]. Drug delivery systems also fa-
cilitate the administration of combination therapies
[45], wherein multiple drugs with complementary
mechanisms of action are dispensed simultaneously
or sequentially [59]. This approach can heighten ther-
apeutic efficacy and help surmount issues related to
drug resistance [60].
Polymer-based hydrogels have demonstrated signif-
icant potential in the realm of drug delivery for the
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treatment of diseases linked to the SARS-CoV-2
virus, notably COVID-19. These hydrogels offer a
distinctive array of advantages that aptly tackle the
specific challenges associated with delivering ther-
apeutics for viral infections [61]. Polymer-based hy-
drogels can be meticulously tailored to encapsulate
[45] and efficiently deliver antiviral drugs [8], such
as remdesivir [43] or protease inhibitors [62], direct-
ly to the intended target site [58]. The hydrogel ma-
trix serves as a protective shield, guarding the drug
against degradation [63], enhancing its stability [64],
and facilitating sustained release [57], thus enabling
an extended therapeutic effect [56]. Hydrogels also
find utility in conveying immune-modulating agents
[8, 45], such as cytokines [65] or immune checkpoint
inhibitors [62], for the regulation of the immune re-
sponse in COVID-19 patients [8]. These hydrogels
can orchestrate a localized and meticulously con-
trolled release of immune modulators [8, 45, 57],
thereby fostering a targeted and finely balanced im-
mune response [36, 58]. Polymer-based hydrogels
are poised for deployment in vaccine delivery against
SARS-CoV-2 [48, 49], serving as vaccine carriers
[48, 49, 66]. They can vary in type and origin, depend-
ing on the specific application and requirements, as
shown in Table 1. They facilitate the controlled re-
lease of antigens [67] and adjuvants [68], culminat-
ing in an augmented immune response [36] and the
development of longer-lasting immunity [36, 58].

These hydrogels can be administered through vari-
ous routes [45], encompassing injectable formula-
tions [69] or mucosal delivery systems [70]. Given
the primary respiratory system involvement in
COVID-19 [6], pulmonary drug delivery assumes
paramount importance [21]. Inhalable polymer-
based hydrogels can be meticulously designed to de-
liver therapeutic agents directly to the lungs [17, 71],
thus affording localized treatment while mitigating
systemic side effects [45, 71]. These hydrogels can
be engineered to possess appropriate rheological
properties for efficient aerosolization [72] and dep-
osition within the respiratory tract [6]. Furthermore,
polymer-based hydrogels are amenable to cus-
tomization with targeting ligands [73] or functional
groups, enabling precise site-specific delivery [45].
By incorporating targeting moieties that specifically
recognize infected cells [45] or receptors involved
in viral infection [61], hydrogels can amplify drug
accumulation at the intended target site [58]. This
enhancement markedly augments therapeutic efficacy
[74] while concurrently curtailing off-target effects
[45]. Hydrogels have also proven their mettle in the
realm of diagnostic platforms for SARS-CoV-2 de-
tection [75]. Tailored hydrogels can be meticulously
engineered to capture viral antigens [67] or antibod-
ies [41], thereby enabling sensitive and specific de-
tection of the virus in patient samples [45]. These
hydrogel-based diagnostic systems furnish valuable
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Table 1. Several types and origins of polymer-based hydrogels used for vaccine delivery against SARS-CoV-2.
Types of polymer based hydrogels Information for origins of polymer-based hydrogels

Synthetic polymer-based hydrogels

These hydrogels are synthesized from various synthetic polymers, such as polyethylene glycol
(PEG), polyvinyl alcohol (PVA), or poly(N-isopropylacrylamide) (PNIPAAm) [8, 45]. They are
designed with specific properties to enhance vaccine delivery, such as controlled release and pro-
tection of vaccine antigens [45].

Natural polymer-based hydrogels
Natural polymers like alginate, chitosan, and hyaluronic acid can be used to create hydrogels for
vaccine delivery [8]. These polymers are often biocompatible and can be modified to improve
their performance in vaccine delivery systems [45].

Protein-based hydrogels
Some hydrogels are formed from proteins, such as gelatin or collagen [57]. These protein-based
hydrogels can be used as carriers for vaccine antigens, and their biocompatibility makes them
suitable for vaccine delivery applications [72].

Peptide-based hydrogels
Peptide-based hydrogels, including self-assembling peptides, can be engineered to encapsulate
and deliver vaccine antigens. They offer precise control over the release kinetics of the vaccine
components [66, 67].

Hybrid hydrogels
Hybrid hydrogels are composed of a combination of synthetic and natural polymers or other ma-
terials. These hydrogels can be tailored to exhibit specific characteristics required for vaccine de-
livery, such as stability and adjuvant properties [81, 82].

Lipid-polymer hybrid hydrogels
These hydrogels combine the advantages of both lipids and polymers. They can be used to en-
capsulate lipid-based vaccine formulations, making them suitable for lipid nanoparticle-based
COVID-19 vaccines [8, 83].

Nanoparticle-loaded hydrogels
Hydrogels can also be engineered to contain nanoparticles, such as mesoporous silica nanoparti-
cles or lipid nanoparticles, which can carry vaccine antigens. These composite systems provide
enhanced control over antigen release [84, 85]



contributions to early detection and continuous mon-
itoring of COVID-19 [75]. In instances of severe
COVID-19, tissue damage and lung injury can ensue
[8, 17, 21]. Polymer-based hydrogels, armed with re-
generative properties, find utility in promoting wound
healing [76, 77] and facilitating tissue repair [78].
These hydrogels can efficiently transport growth fac-
tors [45], cytokines [65], or stem cells to the damaged
tissue [79], thereby expediting the healing process
[80] and restoring tissue functionality [45]. The de-
velopment and application of polymer-based hydro-
gels for diseases linked to the SARS-CoV-2 virus
continue to be active areas of research. Researchers
are actively exploring innovative hydrogel formula-
tions, optimizing drug release profiles, and incorpo-
rating advanced functionalities to enhance treatment
outcomes and effectively address specific challenges
associated with COVID-19. The inherent versatility
and tunability of polymer-based hydrogels render
them promising candidates for developing effica-
cious drug delivery systems tailored to combat viral
infections.
This paper endeavors to offer an updated overview
of the advancements in polymer-based hydrogel re-
search for drug delivery and the treatment of dis-
eases related to the SARS-CoV-2 virus. Polymer-
based hydrogels assume a pivotal role in facilitating
effective drug delivery within the context of SARS-
CoV-2-related diseases. By scrutinizing recent pro-
gressions in fabrication methods and accentuating

the exceptional attributes of polymer-based hydro-
gels, this review aims to illuminate the potential ap-
plications and advantages of these hydrogels in mit-
igating the challenges posed by these diseases.
Moreover, this study introduces original insights and
novel contributions through a new classification sys-
tem for polymer-based hydrogels used in drug deliv-
ery for SARS-CoV-2-related diseases. It provides an
updated evaluation of innovative polymer-based hy-
drogels utilized in the treatment of diseases associ-
ated with the SARS-CoV-2 virus in recent months
of 2023.

2. Main factors of drug delivery systems for
disease treatment related to SARS-CoV-2
virus

2.1. Traditional drug delivery systems and
novel drug delivery systems 

Both traditional and novel drug delivery systems
play pivotal roles in the treatment of diseases relat-
ed to the SARS-CoV-2 virus. Traditional drug de-
livery systems encompass established routes like
oral administration, sublingual administration, buc-
cal administration, rectal administration, intramus-
cular administration, subcutaneous administration,
intradermal administration, and intravenous admin-
istration [45], as illustrated in Figure 1. These well-
established approaches have been widely employed
in the management of various diseases, including
those induced by SARS-CoV-2. 
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Figure 1. Classification of the conventional or traditional drug delivery systems.



Regarding the SARS-CoV-2 virus, novel drug deliv-
ery systems have garnered substantial attention. These
pioneering strategies are designed to enhance drug
effectiveness, enhance patient compliance, and ad-
dress specific challenges related to COVID-19 treat-
ment. The novel drug delivery systems encompass
innovative methodologies, including rate-prepro-
grammed delivery, activation-modulated delivery,
feedback-regulated delivery, and site-targeting de-
livery [45], as depicted in Figure 2.
For diseases related to the SARS-CoV-2 virus, the
choice between conventional and novel drug deliv-
ery systems depends on factors such as the specific
therapeutic agent, the desired site of action, and the
desired pharmacokinetic profile.
Nature of therapeutic agents: for SARS-CoV-2 virus-
related diseases, therapeutic agents can vary widely.
These may include antiviral drugs, vaccines, mono-
clonal antibodies, or small molecules that target spe-
cific pathways involved in the infection [8]. The
choice of delivery system depends on the type of
therapeutic agent, including antiviral drugs, vac-
cines, and monoclonal antibodies. Some antiviral
drugs may require sustained and controlled release
to maintain effective drug concentrations in the body
[45]. Novel drug delivery systems, such as hydro-
gels, can provide this controlled release, ensuring a
consistent therapeutic effect over time. Vaccines often
require precise delivery to the immune system to
generate an immune response [8]. Conventional

routes like intramuscular or subcutaneous injections
are commonly used. However, novel vaccine delivery
systems, including hydrogel-based formulations, can
offer advantages such as improved stability and mu-
cosal delivery [45]. For monoclonal antibodies, these
large molecules often require parenteral administra-
tion. Conventional injections are typical, but novel
formulations, including hydrogels, can potentially
provide sustained release, reducing the frequency of
administration [45].
Desired site of action: depending on the disease
stage and target, the desired site of action may vary.
For SARS-CoV-2-related diseases, the target sites
can include respiratory tissues, mucosal surfaces, or
systemic circulation [45]. The choice of delivery sys-
tem depends on the site of respiratory delivery and
systemic delivery. For respiratory delivery, hydro-
gels can be advantageous for respiratory drug deliv-
ery due to their ability to form gels or films that ad-
here to mucosal surfaces. This is especially relevant
for diseases affecting the respiratory tract, like
COVID-19 [8]. For systemic delivery, conventional
injections are often used for systemic delivery to en-
sure rapid and reliable drug distribution. However,
novel formulations, including hydrogel-based nano -
particles, can provide sustained release for systemic
treatments [45].
Pharmacokinetic profile: this required for SARS-
CoV-2-related diseases can vary based on the thera-
peutic agent and disease stage. Some key considera-
tions include sustained release and rapid onset. For
certain therapeutic agents, maintaining a consistent
drug concentration in the body is crucial for efficacy
[45]. Hydrogels can offer sustained release, reducing
the need for frequent dosing. In some cases, rapid
drug action is essential, especially in acute situations.
Conventional drug delivery systems like intravenous
injections provide rapid onset. Still, hydrogels can be
designed to release drugs quickly when needed [45].
Novel drug delivery systems offer additional advan-
tages, such as targeted delivery [86], sustained re-
lease [87], or the ability to overcome biological bar-
riers [45, 88], which can be particularly beneficial in
addressing the challenges associated with the treat-
ment of SARS-CoV-2-related diseases. However,
conventional drug delivery systems still play an im-
portant role, especially for widely used drugs and es-
tablished routes of administration.

