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Abstract: A significant clinical care challenge is infection management in wounds, particularly in
light of the growing incidence of bacteria resistant to antibiotics. Innovative wound-healing materials
have prompted the incorporation of cutting-edge technology, such hydrogels coated with silver
nanoparticles (AgNPs), which provide dual-action antibacterial tactics. The broad-spectrum
antibacterial qualities of silver nanoparticles cause structural damage and growth inhibition by
interacting with bacterial cell membranes and releasing silver ions. The antibacterial efficacy of these
systems is increased when they are coupled with cell wall synthesis inhibitors like vancomycin or 3-
lactams. By targeting the development of bacterial cell walls, cell wall synthesis inhibitors further
reduce bacterial growth and improve the overall effectiveness of treatment. Additional advantages
of incorporating these agents into hydrogel matrix include moisture retention, controlled medication
release, and the capacity to adapt to wound surfaces, all of which support the development of a
favourable environment for tissue regeneration. Additionally, the hydrogels may release antibiotics
and silver nanoparticles locally and continuously, promoting wound healing and avoiding infections
.The mechanisms of cell wall synthesis inhibitors and silver nanoparticles in wound infection
prevention are examined in this study, emphasizing how they may work together to promote wound
healing. By tackling the problems of infection and encouraging quicker, more effective healing
results, such sophisticated systems hold great potential for the treatment of contemporary wounds.
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1. Introduction

Wound infections are a major worldwide health issue, particularly for those who have burns,
chronic wounds, or surgical incisions. In addition to raising medical expenses and delaying the
healing process, these infections can result in serious side effects including sepsis and amputations.
Among the many methods used to prevent wound infections, topical antimicrobial medicines have
been a key component.[1] But the rising problem of antimicrobial resistance (AMR) has prompted
researchers to look for more creative and potent treatments. The presence of silver nanoparticles have
gained a more impact in this world . Silver nanoparticles, have prominence in treatment of wounds
due to recent developments in nanotechnology and their broad-spectrum antibacterial capabilities.[2]
Due to their mechanism of action to interfere with DNA, break down bacterial cell membranes, and
suppress enzyme activity, silver nanoparticles are very efficient against a variety of diseases. Making
sure these nanoparticles are effectively transported to the wound site without producing systemic
toxicity . Delivery techniques based on hydrogel have emerged as a practical solution to this problem.
Their biocompatibility, flexibility, and ability to keep wounds wet, hydrogels are perfect for
accelerating healing.[3] Hydrogels that have been injected with silver nanoparticles can deliver a
steady release of antimicrobial agents right at the infection site, providing a focused and regulated
method of infection control. Additionally, a unique dual-action technique is shown by mixing silver
nanoparticles with inhibitors of cell wall production, such vancomycin or $-lactams. The goal of this
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strategy is to increase antibacterial effectiveness in a synergistic manner.[4] The bacterial cell wall, a
crucial component for the integrity and survival of bacteria, is the target of cell wall synthesis
inhibitors, whereas silver nanoparticles affect the bacterial membrane and intracellular components.
Increased antimicrobial activity, less resistance development, and improved wound infection
management can result from the combination of these two modes of action.[5]

2. Hydrogel in Wound Healing

Hydrogel an intricate three-dimensional structures made of hydrophilic polymer chains, quickly
inflate when they come into touch with water to produce a partly solid substance. [6] Since water
makes up a majority of the hydrogel structure, it is feasible to maintain a moist environment next to
the wound’s surface, which promotes tissue healing . Hydrogels are perfect as wound dressings
because of their many qualities. [7]These include mechanical protection, form flexibility, and solid
adhesion, which provide for adequate wound covering and protection .[8] One benefit of hydrogel-
based dressings is that they are easily adjustable, which enables the addition of cells, biomolecules,
growth hormones, antibacterial and antimicrobial agents, and more .[9] It has been shown that
hydrogel-based dressings can alter the arrangement and responsiveness of macrophages, which
promotes revascularization in wounds associated with diabetes. Vascular endothelial or basic
fibroblast growth factors were incorporated in a hydrogel matrix to promote immune stimulation
and stimulate cell proliferation . [10]

Figure 1. Structure of Hydrogel [11].