N. H. Thang et al. – Express Polymer Letters Vol.18, No.2 (2024) 160–192

164

Figure 2. Classification of the novel drug delivery systems.



2.2. Stimuli-responsive behaviors and their
effects on drug loading and releasing
parameters

The drug loading and release characteristics of a
drug delivery system are intricately influenced by
various environmental conditions, including pH,
temperature, ionic strength, solvent properties, drug
loading methodologies, and others. These factors
collectively play a pivotal role in shaping the per-
formance of drug delivery systems. For instance, al-
terations in pH and temperature can exert profound
effects on drug solubility, potentially enhancing or
diminishing it, while variations in ionic strength may
modulate electrostatic interactions and drug release
kinetics [45, 86, 89]. Consequently, researchers have
explored stimuli-responsive drug delivery systems
as a strategic approach to precisely control drug re-
lease in response to changing environmental cues.
Stimuli-responsive drug delivery systems are ingen-
iously designed to harness specific triggers, such as
alterations in temperature, pH levels, exposure to
light, application of magnetic fields, or ultrasound
waves, to initiate and modulate drug release [90].
These responsive systems offer a versatile means of
achieving controlled drug delivery, thereby optimiz-
ing therapeutic outcomes and minimizing side ef-
fects [45]. The manner in which drugs are loaded
into these systems and subsequently released is inti-
mately intertwined with the chosen stimuli and their
respective mechanisms of action.

For instance, consider the case of temperature-re-
sponsive polymer-based drug delivery systems, ex-
emplified by poly(N-isopropyl acrylamide) [91].
These polymers exhibit a unique behavior wherein
they swell at lower temperatures and collapse at
higher temperatures. This phase transition property
can effectively trap drug molecules within the poly-
mer matrix when exposed to elevated temperatures.
In contrast, when the temperature is lowered, the
polymer swells again, promoting the release of the
entrapped drug. This approach ensures that drug re-
lease occurs precisely where and when it is needed.
As an example, Figure 3 illustrates the synthesis of
polymer-based hydrogels, the encapsulation of drug
molecules within the polymer matrix, and the sub-
sequent release of the entrapped drug through tem-
perature-responsive behavior [45, 91].
Light-responsive drug delivery systems incorporate
photosensitive compounds, which can respond to
specific wavelengths of light. When exposed to light,
these substances can trigger changes in the polymer
structure or disrupt drug-polymer interactions, re-
sulting in a controlled release of the drug. This offers
a highly tunable method for modulating drug release
rates and durations [92].
Additionally, magnetic and ultrasound-sensitive drug
delivery systems leverage external forces to manip-
ulate drug molecules within the delivery vehicle.
Magnetic fields can be employed to direct drug-
loaded nanoparticles or carriers to specific target
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Figure 3. Processes of synthesizing, trapping drug, and releasing drug of temperature-responsive polymer-based hydrogels.



sites within the body, enabling localized and targeted
drug delivery [84]. Ultrasound, on the other hand,
can facilitate the controlled release of drugs by pro-
moting the disruption of drug carriers or enhancing
their permeability at the target site [45]. These modal-
ities provide precise control over drug release, re-
ducing systemic exposure and potential side effects.
The design and performance of drug delivery sys-
tems are intricately intertwined with the environ-
mental conditions and stimuli-responsive mecha-
nisms they employ. By harnessing these factors,
researchers have developed innovative strategies to
achieve controlled drug release, offering great prom-
ise for enhancing the efficacy and safety of pharma-
ceutical treatments.

2.3. Carriers in drug delivery systems for
disease treatment related to SARS-CoV-2
virus

In the context of disease treatment related to the
SARS-CoV-2 virus, various types of carriers are em-
ployed in drug delivery systems. These carriers serve
as vehicles to transport therapeutic agents to the target
site [86], enhance drug stability [52], improve drug
solubility [45], and provide controlled release profiles
[87]. Some commonly used carriers in drug delivery
systems for SARS-CoV-2-related diseases include
lipid-based nanoparticles [83], polymeric nanopar-
ticles [93], polymer-based hydrogels [94], viral vec-
tors [49], nanocarriers [83], and anti-body-drug con-
jugates (ADCs) [95] as illustrated in Figure 4.
Polymer-based hydrogels used as carriers in drug de-
livery systems for the treatment of disease related to
SARS-CoV-2 virus are conjugated polymers [94].

They are a class of macromolecules characterized by
a π-conjugated sp2 carbon-based backbone [94].
They are known for their remarkable properties, in-
cluding intrinsic flexibility, optoelectronic capabili-
ties, and solution processability. These properties
make them versatile materials for various applica-
tions. Conjugated polymers are classified into two
groups: conjugated homopolymers and copolymers.
For example, conjugated homopolymers consist of a
single species of repeating units, including poly(acety-
lene); poly(3,4-ethylenedioxythiophene) (PEDOT);
poly(thiophene); poly(p-phenylenevinylene) (PPV);
poly(pyrrole) (PPy); poly(aniline) (PANI) [96]. An-
other one, conjugated copolymers contain two or
more different types of repeating units, which
means they are composed of more than one type of
mono mer such as DPP-DTT; PEDOT:PSS; TBTT-
ProDOT [94, 96].

2.3.1. Lipid-based nanoparticles in drug
delivery systems for disease treatment
related to SARS-CoV-2 virus

Lipid-based nanoparticles are a type of carrier com-
monly used in drug delivery systems for the treat-
ment of diseases related to the SARS-CoV-2 virus.
They are composed of lipid bilayers that encapsulate
therapeutic agents, including antiviral drugs [8], nu-
cleic acids [8], or vaccines [8, 83]. They offer several
advantages for drug delivery. Lipid-based nanopar-
ticles are biocompatible and well-tolerated by the
body, reducing the risk of adverse reactions [97]. The
lipid bilayer of these nanoparticles provides protec-
tion to the encapsulated drug, shielding it from degra-
dation by enzymes or other harsh conditions in the
body [98]. Lipid-based nanoparticles can solubilize
hydrophobic drugs, improving their solubility and
bioavailability [99]. The lipid bilayers can be engi-
neered to control the release of the encapsulated drug,
allowing for sustained and controlled drug delivery
over an extended period [100]. The surface of lipid-
based nanoparticles can be modified with ligands or
antibodies to target specific cells or tissues [99, 100].
This targeting enhances the delivery of drugs to the
desired site, increasing therapeutic efficacy and re-
ducing off-target effects. Lipid-based nanoparticles
are widely used as carriers for mRNA vaccines against
SARS-CoV-2, such as the Pfizer-BioNTech and
Moderna COVID-19 vaccines [48]. These nanopar-
ticles encapsulate the mRNA molecules, protecting
them from degradation and facilitating their uptake
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Figure 4. Carriers in drug delivery systems for disease treat-
ment related to the SARS-CoV-2 virus.



into cells to produce viral spike proteins and subse-
quent immune response [101]. The lipid-based nano -
particles offer a versatile platform for drug delivery
in the context of SARS-CoV-2-related diseases [100].
They provide a means to enhance drug stability
[102], improve solubility [99], control release kinet-
ics [103], and target specific cells or tissues [99, 100],
ultimately improving the efficacy and safety of ther-
apeutic interventions.

2.3.2. Polymeric nanoparticles in drug delivery
systems for disease treatment related to
SARS-CoV-2 virus

Polymeric nanoparticles are another type of carrier
widely used in drug delivery systems to treat dis-
eases related to the SARS-CoV-2 virus. These nano -
particles are composed of biocompatible and bio -
degradable polymers [104, 105], such as poly(lac-
tic-co-glycolic acid) (PLGA) [77], polyethylene gly-
col (PEG) [106], or chitosan [107]. Polymeric nano -
particles can encapsulate a wide range of drugs, in-
cluding antiviral agents [104], antibodies [108], or
nucleic acids [109], protecting them from degrada-
tion and improving their stability [77, 106]. The re-
lease of the encapsulated drug from polymeric nano -
particles can be finely tuned by modifying the poly-
mer properties, such as molecular weight or compo-
sition [104]. This allows for controlled and sustained
drug release over an extended period, reducing the
frequency of dosing [106]. Polymeric nanoparticles
can be functionalized with ligands [104] or antibod-
ies on their surface to specifically target cells or tis-
sues involved in SARS-CoV-2 infection [106–109].
This targeted approach improves drug accumulation
at the desired site, enhancing therapeutic efficacy
and minimizing off-target effects. The polymeric
matrix of nanoparticles provides stability to the en-
capsulated drug, shielding it from enzymatic degra-
dation and harsh physiological conditions [104].
Some polymeric nanoparticles possess inherent im-
munomodulatory properties, which can be harnessed
to modulate the immune response against SARS-
CoV-2 [108]. For example, they can be engineered
to elicit specific immune responses or enhance the
delivery of vaccines [108]. Polymeric nanoparticles
have been extensively explored for vaccine delivery
against SARS-CoV-2 [110]. They can encapsulate
viral antigens or mRNA molecules, protecting them
and facilitating their uptake by immune cells, leading
to a potent immune response [104, 110].

Polymeric nanoparticles offer versatility in terms of
drug loading, release kinetics, and targeting capabil-
ities, making them valuable tools in the development
of drug delivery systems for the treatment of diseases
related to the SARS-CoV-2 virus. Their biocompati-
bility, tunable properties, and potential for immuno -
modulation make them attractive candidates for de-
livering therapeutics and vaccines against COVID-19.

2.3.3. Polymer-based hydrogels in drug delivery
systems for disease treatment related to
SARS-CoV-2 virus

Polymer-based hydrogels are three-dimensional
crosslinked polymer networks that can absorb and
retain large amounts of water or biological fluids
[111]. They have emerged as promising materials in
drug delivery systems for the treatment of diseases
related to the SARS-CoV-2 virus. The hydrogels can
serve as matrices to encapsulate therapeutic agents,
including antiviral drugs, antibodies, or nucleic acids
[112]. The hydrogel structure provides protection to
the encapsulated drugs, preventing degradation [113]
and improving their stability [52]. Hydrogels exhibit
a unique capability to control the release of drugs
over an extended period [45]. They can be engineered
to release drugs in a sustained manner, maintaining
therapeutic concentrations at the target site and re-
ducing the frequency of dosing [45, 111]. Hydrogels
can be designed to achieve targeted drug delivery.
By incorporating ligands, antibodies, or specific moi-
eties onto the hydrogel surface, they can selectively
interact with target cells or tissues involved in SARS-
CoV-2 infection [114]. This enables precise delivery
of therapeutics to the desired site, enhancing treat-
ment efficacy and minimizing off-target effects. Hy-
drogels can be applied topically or implanted at spe-
cific sites, allowing for localized drug delivery [45].
In the case of respiratory infections caused by SARS-
CoV-2, hydrogels can be formulated as inhalable or
intranasal formulations to directly target the respira-
tory system [114]. Hydrogels can immobilize antivi-
ral agents within their structure, creating a sustained
and localized antiviral effect. This approach can help
inhibit viral replication and reduce viral load at the
infection site [114]. Hydrogels have inherent prop-
erties that promote tissue regeneration and wound
healing. In the case of SARS-CoV-2-related dis-
eases, hydrogels can aid in repairing damaged lung
tissues or supporting the healing of skin lesions
caused by infection or medical interventions [115].
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Hydrogels offer versatility in terms of their compo-
sition, structure, and drug release properties, making
them attractive for developing drug delivery systems
for the treatment of diseases related to the SARS-
CoV-2 virus [114, 115]. Their ability to encapsulate,
protect, and release drugs, as well as their potential
for targeted and localized therapy, positions them as
valuable tools in combating COVID-19 and its as-
sociated complications [114, 115].

2.3.4. Viral vectors in drug delivery systems for
disease treatment related to SARS-CoV-2
virus

Viral vectors are a type of carrier or delivery system
used in gene therapy and vaccine development, in-
cluding for disease treatment related to the SARS-
CoV-2 virus [116]. They are derived from viruses
that have been modified to deliver therapeutic genes
or antigens into target cells [117]. There are different
types of viral vectors commonly used in gene thera-
py and vaccine development. The two main types are
adenoviral vectors [118] and lentiviral vectors [119].
Adenoviral vectors are derived from adenoviruses
[118], while lentiviral vectors are derived from
lentiviruses, such as the human immunodeficiency
virus (HIV) [119, 120]. These vectors have been en-
gineered to be replication-deficient and non-patho-
genic, making them safe for therapeutic use [116].
Viral vectors are used to deliver therapeutic genes or
genetic material into target cells [117]. In the context
of SARS-CoV-2-related diseases, viral vectors can
be designed to deliver genes encoding antiviral pro-
teins or immune-stimulatory molecules [117]. These
genes can enhance the host’s immune response, in-
hibit viral replication, or modulate cellular pathways
involved in the disease. Viral vectors have been em-
ployed in the development of vaccines against SARS-
CoV-2 [117]. In this approach, the viral vector is en-
gineered to carry a gene encoding a specific antigen
from the SARS-CoV-2 virus. When the viral vector
is administered, it enters host cells and expresses the
antigen, triggering an immune response [116]. This
immune response can lead to the production of anti-
bodies and the activation of T-cells, providing pro-
tection against the virus [117]. Viral vectors can be
designed to target specific cells or tissues. By mod-
ifying the viral vector’s surface proteins or incorpo-
rating targeting ligands, they can selectively bind to
receptors on specific cells, enhancing the delivery of
therapeutic genes or antigens to the desired target

[116, 117]. Although viral vectors have shown prom-
ise in drug delivery, safety considerations must be
addressed. These include the potential for immune
responses against the viral vector itself and the risk
of insertional mutagenesis, where the therapeutic
gene integrates into the host genome and potentially
disrupts normal cellular functions [117]. Extensive
preclinical and clinical studies are conducted to eval-
uate the safety and efficacy of viral vectors in drug
delivery systems.
Viral vectors have shown potential as effective car-
riers in drug delivery systems for the treatment of
diseases related to the SARS-CoV-2 virus. They offer
the advantage of efficient gene delivery and antigen
expression, which can elicit robust immune respons-
es and potentially enhance therapeutic outcomes.
However, careful design and evaluation are neces-
sary to ensure their safety and efficacy in clinical ap-
plications.

2.3.5. Nanocarriers in drug delivery systems for
disease treatment related to SARS-CoV-2
virus

Nanocarriers are a type of delivery system used in
drug delivery for the treatment of diseases related to
the SARS-CoV-2 virus. They are nano-sized parti-
cles designed to encapsulate and deliver therapeutic
agents, such as drugs, vaccines, or genetic material,
to targeted cells or tissues [83]. Nanocarriers can be
classified into several categories, including lipo-
somes [58], polymeric nanoparticles [104], lipid nano -
particles [58], and inorganic nanoparticles [50]. These
nanoscale structures are engineered to have specific
properties that enable efficient drug encapsulation,
protection, and controlled release [77, 83, 121]. Nano -
carriers provide a protective environment for drugs
or therapeutic agents, allowing them to remain stable
during transportation and delivery [122]. The drugs
can be encapsulated within the core of the nanocar-
rier or loaded onto the surface, depending on the spe-
cific design and composition of the nanocarrier.
Nanocarriers can be surface-modified with targeting
ligands or antibodies that selectively bind to recep-
tors or markers on specific cells, improving the speci-
ficity and efficacy of drug delivery [123]. This tar-
geted approach helps to increase drug concentration
at the desired site, reduce off-target effects, and en-
hance therapeutic outcomes [122]. Nanocarriers can
be designed to release the encapsulated drug in a
controlled and sustained manner. This allows for
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prolonged drug exposure at the target site, reducing
the frequency of dosing and improving patient com-
pliance. Nanocarriers have been utilized in the de-
velopment of vaccines against SARS-CoV-2 [83].
They can encapsulate viral antigens or genetic ma-
terial (such as messenger RNA) to enhance the im-
mune response and promote vaccine efficacy [123].
Nanocarriers provide stability to the vaccine com-
ponents and facilitate their uptake by immune cells,
triggering a robust immune response against the virus
[83]. Nanocarriers are designed to be stable in vari-
ous physiological conditions and exhibit biocompat-
ibility to minimize toxicity and adverse effects. Ex-
tensive characterization and testing are conducted to
ensure the safety and efficacy of nanocarriers in drug
delivery systems [122].
Nanocarriers offer several advantages in drug deliv-
ery for diseases related to the SARS-CoV-2 virus.
They can enhance drug stability, improve targeted
delivery to specific cells or tissues, and provide con-
trolled release of therapeutic agents [124]. Moreover,
nanocarriers have the potential to overcome biolog-
ical barriers, improve drug solubility, and protect
drugs from degradation, leading to enhanced thera-
peutic outcomes. However, thorough preclinical and
clinical studies are necessary to evaluate the safety,
efficacy, and long-term effects of nanocarrier-based
drug delivery systems in the context of SARS-CoV-2-
related diseases [124].

2.3.6. Antibody-drug conjugates (ADCs) in drug
delivery systems for disease treatment
related to SARS-CoV-2 virus

Antibody-drug conjugates (ADCs) are a type of drug
delivery system used for disease treatment, includ-
ing those related to the SARS-CoV-2 virus. ADCs
combine the specificity of antibodies with the cyto-
toxicity of drugs, allowing for targeted delivery of
potent therapeutic agents to specific cells or tissues
[95]. ADCs consist of three main components: a
monoclonal antibody [125], a linker [126], and a cy-
totoxic drug [127]. The monoclonal antibody is engi-
neered to recognize and bind to specific antigens ex-
pressed on the surface of target cells [125]. The linker
serves as a bridge between the antibody and the cy-
totoxic drug, and it is designed to be stable in circu-
lation but can be selectively cleaved to release the

drug within the target cells [126]. The cytotoxic drug
is a potent therapeutic agent that exerts its effect
upon release [127]. ADCs utilize the specificity of
monoclonal antibodies to selectively deliver the cy-
totoxic drug to cells expressing the target antigen
[128]. By specifically recognizing and binding to the
target cells, ADCs minimize off-target effects and
reduce damage to healthy tissues, thereby improving
the therapeutic index [128]. The cytotoxic drugs car-
ried by ADCs are designed to kill target cells upon
release [127]. This targeted delivery enables higher
drug concentrations at the site of action, enhancing
the therapeutic efficacy against the disease [128].
ADCs can potentially overcome drug resistance and
improve treatment outcomes. ADCs may have po-
tential applications in the treatment of diseases re-
lated to the SARS-CoV-2 virus [128]. For example,
they could be used to selectively deliver cytotoxic
drugs to cells infected with the virus, such as those
expressing specific viral antigens [127]. This target-
ed approach may help eliminate virus-infected cells
and reduce viral load, potentially improving patient
outcomes. The development of ADCs involves care-
ful selection of target antigens, antibody engineering,
linker design, and choice of cytotoxic drugs [125–
127]. The development process requires extensive
preclinical and clinical studies to evaluate safety, ef-
ficacy, and pharmacokinetics. Challenges in ADC
development include optimizing antibody selection,
achieving the appropriate drug-to-antibody ratio,
managing drug stability, and minimizing off-target
effects. ADCs represent a promising approach in
drug delivery systems for treating diseases related to
the SARS-CoV-2 virus. By combining the targeting
capabilities of antibodies with the cytotoxicity of
drugs, ADCs have the potential to improve the ther-
apeutic index and enhance treatment outcomes. How-
ever, further research and clinical studies are needed
to explore the specific applications and effectiveness
of ADCs in the context of SARS-CoV-2-related dis-
eases. These carrier systems are being explored and
optimized to improve the efficacy and safety of drug
delivery for treating diseases related to the SARS-
CoV-2 virus. The choice of carrier depends on fac-
tors such as the specific therapeutic agent, the de-
sired release profile, target specificity, and the route
of administration.
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3. Polymer-based hydrogels in drug delivery
systems for disease treatment related to
SARS-CoV-2 virus