Hydrogels may be divided into a number of categories based on their origin, makeup, and
structure. A thorough description of the several kinds of hydrogels are mentioned below:[12]

1.Natural Hydrogels : Gels made from polymers found in nature are known as natural
hydrogels.[13] Natural polymers have several benefits when used to create hydrogels, including non-
toxicity, biocompatibility, and biodegradability.[14] The usage of biomaterials dictates whether
hydrogels are made using natural polymers or not.[15] Hydrogels used to release substances under
control, for example, should be biocompatible, biodegradable, and informal.[16] In therapeutic
situations, natural hydrogels such as collagen, fibrin, alginate, and gelatin are used. [17] Alginate has
been used, for example, to help the left ventricle return to normal after a heart attack.[18].
Furthermore, collagen has been used to replace vascular bundles. During surgery, fibrin can be used
as an adhesive, tissue engineer, or anticoagulant.[19] Whereas gelatin can be used for artificial
constructions. Some examples of natural hydrogels are :[20]

A. Collagen based hydrogels : Collagen is a naturally occurring protein . It plays a very crucial
role in the process of wound healing .[21] Hydrogels generally made up of this collagen provides a
structural support and promote a type of cell attachment and migration .[22]
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B. Hyaluronic Acid based hydrogels : These is a very essential part of the extracellular matrix .
This type of hydrogels also provide the wound healing by enhancing the tissue regeneration .[23]

C. Chitosan Based Hydrogels : These type of hydrogels are known for having its
biocompatibility and antibacterial properties , making them effective in managing the various chronic
and acute wounds .[24]

2. Synthetic Hydrogels : Synthetic polymers like polyamides and polyethylene glycol (PEG) are
used to create synthetic hydrogels.[25] In hydrogel manufacturing, synthetic polymers have lately
replaced natural polymers because of their longer lifespan, higher water absorption capacity, and gel
strength.[26] Synthetic polymers are used to make hydrogels, which have several therapeutic
applications.[27] In addition to being hydrophobic, synthetic polymers have better mechanical and
chemical structures than natural polymers.[28]PEG, polyvinyl alcohol, and polyacrylamide and its
derivatives are examples of these polymers. Some detailed information about this are :[29]

A. Polyvinyl Alcohol Hydrogels : PVA is widely used because of its excellent water retention
and mechanical strength properties . [30]

B. Polyethylene Glycol Hydrogels : PEG — based hydrogels are very highly hydrophilic and
which can be easily modified to control their own degradation rates.[31]

C. Polyurethane Hydrogels ; These type of hydrogels are a very durable , flexible and have a
controlled permeability release rendering them very appropriate for usage in the course of wound
healing applications .[32]

3. Semi Synthetic Hydrogels :[33] Natural polymers that have undergone chemical modification
to enhance their characteristics or include synthetic components are the source of semi-synthetic
hydrogels.[34]

Properties of Hydrogels

Hydrogels are perfect for wound healing as they have the following properties as mentioned
below : [35]
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Figure 2. Properties of Hydrogel [36].

e  Elevated Water Content: Hydrogels may absorb and retain over 90% of their weight in water,
which helps maintain a moist wound environment. This is important for a number of reasons

- Cell migration: Keratinocytes and fibroblasts, two important cells in wound closure,
migrate more readily in a wet environment.

- Increased epithelialization: New epithelial tissue that covers and shields the wound is
formed more quickly when there is moisture present.
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- Decreased scab development: Hydrogels keep the wound from drying out and developing
crusts, in contrast to dry dressings that encourage scab formation, which can impede
healing and increase scarring.

- Improved autolytic debridement: Without endangering healthy tissue, the wet
environment facilitates the body’s natural enzymatic breakdown of dead tissue.[38]

¢  Biocompatibility: Hydrogels may be directly applied to live tissues since they are often made
of non-toxic, non-immunogenic, and chemically stable polymers. Among their advantages are:

- Decreased immune response: Because hydrogels don’t cause a significant immunological or
inflammatory response, they stop more tissue damage [39] .