3.1. General introduction on polymer-based
hydrogels in drug delivery systems

Polymer-based hydrogels are a versatile class of ma-
terials that have garnered significant attention in the
field of drug delivery systems. Composing cross -
linked polymer networks, these hydrogels can absorb
and retain substantial amounts of water [129] or bi-
ological fluids [45]. Their unique properties, includ-
ing a high water content [130], biocompatibility
[131], and tunable physical and chemical character-
istics [69, 84], render them highly suitable for drug
delivery applications. One of the key advantages of
polymer-based hydrogels is their capability to en-
capsulate and release therapeutic agents in a con-
trolled manner [132]. The hydrogel matrix can serve
as a reservoir for drug molecules, shielding them
from degradation and enabling sustained release
over an extended period [87]. This controlled release
mechanism helps maintain optimal drug concentra-
tions at the target site, improving treatment efficacy
while minimizing side effects [132].
The properties of polymer-based hydrogels can be
tailored to meet specific requirements in drug deliv-
ery known as drug release rate (hydrogels can be en-
gineered to control the rate at which drugs are re-
leased. This is crucial for achieving sustained drug
delivery, ensuring that therapeutic agents are re-
leased at a controlled and steady pace over time)
[45, 129], and targeted drug delivery (hydrogels can
be designed to release drugs at specific target sites
within the body. This can minimize systemic expo-
sure and reduce the potential for side effects while
maximizing the therapeutic effect at the desired lo-
cation) [86], biocompatibility (it is essential for hy-
drogels to be biocompatible, meaning they do not
elicit adverse reactions when in contact with biolog-
ical tissues. Modifying hydrogel properties can en-
hance their bio compatibility) [131] and others [45].
The choice of polymers, crosslinking methods, and
hydrogel formulation parameters allows for cus-
tomization of characteristics such as mechanical
strength, degradation rate, and responsiveness to en-
vironmental stimuli [45]. This flexibility enables the
design of hydrogels with desired drug release kinet-
ics, stability, and site-specific targeting capabilities
[132]. Polymer-based hydrogels also offer the po-
tential for combination therapies, where multiple

drugs or therapeutic agents can be incorporated into
the same hydrogel system. This permits simultane-
ous or sequential delivery of different drugs, en-
abling synergistic effects and personalized treatment
approaches [79, 81]. Furthermore, hydrogels can be
engineered to respond to external stimuli such as
temperature [89], pH [86], light [92], or enzymes
[133], enabling triggered drug release in response to
specific physiological conditions [134]. In addition
to their drug delivery applications, polymer-based
hydrogels have found utility in tissue engineering
[90], regenerative medicine [45], and wound healing
[56]. Their biocompatibility and ability to mimic the
extracellular matrix make them suitable scaffolds for
cell encapsulation [77], proliferation, and differen-
tiation [45]. Hydrogels can also be functionalized
with bioactive molecules, growth factors, or signal-
ing cues to enhance tissue regeneration and promote
healing processes [45, 135].
Polymer-based hydrogels are a promising platform
for drug delivery systems, especially in the current
landscape with the emergence of many viruses caus-
ing serious diseases, such as the SARS-CoV-2 virus.
Their tunable properties, controlled release capabil-
ities, and compatibility with biological systems make
them highly appealing for a wide range of applica-
tions in the field of medicine and others, as shown
in Table 2 [45]. Ongoing research and advancements
in polymer chemistry, biomaterials science, and nan-
otechnology are expected to further enhance the de-
sign and performance of polymer-based hydrogels
for targeted and efficient drug delivery.
These applications demonstrate the versatility of poly-
mer-based hydrogels in various industries, ranging
from healthcare and agriculture to consumer prod-
ucts and environmental protection. Researchers con-
tinue to explore new uses and innovations for hydro-
gel materials in diverse fields.

3.2. Classifications of polymer-based
hydrogels in drug delivery systems and
for disease treatment related to
SARS-CoV-2 virus

3.2.1. General classifications of polymer-based
hydrogels

Polymer-based hydrogels can be classified based on
several criteria, including based on origin, composi-
tion, ionic charge, pore size, physical appearance, con-
figuration, crosslinking, external stimuli response,
and others [45], as shown in Figure 5.
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Table 2. Applications of polymer-based hydrogels.
Fields of applications Descriptions

Drug delivery systems
Hydrogels are widely used as drug carriers. They can encapsulate drugs and release them slowly, providing
controlled drug delivery. This is valuable in the treatment of various diseases, including cancer, diabetes, and
infections [45, 86].

Wound dressings Hydrogels are used in wound care products. They create a moist environment that supports wound healing and
can be loaded with antimicrobial agents to prevent infections [45].

Tissue engineering Hydrogels are used to create scaffolds for tissue engineering. They can mimic the extracellular matrix and
provide mechanical support for growing tissues and organs [90].

Contact lenses Soft contact lenses are often made from hydrogel materials because they are comfortable to wear and allow
oxygen to reach the eye [45].

Disposable diapers and
sanitary products

The absorbent cores of diapers and sanitary napkins often contain hydrogel materials to absorb and retain mois-
ture [45].

Agricultural water con-
taining materials

Hydrogels can be used in agriculture to improve soil water retention. They can release water slowly to provide
a steady source of hydration for plants [130].

Food industry In the food industry, hydrogels can be used to encapsulate flavors, colors, and nutrients for controlled release
in food products [72].

Cosmetics Hydrogels are used in cosmetics for skincare products such as face masks and moisturizers. They provide hy-
dration and help deliver active ingredients to the skin [136].

Biosensors Hydrogels can be incorporated into biosensors to detect specific molecules or analytes. When the target mol-
ecule binds to the hydrogel, it can lead to a measurable signal change [75].

Artificial cartilage Hydrogels are investigated for use as artificial cartilage due to their similarity to natural cartilage in terms of
water content and mechanical properties [84].

Drug screening Hydrogels can be used in high-throughput drug screening assays to test the effects of various compounds on
cells embedded in the hydrogel [45].

Water purification Hydrogels can be used for water purification by adsorbing pollutants and contaminants from water sources
[137].

Environmental remedia-
tion

Hydrogels can be employed in environmental applications to capture and remove pollutants from soil and water
[130].

Art conservation Hydrogels can be used for the cleaning and restoration of art and cultural artifacts [45].

Figure 5. General classifications of polymer-based hydrogels.



Hydrogels can be classified based on their origin,
such as natural hydrogels [57] (derived from natural
polymers like collagen [138], alginate [139], chi-
tosan [88]) or synthetic hydrogels [82] (created from
synthetic polymers like polyethylene glycol [52],
polyvinyl alcohol [85], polyacrylamide [80]). Hy-
drogels can be classified based on their polymer
composition, such as homopolymer hydrogels [45],
copolymer hydrogels [112], multipolymer hydrogels
[140], and interpenetrating network hydrogels [141].
Hydrogels can be classified as cationic [142], anion-
ic [86], or neutral based on the presence of charged
groups in their polymer structure [143]. The charge
of hydrogels can influence their interactions with
drugs, cells, or tissues. Hydrogels can be categorized
based on their pore size, which determines their per-
meability and ability to accommodate different-sized
molecules or cells. This classification includes macro -
porous hydrogels [144], mesoporous hydrogels
[145], and microporous hydrogels [146]. Hydrogels
can be classified based on their physical appearance,
such as transparent hydrogels [147], opaque hydro-
gels, or hydrogel films [45]. Hydrogels can be clas-
sified based on their configuration, including hydro-
gel nanoparticles [148], hydrogel beads [149],
hydrogel microspheres [105], hydrogel fibers [92],
or hydrogel membranes [45]. Hydrogels can be clas-
sified based on their crosslinking method, including
physically crosslinked hydrogels (formed by physical

interactions such as hydrogen bonding or physical
entanglements) [150] or chemically cross-linked hy-
drogels (formed by covalent bonds) [151]. Hydro-
gels can be classified based on their responsiveness
to external stimuli such as temperature, pH, light,
electric fields, or magnetic fields. These include ther-
moresponsive hydrogels, pH-responsive hydrogels,
light-responsive hydrogels, and others [45].
These are some of the common classifications of hy-
drogels. Each classification provides valuable infor-
mation about the properties and behavior of hydro-
gels, allowing researchers to select the most suitable
hydrogel for specific drug delivery applications and
disease treatment related to the SARS-CoV-2 virus.

3.2.2. Classifications of polymer-based
hydrogels in drug delivery systems for
disease treatment related to SARS-CoV-2
virus

This study introduces a novel classification of poly-
mer-based hydrogels in drug delivery for the treatment
of diseases associated with the SARS-CoV-2 virus.
These classifications encompass antiviral-loaded hy-
drogels [152], vaccines delivery hydrogels [153], tar-
geted drug delivery hydrogels [45], inhalable hydro-
gels [114], personal protective equipment (PPE)
hydrogels [154], and diagnostic hydrogels [155] as
depicted in Figure 6. It is important to note that these
classifications are not mutually exclusive, and
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Figure 6. A novel specific classification of polymer-based hydrogels in drug delivery for treatment diseases associated with
the SARS-CoV-2 virus.



hydrogels can fall into multiple categories depending
on their composition, functionalization, and intended
application concerning SARS-CoV-2-related dis-
eases. The choice of hydrogel classification is con-
tingent on the specific therapeutic objectives and re-
quirements for effective drug delivery, treatment, or
diagnostics.

Antiviral-loaded hydrogels
Antiviral-loaded hydrogels represent a specialized
type of drug delivery system designed for adminis-
tering antiviral agents to treat diseases associated
with the SARS-CoV-2 virus. These hydrogels are
formulated by integrating antiviral drugs [8] or agents
into their structure, enabling controlled and sustained
release of the therapeutic payload at the intended site
of action [152]. The antiviral-loaded hydrogels offer
several key advantages in the treatment of SARS-
CoV-2-related diseases. The hydrogel matrix can be
precisely engineered to target specific affected tis-
sues [156] or organs, facilitating localized and target-
ed delivery of antiviral drugs [152]. This localized
delivery approach serves to minimize systemic side
effects and enhance therapeutic efficacy. Moreover,
hydrogels enable the gradual and sustained release
of antiviral agents over an extended duration [62],
resulting in continuous therapeutic effects and reduc-
ing the frequency of drug administration [156]. Ad-
ditionally, the hydrogel matrix acts as a protective
barrier, shielding the encapsulated antiviral agents
from degradation [157], enzymatic activity, or rapid
clearance. This preservation of drug integrity en-
hances its stability and bioavailability [84]. Hydro-
gels can also enhance the solubility of antiviral drugs
with poor water solubility [8], thereby facilitating
their effective delivery and bioavailability [152].
An illustrative example of an antiviral-loaded hydro-
gel in the treatment of SARS-CoV-2-related diseases
is the Paxlovid drug. Paxlovid, developed by Pfizer,
consists of two crucial components: nirmatrelvir
(chemical formula: C23H32F3N5O4) and ritonavir
(chemical formula: C37H48N6O5S2) [8]. Nirmatrelvir
functions as a potent inhibitor of the SARS-CoV-2
3C protease, a critical enzyme for preventing viral
replication. Ritonavir serves as a boosting agent, en-
hancing the effectiveness of nirmatrelvir. Initial tests
of Paxlovid against SARS-CoV-2 yielded promising
results, demonstrating an 88% reduction in the risk
of hospitalization and death among unvaccinated in-
dividuals [158]. Paxlovid also exhibited effectiveness

against the Omicron variant. Subsequent trials, how-
ever, produced mixed outcomes. In one study involv-
ing vaccinated individuals with significant COVID-
19 risk factors, Paxlovid did not show efficacy in
expediting recovery from the infection in patients
aged 40–64. Nevertheless, it reduced hospitalization
by 73% in patients aged above 65. Clinical trial find-
ings revealed that Paxlovid reduced the risk of hos-
pitalization or death in high-risk patients by 89%
when administered within 3 days of symptom onset
and by 88% when given within 5 days [158]. The low
half-maximum effective concentration (EC50) of PF-
07321332 (nirmatrelvir) at 0.077 µM underscores its
high potency in inhibiting the virus [158].
Antiviral-loaded hydrogels can attain a substantial
drug concentration at the target site, resulting in en-
hanced therapeutic outcomes by effectively counter-
ing the viral infection [83]. Hydrogels offer the ca-
pability to co-encapsulate or sequentially release
multiple antiviral agents, facilitating combination
therapy for tackling viral infections with different
mechanisms of action [157]. This approach can mit-
igate the risk of drug resistance and bolster treatment
efficacy.

Vaccine delivery hydrogels
Vaccine delivery hydrogels represent a specialized
category of drug delivery system engineered to aug-
ment the effectiveness and stability of vaccines in-
tended for the prevention and treatment of diseases
associated with the SARS-CoV-2 virus, including
COVID-19. These hydrogels are meticulously de-
signed to encapsulate or incorporate vaccines and fa-
cilitate their controlled release, precisely targeting
specific sites and cells within the immune system of
the body [153]. Hydrogels serve as formidable
guardians, shielding vaccines from degradation and
preserving their stability throughout the storage and
transportation processes [8]. Within the hydrogel
matrix, vaccines are safeguarded against temperature
fluctuations, exposure to light, and enzymatic degra-
dation, assuring their potency and therapeutic effi-
cacy [153, 159]. The hydrogel formulation bestows
the unique ability to orchestrate a controlled and sus-
tained release of the vaccine antigens, closely mirror-
ing the natural kinetics of immune response [160].
This controlled release profile holds the potential to
magnify the immune response by affording prolonged
exposure to the antigens, thereby fostering the de-
velopment of a more resilient and enduring immune
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reaction [66]. Hydrogels are adept at integrating ad-
juvants, substances that heighten the immune re-
sponse to vaccines [153]. The adjuvants can either
be co-encapsulated or conjugated within the hydro-
gel matrix, offering the dual advantage of reinforcing
the immune response to the vaccine antigens and ex-
tending its duration [160]. The hydrogel systems can
be meticulously designed to target specific immune
cells or tissues, such as dendritic cells, lymph nodes,
or mucosal surfaces, all of which play pivotal roles
in vaccine-induced immune responses [66]. This
precisely targeted delivery optimizes vaccine uptake
and immune activation at the desired locale, thus
fine-tuning the vaccine efficacy. Furthermore, hy-
drogels open up alternative routes of vaccine admin-
istration, including mucosal or transdermal delivery,
obviating the need for needles [66, 153, 160]. This
non-invasive approach not only enhances patient
comfort but also simplifies vaccine administration,
potentially streamlining large-scale vaccination ini-
tiatives. For added potency, vaccine delivery hydro-
gels can be synergized with other strategies, such as
immune-stimulating molecules, nanoparticle sys-
tems, or physical stimuli, further amplifying the im-
mune response and augmenting vaccine efficacy.
For example, Polysorbate 80 and Polyethylene glycol
(PEG) are essential components in some COVID-19
vaccine formulations, each playing a unique role in
vaccine stability and efficacy [8]. Polysorbate 80 is
utilized in COVID-19 vaccines of AstraZeneca
(ChAdOx1-S) [120] and Janssen (Ad26.COV2-S) to
stabilize the aqueous components of the vaccine [8].
These vaccines employ a viral vector approach, en-
coding the SARS-CoV-2 spike glycoprotein [8].
While they have demonstrated an overall efficacy
between 66.7 and 66.9%, it is important to consider
that this efficacy can vary based on factors like age
and the presence of new variants [8]. An interesting
point to note is that vaccines containing Polysor-
bate 80 have been associated with fewer reported al-
lergic reactions compared to those using PEG [8].
PEG is a key ingredient in mRNA-based COVID-19
vaccines developed by Moderna (mRNA-1273) and
Pfizer-BioNTech (BNT162b2) [48, 110]. In these
vaccines, PEG is integrated into lipid nanoparticles
that stabilize the fragile mRNA molecules. These
mRNA vaccines have demonstrated exceptional ef-
fectiveness in preventing COVID-19, with an effec-
tiveness rate exceeding 94% in clinical trials for sub-
jects between the ages of 18 and 65 [116].

The choice between Polysorbate 80 and PEG in vac-
cine formulations reflects various considerations.
Both stabilizers serve crucial roles in maintaining the
vaccine’s integrity and enhancing its delivery to tar-
get cells. Reports of reduced allergic reactions with
Polysorbate 80 suggest its potential advantage in
terms of safety, especially for individuals prone to
allergies. However, vaccine efficacy is not solely de-
termined by these stabilizers but by the overall vac-
cine design, including the choice of platform, antigen,
and formulation [8, 110]. Factors like age, variants
of the virus, and individual immune responses also
contribute to vaccine performance. The selection of
Polysorbate 80 or PEG in COVID-19 vaccines is a
part of the intricate process of vaccine development,
with each option having its unique benefits and con-
siderations [116]. Vaccine safety and efficacy are
continually monitored and studied to ensure the best
possible protection against COVID-19.

Targeted drug delivery hydrogels
Targeted drug delivery hydrogels tailored for disease
treatment associated with the SARS-CoV-2 virus are
meticulously engineered to transport therapeutic
agents with precision to the specific cells or tissues
implicated in the infection or the associated symp-
toms of COVID-19. For example, remdesivir is a no-
table drug employed in the treatment of COVID-19
pneumonia. This antiviral medication is a carboxylic
ester resulting from the formal condensation of the
carboxyl group of N-[(S)-{[(2R,3S,4R,5R)-5-(4-
aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyano-3,4-
dihydroxytetrahydrofuran-2-yl]methoxy}(phenoxy)
phosphoryl]-L-alanine with the hydroxyl group of
2-ethylbutan-1-ol [83, 161]. Remdesivir exhibits re-
markable characteristics as a broad-spectrum antivi-
ral prodrug, displaying potent in vitro antiviral ac-
tivity against a diverse panel of RNA viruses like the
SARS-CoV-2 virus [83, 161].
The hydrogels offer the distinct advantage of effect-
ing localized and sustained drug release, thus mini-
mizing off-target effects and significantly enhancing
treatment outcomes [45, 86]. Targeted hydrogels can
be adorned with specific ligands possessing a partic-
ular affinity for receptors or markers prominently
present on the surface of the target cells [113]. For
SARS-CoV-2, potential targets may encompass ACE2
receptors or other receptors integral to viral entry or
replication processes [162]. By seamlessly integrat-
ing these targeting ligands, the hydrogels become
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proficient in selectively binding to and transporting
drugs solely to the cells directly implicated in the in-
fection. The hydrogel matrix orchestrates a meticu-
lously controlled release of therapeutic agents, guar-
anteeing a sustained and localized drug delivery to
the designated target site [45, 86, 162]. This meas-
ured release profile not only amplifies therapeutic ef-
ficacy but also effectively mitigates systemic side ef-
fects. Targeted drug delivery hydrogels dispense a
diverse array of therapeutic agents, including antivi-
ral drugs [8], immunomodulators [163], anti-inflam-
matory agents [164], and other disease-modifying
agents [45]. These drugs, in turn, serve to inhibit viral
replication, mitigate inflammation, regulate the im-
mune response, or target specific disease pathways
related to SARS-CoV-2 infection [165]. The versa-
tility of these targeted hydrogels allows for the si-
multaneous or sequential delivery of multiple drugs,
thereby enabling combination therapy [8, 163]. This
multifaceted approach significantly enhances treat-
ment effectiveness by addressing several disease
mechanisms or pathways concurrently, a pivotal con-
sideration given the intricate nature of SARS-CoV-2
infection. The hydrogel-based drug delivery systems
can be administered directly to the affected tissues
or organs, such as the respiratory tract or lungs,
which represent the primary sites of SARS-CoV-2
infection [8, 163, 165]. This localized administration
substantially augments drug concentration at the tar-
get site while concurrently diminishing systemic ex-
posure. Certain targeted hydrogels are designed to
respond to specific stimuli, such as alterations in pH,
temperature, or enzyme activity, thereby initiating
drug release exclusively at the target site [45]. These
stimuli-responsive hydrogels are customarily tailored
to dispense drugs to distinctive microenvironments
associated with SARS-CoV-2 infection.

Inhalable hydrogels
Inhalable hydrogels designed for disease treatment
related to the SARS-CoV-2 virus constitute a spe-
cialized class of drug delivery system engineered to
deliver therapeutics directly to the respiratory system
through inhalation. These hydrogels offer numerous
advantages, particularly in the context of respiratory
infections like COVID-19. Inhalable hydrogels are
meticulously formulated to be administered as aerosols
or dry powders, facilitating their inhalation into the
respiratory tract [114]. This route of administration
enables the targeted delivery of therapeutics directly

to the lungs, which represent the primary site of
SARS-CoV-2 infection and the source of respiratory
symptoms [166]. By directly conveying therapeutics
to the respiratory system, inhalable hydrogels facil-
itate localized drug delivery, thereby maximizing
drug concentration precisely at the site of infection
[167]. This localized approach serves to enhance the
efficacy of treatment while simultaneously minimiz-
ing systemic side effects. Furthermore, inhalable hy-
drogels can be engineered to possess optimal particle
size and properties that promote prolonged retention
within the lung [168]. This prolonged residence en-
sures that the therapeutic agents persist within the
lungs for an extended duration, thus enabling sus-
tained release and prolonged therapeutic efficacy
[114]. Hydrogels can be intentionally endowed with
mucoadhesive properties, which enable them to ad-
here to the mucosal surfaces lining the respiratory
tract [45]. This adhesion fosters prolonged contact
between the hydrogel and the target tissues, thus fa-
cilitating enhanced drug absorption and bioavailabil-
ity [166]. Inhalable hydrogels can also be purpose-
fully designed to possess controlled release proper-
ties, permitting the sustained and regulated delivery
of therapeutics over an extended period [167]. This
controlled release profile serves to optimize drug con-
centration within the lungs, thereby further enhanc-
ing treatment efficacy [169]. Inhalable hydrogels can
be employed to simultaneously deliver multiple ther-
apeutics agents, thus allowing for combination ther-
apy. This aspect proves particularly advantageous in
the text of SARS-CoV-2-related diseases, as it facil-
itates the delivery of antiviral drugs, anti-inflamma-
tory agents, immunomodulators, or other therapeutic
agents targeting various aspects of the infection
[169]. Hydrogels, when employed in the respiratory
tract, can additionally serve as a protective barrier,
creating a physical blockade against pathogens and
thereby reducing the risk of infection or transmission.
Furthermore, they contribute to maintaining adequate
moisture levels within the respiratory system, which,
in turn, promotes the healing of damaged tissues.

Personal protective equipment (PPE) hydrogels
Personal protective equipment (PPE) hydrogels rep-
resent a specialized class of hydrogel materials em-
ployed in the development of protective gear and
equipment aimed at preventing the transmission of
diseases, including those related to the SARS-CoV-2
virus [136, 154]. These hydrogels are meticulously
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engineered to augment the safety and effectiveness
of PPE by integrating unique properties and function-
alities [137]. PPE hydrogels are strategically crafted
to serve as a physical barrier that impedes the trans-
mission of pathogens, encompassing viruses like
SARS-CoV-2 [154]. The hydrogel material functions
as a protective layer, obstructing the passage of mi-
croorganisms, respiratory droplets, and other contam-
inants, thereby reducing the risk of infection [170].
Hydrogels used in PPE are often formulated to be
lightweight, flexible, and comfortable to wear [137,
170]. They readily conform to the body contours and
provide a breathable environment, ensuring that in-
dividuals can wear them for extended periods with-
out discomfort [154]. PPE hydrogels may incorporate
moisture-absorbing or moisture-wicking properties
[170], effectively managing perspiration and mois-
ture accumulation within the protective gear. This
feature keeps the wearer dry and comfortable during
prolonged use [136]. Certain PPE hydrogels may
also integrate antimicrobial agents or be engineered
to possess inherent antimicrobial properties, thereby
inhibiting the growth and proliferation of bacteria
and viruses, including SARS-CoV-2, on the surface
of the protective equipment [170]. Hydrogels em-
ployed in PPE can be designed to be reusable and
durable, enabling multiple uses without compromis-
ing their protective properties [154]. They are capa-
ble of withstanding repeated disinfection and clean-
ing processes, ensuring that the PPE retains its
effectiveness over time. Importantly, PPE hydrogels
are typically engineered to be biocompatible, mean-
ing they are non-toxic and safe for skin contact
[136]. This feature is crucial in preventing allergic
reactions or adverse skin responses when individuals
don the protective gear. Hydrogels offer remarkable
versatility in terms of their formulation and fabrica-
tion, facilitating customization to suit specific PPE
requirements. They can be tailored to various shapes,
sizes, and functionalities, all contingent upon the in-
tended use and level of protection necessitated.

Diagnostic hydrogels
Diagnostic hydrogels play a pivotal role in the man-
agement and treatment of diseases, including those
linked to the SARS-CoV-2 virus. These hydrogels
are meticulously designed to detect infections, mon-
itor disease progression, and furnish critical infor-
mation for healthcare professionals [155]. Hydrogels

can be functionalized with specific probes, such as
DNA or RNA sequences, antibodies, or antigens, to
identify viral genetic material or specific biomarkers
associated with SARS-CoV-2 infection [142, 143].
These hydrogels are adaptable to various diagnostic
techniques, including polymerase chain reaction
(PCR) [139], loop-mediated isothermal amplifica-
tion (LAMP) [171, 172], or nucleic acid hybridiza-
tion assays [155]. They can also be engineered to
capture and detect viral antigens, like the spike pro-
tein or nucleocapsid protein of SARS-CoV-2. Fre-
quently, these hydrogels are coupled with immuno-
logical assays such as enzyme-linked immunosor-
bent assays (ELISA), lateral flow assays, or immuno-
fluorescence assays, enabling rapid and precise de-
tection of viral antigens in patient samples [45, 155,
171–173]. Hydrogels serve as sensitive platforms in
biosensors for the detection of viral particles or bio-
markers [174]. By incorporating specific receptors
or functional groups into the hydrogel matrix, they
selectively bind to target molecules, generating a
measurable signal. This encompasses optical sensors,
electrochemical sensors, or microfluidic-based sen-
sors, facilitating the rapid and sensitive detection of
SARS-CoV-2-related analytes [173, 174]. Hydrogels
can be integrated into portable or handheld diagnos-
tic devices for point-of-care testing. These devices
often employed miniaturized hydrogel-based assays,
microfluidics, or lab-on-a-chip technologies to pro-
vide swift and sensitive detection of viral infections
[174]. Point-of-care testing ensures immediate re-
sults, expedites early diagnosis, and supports prompt
treatment decisions. Moreover, hydrogels can be
functionalized with imaging agents such as fluores-
cent dyes, nanoparticles, or magnetic resonance im-
aging (MRI) contrast agents, enabling visualization
of viral infections or specific biomarkers associated
with SARS-CoV-2 [45, 174]. These hydrogel-based
imaging agents yield valuable information for dis-
ease staging, treatment monitoring, and disease pro-
gression assessment.

3.3. Novel products of polymer-based
hydrogels from recent research in drug
delivery systems for disease treatment
related to SARS-CoV-2 virus

Numerous research reports have delved into the de-
velopment and application of hydrogels in drug de-
livery for the treatment of the disease related to the
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SARS-CoV-2 virus over the years. Table 3 summa-
rizes previous published contents related to using
polymer-based hydrogels applied in drug delivery.
This section aims to provide an up-to-date evaluation
of recent innovations in polymer-based hydrogel
products for drug infusion in the treatment of SARS-

CoV-2-related diseases, focusing on developments
in the early months of 2023. It is worth noting that
these recent findings have only been disseminated
through individual publications by various research
groups, lacking comprehensive analyses and evalu-
ation of these emerging hydrogel technologies.
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Table 3. Summary of recent publications on polymer-based hydrogels for drug delivery.
References Descriptions

Hillary and
Ceasar
[8]

The article provided a concise summary of the evolving dynamics of SARS-CoV-2 transmission, the emergence of sig-
nificant SARS-CoV-2 variants (including both variants of concern and variants of interest), and offers a brief overview
of the antiviral medications and vaccines being employed in the fight against SARS-CoV-2.

Thang et al.
[45]

This article distinguished itself by introducing fresh perspectives and innovations in the realm of polymer-based hydro-
gels for drug delivery systems. It extended the existing knowledge base by presenting inventive concepts, methodologies,
and applications that drive progress in this field. These innovations held promise for improving the effectiveness, safety,
and patient adherence of drug delivery systems, ushering in modern advancements in biomedical materials.

Murray et al.
[47]

The authors conducted a review that examines the influence of pre-existing humoral and T cell immune responses on SARS-
CoV-2 infection and vaccination outcomes. They also explored the significance of conserved coronavirus epitopes in designing
broad-spectrum coronavirus vaccines. Additionally, the authors assessed how immune responses cross-react between the original
SARS-CoV-2 virus and its variants and their implications for COVID-19 vaccination.

Ratajczak et al.
[48]

This research aimed to evaluate the efficacy and safety of tozinameran (30 µg, BNT162b2, Pfizer, BioNTech) and ela-
someran (100 µg, mRNA-1273, Moderna) in preventing COVID-19 in individuals aged 16 years and older who received
two doses of these vaccines. Both BNT162b2 and mRNA-1273 vaccines demonstrated significant effectiveness in pre-
venting COVID-19 compared to a placebo (Mantel-Haenszel [MH], RR 0.08 [0.07, 0.09], p < 0.00001, 95% CI). How-
ever, the administration of these vaccines was associated with a higher incidence of adverse events compared to the
placebo (Inverse Variance [IV], RR 2.14 [1.99, 2.29], p < 0.00001, 95% CI). Notably, the occurrence of serious adverse
events did not significantly differ between the vaccines and placebo (MH, RR 0.98 [0.89, 1.08], p = 0.68, 95% CI).
Conclusions: Tozinameran and elasomeran have demonstrated both efficacy and safety in preventing COVID-19.

Zeedan et al.
[49]

The article provided insights into adenovirus vector (Ad vector) vaccines for SARS-CoV-2 in humans and addressed
concerns related to Ad vector-induced hemagglutination. Comparing the effectiveness of various COVID-19 vaccines
is challenging due to differences in phases of clinical trials assessing safety, dosage schedules, and individual protection
levels. These vaccines demonstrated a wide range of protection, with Pfizer and BioNTech’s vaccine showing 80 to
95% efficacy and AstraZeneca’s vaccine from Oxford revealing approximately 60 to 70% efficacy. Importantly, the
adenovirus-based ChAdOx1 nCoV-19 and mRNA-based BNT162b2 and mRNA-1273 vaccines maintained their effec-
tiveness even in the presence of SARS-CoV-2 variants like alpha, beta, gamma, and delta, underlining their robustness.

Far et al.,
[148]

The authors discussed the use of hydrogels as drug delivery systems for HCC (Hepatocellular Carcinoma) and covered
various types of hydrogels, including thermosensitive, pH-sensitive, photosensitive, dual-sensitive, and glutathione-re-
sponsive hydrogels. Hydrogel-based drug delivery methods have shown superior effectiveness in treating cancer com-
pared to conventional systemic chemotherapy.

Wang et al.
[149]

In this study, CMCS-CuO nanoparticles were incorporated into the SA matrix through a blending method, resulting in
the formation of SA/CMCS-CuO composite microspheres. Molecular interactions between CMCS-CuO NPs and the
SA matrix were confirmed. Swelling experiments indicated that increasing the mass of CMCS-CuO NPs led to a re-
duction in the maximum swelling ratio of the gel microspheres, decreasing from 49.83 to 38.2%, and extending the
time required to reach the maximum swelling ratio from 8 to 11 hours. A series of tests demonstrated the excellent bio-
compatibility of the composite microspheres. Subsequently, curcumin was blended with the composite bead matrix,
and curcumin-loaded SA/CMCS-CuO composite beads were produced using the crosslinking method. In vitro release
experiments highlighted the pH sensitivity of SA/CMCS-CuO composite microspheres, with the inclusion of CMCS-
CuO NPs prolonging the in vitro release time of curcumin. These findings suggest that these microspheres hold potential
for drug delivery applications.

Kallem et al.
[137]

In this paper, the authors assessed and elucidated the most recent advancements in quantifying, detecting, and inactivating
SARS-CoV-2 in wastewater. Also, they discussed the limitations of these methods and provided recommendations for
future research in this field.

Patil et al.
[175]

The article introduced diverse applications of microfluidic systems for precisely synthesizing organic and inorganic
nanoparticles with controlled sizes. It discussed micromixers and their recent developments in drug delivery systems.
The authors reviewed the crucial role of spray and freeze-drying in nanoparticle production. Furthermore, the paper
emphasizes the concept and compares a microreactor-assisted spray and freeze dryer for creating an innovative drug
delivery platform. Finally, the paper presented and discussed various recent patents related to microfluidics and appli-
cable drying technologies.



3.3.1. A novel inhibitor of Aphe-NP14
Li et al. [62] reported introduced a novel inhibitor
named Aphe-NP14. The synthesis of bio-tinylated
Aphe-NP14 involved several steps. A monomer mix-
ture consisting of 58% Aphe (N-acryloyl-L-pheny-
lalanine in 1 mL ethanol), 38% N-tert-butylacry-
lamide (in 1 mL ethanol), 2% crosslinking agent
(BIS), and 2% N-(3-methacrylamidopropyl)-D-bio -
tinamide (BIO) was dissolved in water containing
10 mg of sodium dodecyl sulfate. This resulted in a
total monomer concentration of 32.5 mM within a
total volume of 25 mL [62]. The procedures for syn-
thesizing, purifying, and characterizing biotinylated
Aphe-NP14 were consistent with those used for
polymer NPs that did not contain BIO [62].
Aphe-NP14 is a synthetic hydrogel polymer nano -
particle meticulously designed to target specific
residues within the receptor binding domain (RBD)
of the SARS-CoV-2 spike glycoprotein, which is cru-
cial for binding to the human angiotensin-converting
enzyme 2 (ACE2). This hydrogel nanoparticle li-
brary was created by incorporating monomers with
functionalities that align with these critical residues.
Aphe-NP14 boasts several advantageous properties
that render it a potent inhibitor against SARS-CoV-2
and its variants. It possesses a remarkable spike in
RBD adsorption capacity, enabling it to bind to the
viral protein effectively. Furthermore, it exhibits rapid
adsorption kinetics, signifying its swift binding to
the target. The inhibitor showcases strong affinity, en-
suring a robust interaction with the spike RBD. No-
tably, it demonstrates a broad specificity, effectively
neutralizing not only the wild-type SARS-CoV-2 but

also the current variants of concern, including Beta,
Delta, and Omicron spike RBD [62].
The internalization of Aphe-NP14 by the spike RBD
leads to the blockage of the spike RBD-ACE2 inter-
action, a pivotal step in viral entry into host cells.
Consequently, Aphe-NP14 demonstrates potent neu-
tralization efficacy against the variant pseudo typed
viruses, effectively impeding their capacity to infect
host cells [62]. Moreover, it exhibits inhibitory ef-
fects on live SARS-CoV-2 virus recognition, entry,
replication, and infection both in vitro and in vivo,
underscoring its potential as a preventive and thera-
peutic agent. Importantly, Aphe-NP14 has demon-
strated safety for intranasal administration, showing
low toxicity in both in vitro and in vivo studies. This
favorable safety profile holds significant promise for
its potential application in the prevention and treat-
ment of SARS-CoV-2 infection, including emerging
variants [62]. These findings suggest that synthetic
antibody inhibitors like Aphe-NP14 hold substantial
potential in combating current and future variants of
SARS-CoV-2 and may contribute significantly to de-
veloping effective strategies for preventing and treat-
ing COVID-19.

3.3.2. A novel nanosuspension of Remdesivir
based on solubilizing polymers,
poloxamer 407, and β-cyclodextrin

In a study by Mehmood et al. [161], a groundbreaking
nanosuspension of Remdesivir, an antiviral drug with
potential against SARS-CoV-2, was developed. The
primary objective was to overcome the significant
challenge of poor aqueous solubility of Remdesivir,
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Table 3. Continuosly
References Descriptions

Zhang et al.
[116]

The authors conducted an assessment of the effectiveness of mRNA and viral-vector vaccines during the epidemic
period caused by various SARS-CoV-2 variants. They performed a systematic search of PubMed, EMBASE, and CNKI
(China National Knowledge Infra-structure) databases, without language restrictions, for studies published before Sep-
tember 19, 2022. The overall vaccine effectiveness (VE) in preventing COVID-19 infection was 0.76 (95% confidence
interval [CI] 0.73–0.78), while for symptomatic infection, it was 0.87 (95% CI 0.83–0.91). VE against hospital admis-
sions was 0.82 (95% CI 0.75–0.87), and for mortality, it was 0.76 (95% CI 0.48–0.89). Subgroup analyses were per-
formed to characterize the effectiveness of different vaccines. When considering SARS-CoV-2 variants, VE exhibited
a decrease in association with virus variations across clinical outcomes and vaccine types. The findings from this sys-
tematic review suggested that BNT162b2, mRNA-1273, ChAdOx1, and Ad26.COV2.S vaccines appeared to be rea-
sonably effective from the pre-delta to omicron variants but showed only modest effectiveness in participants aged 65
or older. When accounting for SARS-CoV-2 variants, VE decreased in correlation with virus variations for all mRNA
and viral-vector vaccines.

Sandoval et al.
[117]

The authors conducted an evaluation of the efficacy, immunogenicity, and safety of mRNA, protein subunit, or viral
vector vaccines against SARS-CoV-2 in adults over 18 years old, with a specific focus on assessing the timing of
COVID-19 vaccinations. The results indicated that the new vaccines exhibited over 90% efficacy against SARS-CoV-
2, regardless of the technology used. Additionally, adverse reactions were generally mild to moderate, and all vaccine
types displayed good immunogenicity.



which limits its therapeutic effectiveness. To address
this issue, the researchers focused on nasal delivery
and employed solubilizing polymers, specifically
poloxamer 407, and β-cyclodextrin [161]. The for-
mulation of this nanosuspension resulted in a re-
markable enhancement in the solubility of Remde-
sivir. Additionally, the study explored pulmonary de-
livery for the first time to enhance the in vivo per-
formance of the drug. By encapsulating Remdesivir
at the nanoscale using polymers of Poloxamer 407
and β-cyclodextrin, both its solubility and biocom-
patibility were significantly improved. Here, Polox-
amer 407 is a hydrophilic non-ionic surfactant be-
longing to the broader class of copolymers. It com-
prises a central hydrophobic block of polypropylene
glycol flanked by two hydrophilic blocks of polyeth-
ylene glycol (PEG) [161]. On the other hand, β-cy-
clodextrin, often abbreviated as β-CD, is a heptasac-
charide derived from glucose, appearing as a white
(colorless) powder or crystals with excellent solubil-
ity in PEG, which helps reduce the production cost
of the final product [161]. The nanosuspension was
meticulously prepared using a modified precipita-
tion-ultrasonication process and exhibited highly de-
sirable characteristics. The particle size measured
approximately 500 nm with a low polydispersity
index (0.226±0.02), and the zeta potential was 
–16.0±2 mV, indicating excellent stability [161].
Furthermore, characterization studies such as XRD
and DSC the conversion of Remdesivir crystals into
an amorphous form. Morphological analysis using
SEM revealed that the nanoparticles had a spherical
and uniform shape. Compatibility between the drug
and polymers was validated through FTIR studies.
The study also included comprehensive toxicity in-
vestigations, encompassing hemolysis and MTT

assay, which consistently indicated the biocompati-
bility of the nanosuspension. Moreover, histopathol-
ogy studies on goat nasal mucosa revealed no adverse
effects on the nasal tissues. Notably, the researchers
delved into the anti-inflammatory effects of the nano -
suspension, and reverse transcription polymerase
chain reaction (RT-PCR) analysis showed reduced
levels of IL-4 mRNA expression, suggesting a de-
crease in pro-inflammatory cytokines [117]. In com-
parison to intravenous delivery, nasal administration
of the Remdesivir nanosuspension offers numerous
advantages, including ease of use and enhanced pa-
tient compliance. The study underscores the potential
of delivering Remdesivir via the nasal route using a
well-developed nanosuspension formulation, pre-
senting a promising approach for the treatment of
SARS-CoV-2 infections.

3.3.3. A new electrochemical sensor for the
detection of the SARS-CoV-2 spike
protein (S protein)

Chen et al. [91] conducted a study aimed at devel-
oping an innovative electrochemical sensor using
poly-N-isopropylacrylamide microgels for the sen-
sitive detection of the SARS-CoV-2 spike protein
(S protein) in human saliva. The microgel employed
in this sensor was constructed from a copolymer
consisting of N-isopropylacrylamide and acrylic acid,
and it incorporated gold nanoparticles within the mi-
crogel structure using a straightforward and cost-ef-
fective fabrication process, as shown in Figure 7.
The electrochemical performance of this sensor was
meticulously evaluated via differential pulse voltam-
metry. Under optimal experimental conditions, the
sensor demonstrated a linear range of 10–13 to
10–9 mg/mL for the S protein, boasting an impressive
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Figure 7. Fabrication of electrochemical sensor using poly-N-isopropyl acrylamide microgels for the sensitive detection of
the SARS-CoV-2 spike protein (S protein) in human saliva.



detection limit of 9.55 fg/mL [91]. To mimic infected
human saliva, the researchers introduced the S pro-
tein into an artificial saliva matrix, and the sensing
platform consistently exhibited reliable detection ca-
pability within this model. The developed sensor
showcased exceptional specificity and sensitivity
when detecting the spike protein, underscoring its
potential for rapid and cost-effective identification
of SARS-CoV-2. This pioneering sensing platform
holds significant promise in the realm of diagnostics,
presenting a valuable tool for the timely and accurate
detection of SARS-CoV-2 infections.

3.4. Expectations and challenges of
polymer-based hydrogels in drug delivery
for treatment related to SARS-CoV-2
virus in the future

3.4.1. Expectations of polymer-based hydrogels
in drug delivery for treatment related to
SARS-CoV-2 virus in the future

Polymer-based hydrogels stand poised for signifi-
cant advancements in the field of drug delivery for
the treatment of the disease related to the SARS-
CoV-2 virus. In the future, humans can anticipate
several notable improvements in the utilization of
these hydrogels, including:

Enhanced targeting and specificity
Researchers are poised to develop polymer-based
hydrogels with superior targeting capabilities, en-
abling precise delivery of therapeutics to specific tis-
sues or cells implicated in SARS-CoV-2 infection.
This precision could maximize therapeutic effective-
ness while minimizing off-target effects.

Stimuli-responsive release systems
Future hydrogel formulations may incorporate so-
phisticated stimuli-responsive mechanisms, such as
pH, temperature, or enzyme triggers, enabling on-
demand and controlled drug release. This flexibility
would allow tailored drug delivery profiles, optimiz-
ing treatment outcomes.

Combination therapies
Polymer-based hydrogels can facilitate the simulta-
neous delivery of multiple drugs or therapeutic agents.
In the future, we may witness the development of hy-
drogel systems that enable combination therapies, en-
compassing antiviral drugs, immunomodulators, and

other therapeutics, to target multiple faces of SARS-
CoV-2 infection and enhance treatment effective-
ness.

Long-acting formulations
Extended-release formulations of polymer-based hy-
drogels have the potential to provide sustained drug
release over an extended duration. This could reduce
the frequency of administration, thereby enhancing
patient compliance. Such formulations could be par-
ticularly advantageous for prophylactic treatments
or long-term management of SARS-CoV-2-related
conditions.

Personalized medicine
As precision medicine continues to advance, poly-
mer-based hydrogels might play a pivotal role in per-
sonalized drug delivery systems. By tailoring hy-
drogel properties to individual patient characteris-
tics, such as disease severity, genetic profile, or im-
mune response, more effective and personalized
treatment strategies can emerge.

Advanced characterization techniques
In step with evolving analytical techniques, we can
anticipate the development of advanced characteri-
zation methods for polymer-based hydrogels. These
techniques will offer valuable insights into structural
properties, drug release kinetics, and interactions
within the hydrogel matrix, empowering researchers
to optimize their design and performance.

Regulatory approvals and commercialization
Bolstered by promising preclinical and clinical re-
search outcomes, certain polymer-based hydrogel
drug delivery systems are likely to advance through
regulatory approvals and enter the commercial mar-
ket for SARS-CoV-2-related treatments. This devel-
opment will increase accessibility to these innovative
therapies on a global scale.
The future of polymer-based hydrogels in drug de-
livery for SARS-CoV-2-related diseases brims with
potential, spanning advancements in targeted deliv-
ery, sustained release, combination therapies, and
personalized medicine. Ongoing research and col-
laboration among scientists, clinicians, and industry
partners will be pivotal in translating these prospects
into tangible progress and improving patient out-
comes.
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3.4.2. Challenges of polymer-based hydrogels in
drug delivery for treatment related to
SARS-CoV-2 virus in the future

In the future, the utilization of polymer-based hydro-
gels in drug delivery for treating diseases linked to
the SARS-CoV-2 virus may still encounter specific
challenges.

Variability of SARS-CoV-2 variants
As novel SARS-CoV-2 variants continue to surface,
there might be challenges concerning the effective-
ness of drug delivery systems, including polymer-
based hydrogels, against these variants. Thorough in-
vestigations are essential to ascertain the hydrogel’s
ability to precisely target and neutralize various vari-
ants to sustain therapeutic efficacy.

Vaccine delivery
Polymer-based hydrogels exhibit potential for vac-
cine delivery systems. However, hurdles may arise
concerning vaccine stability and long-term storage
within the hydrogel matrix. Developing hydrogels
capable of safeguarding and delivering vaccines
while preserving their potency and immunogenicity
will be pivotal for future vaccine delivery strategies.

Immunogenicity and safety concerns
The long-term immunogenicity and safety of poly-
mer-based hydrogels used in SARS-CoV-2 drug de-
livery warrant careful evaluation. Certain hydrogel
formulations might trigger immune responses or pro-
voke adverse reactions in patients. Hence, extensive
preclinical and clinical investigations are necessary
to ensure their safety and minimize potential risks.

Systemic delivery challenges
While many drug delivery systems emphasize local-
ized delivery, there may be a demand for systemic
therapeutics delivery to combat systemic SARS-
CoV-2 manifestations effectively. Overcoming chal-
lenges associated with the biodistribution, clearance,
and targeting of hydrogel-based drug delivery sys-
tems in systemic circulation will be pivotal for their
success in addressing the virus’s systemic aspects.

Manufacturing and scalability
Scaling up the production of polymer-based hydro-
gels with consistent quality and reproducibility re-
mains a challenge. The development of robust, cost-
effective manufacturing processes for large-scale

production while retaining the desired properties and
performance of hydrogels is crucial for their wide-
spread adoption.

Regulatory approval
Securing regulatory approval for polymer-based hy-
drogel drug delivery systems tailored to SARS-CoV-
2-related treatments might necessitate comprehen-
sive preclinical and clinical studies. Meeting regula-
tory standards concerning safety, efficacy, quality,
and manufacturing processes is imperative for their
successful integration into clinical practice.
Addressing these challenges will demand continuous
research, collaboration, and innovation in the field of
polymer-based hydrogels. Close cooperation among
researchers, clinicians, regulatory bodies, and indus-
try stakeholders will be harnessing the potential of
polymer-based hydrogels for effective drug delivery
in the treatment of diseases related to the SARS-
CoV-2 virus in the future.

3.5. Future directions of polymer-based
hydrogels in drug delivery for treatment
related to SARS-CoV-2 virus

As research on polymer-based hydrogels for drug
delivery in SARS-CoV-2-related diseases continues
to progress, several promising avenues for future ex-
ploration are becoming evident:

Advanced stimuli-responsive hydrogels
Developing hydrogels that respond to a broader
range of stimuli, such as specific biomarkers or ex-
ternal triggers, could revolutionize drug delivery
precision. Investigating new materials and respon-
sive mechanisms can lead to more sophisticated sys-
tems.

Combination therapies
Research should focus on the development of hydro-
gel-based systems capable of delivering multiple
therapeutics simultaneously. This could be especially
valuable for treating emerging variants of SARS-
CoV-2 or co-infections with other pathogens.

Personalized medicine
The integration of patient-specific data, such as ge-
netic information, into hydrogel-based drug delivery
systems could enable tailored treatment regimens.
Customized hydrogel formulations may optimize
therapeutic outcomes while minimizing side effects.
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Biodegradable hydrogels
Eco-friendly and biodegradable hydrogels that break
down harmlessly in the body or environment after
fulfilling their drug delivery function should be ex-
plored. This aligns with the broader trend of sustain-
able healthcare technologies.

Real-time monitoring
Research should investigate the incorporation of
biosensors or imaging agents into hydrogel systems
to enable real-time monitoring of drug release and
disease progression. This would facilitate adaptive
treatment strategies.

Nanotechnology integration
Leveraging nanotechnology within hydrogel sys-
tems could enhance drug encapsulation efficiency
and delivery precision. The design of nanoscale hy-
drogel carriers for targeted drug delivery warrants
further attention.

Clinical translation
Bridging the gap between laboratory research and
clinical applications is essential. Conducting exten-
sive preclinical and clinical trials to validate the safety
and efficacy of hydrogel-based drug delivery systems
is a critical step in their adoption for patient care.

Regulatory considerations
Collaborating with regulatory agencies to establish
clear guidelines for the approval and use of hydro-
gel-based drug delivery systems in the treatment of
SARS-CoV-2-related diseases is imperative.

Global access
Ensuring equitable access to hydrogel-based thera-
pies, particularly in low-resource settings, should be
a priority. Research on cost-effective production
methods and distribution networks is crucial.

Interdisciplinary collaboration
Encouraging collaboration between researchers from
various fields, including materials science, pharma-
cology, immunology, and engineering, can yield in-
novative solutions to complex challenges in drug de-
livery for SARS-CoV-2-related diseases.
The future of polymer-based hydrogels in drug de-
livery for SARS-CoV-2-related diseases is promising,

with numerous opportunities for innovation and im-
provement. By addressing these future directions, re-
searchers can contribute to the development of more
effective, personalized, and sustainable treatment
strategies for the ongoing battle against viral infec-
tions like COVID-19.

4. Conclusions
Polymer-based hydrogels have emerged as promis-
ing platforms for drug delivery in the treatment of
diseases related to SARS-CoV-2 virus. They possess
unique properties such as high water absorption, tun-
able drug release, biocompatibility, and stimuli-re-
sponsiveness, which make them highly attractive for
addressing the challenges posed by SARS-CoV-2 in-
fection. Although there are obstacles to overcome,
such as biocompatibility, scalability, and regulatory
considerations, the future of polymer-based hydro-
gels in SARS-CoV-2 treatment appears promising.
With ongoing research and advancements in fabri-
cation methods, characterization techniques, and for-
mulation strategies, significant improvements in the
design and performance of polymer-based hydrogels
for drug delivery are anticipated. In the future, we
can expect the hydrogels to exhibit enhanced target-
ing capabilities, incorporate stimuli-responsive re-
lease systems, and enable the delivery of combina-
tion therapies. Personalized medicine approaches
may also become more prevalent, tailoring hydrogel
formulations to individual patient characteristics for
optimized treatment outcomes. Furthermore, the
commercialization and regulatory approval of spe-
cific polymer-based hydrogel formulations have the
potential to make them widely accessible for use in
SARS-CoV-2 treatment. The utilization of polymer-
based hydrogels in drug delivery for SARS-CoV-2
treatment holds great promise for addressing the
unique challenges posed by this viral infection. Con-
tinued research, collaboration, and innovation in this
field will pave the way for more effective, patient-
friendly, and targeted therapeutic interventions
against SARS-CoV-2 and other infectious diseases.
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