- Minimal irritation: Their neutral composition and mild hydration quality

prevent stinging or burning feelings when aplied.

- Long-term safety: Due to their inert nature, hydrogels can be employed without running the
risk of cytotoxicity for post-operative recovery or chronic wound care [40].

e Softness and Flexibility: Hydrogels’ soft, elasticc and highly conformable physical
characteristics make them perfect for wound treatment, particularly for sensitive or uneven
areas:

- Conform to wound geometry: Whether a wound is shallow, deep, or placed across joints or
bony parts, hydrogels adapt well to the surface [41] .

- Comfort of the patient: Their softness minimizes discomfort during application or removal by
reducing mechanical damage to the wound and surrounding skin.

- Mobility-friendly: Flexible hydrogels are perfect for active people or hard-to-dress regions
since they remain in place even when the patient moves [42] .

¢  Controlled Release Capability: It is possible to design hydrogels to function as drug delivery
vehicles that release therapeutic chemicals locally and continuously:

- Drug incorporation: Hydrogel matrices can be used to embed growth hormones, antibiotics,
anti-inflammatory agents, and even stem cells [43] .

- Targeted action: By delivering medications straight to the wound site, systemic adverse effects
are decreased and local effectiveness is increased.

- Profiles of sustained release: Timed release made possible by hydrogels’ porous nature
guarantees a longer therapeutic effect without the need for frequent reapplication [44].

e Non-Adhesive Nature: The majority of hydrogels do not cling to the wound bed because they
are non-adherent:

- Painless dressing changes: This greatly enhances patient comfort, particularly when treating
chronic wounds like burns, diabetic foot ulcers, and pressure ulcers [45].

- Granulation tissue preservation: When changing dressings, non-adhesive materials lessen the
possibility of ripping away fresh tissue [46] .

- Reduced trauma: Careful removal helps preserve the integrity of the healing wound and
prevents mechanical harm [47] .
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3. Silver Nanoparticles and Their Function in Wound Healing

The biomedical field has paid close attention to silver nanoparticles (AgNPs) due to their
remarkable antibacterial properties.[48] Compared to bulk silver, silver nanoparticles’ small size—
usually between 1 and 100 nm—allows for a greater surface-area-to-volume ratio, which improves
their capacity to interact with bacterial cells. [49]

3.1. Role Of AgNPs in Wound Healing : [50]

> Anti-inflammatory Effects: Although inflammation is a normal aspect of wound healing, severe
or protracted inflammation can harm good tissue and slow the healing process. AgNPs assist
by:

- Immune response modulation: AgNPs limit excessive inflammation by lowering the
overexpression of pro-inflammatory cytokines such as TNF-a, IL-6, and IL-1p.

- Reducing oxidative stress: They counteract reactive oxygen species (ROS), which are damaging
inflammatory byproducts that might impede the healing process.

- Stabilizing the wound environment: AgNPs improve the stability of the wound environment,
which promotes tissue regeneration and quicker healing, by lowering inflammation.[51]

>  Promote Collagen Synthesis: A crucial structural protein that serves as the foundation for new
tissue is collagen. AgNPs increase its synthesis, which helps with:

- Tissue remodeling: By strengthening the wound region and encouraging tissue regeneration,
increased collagen deposition lowers the chance of a reopened wound.

- Formation of the matrix: Collagen aids in the production of the extracellular matrix (ECM),
which is necessary for new cell structure and support.

- Faster wound contraction: With more collagen, the wound edges may contract more efficiently,
speeding up closure.[52]

>  Enhanced Cellular Proliferation: Fibroblasts, the main cells in charge of producing connective
tissue and healing wounds, are activated by AgNPs:

- Increased fibroblast migration: AgNPs promote the migration of fibroblasts into the wound
site, which is essential for starting the healing process.

- Increased proliferation: By promoting cell division, they enable more fibroblasts to take part in
tissue regeneration.

- AgNPs may also promote the activity of keratinocytes and endothelial cells, which are essential
for re-epithelialization and the development of new blood vessels. [53]

» Pain Reduction: Infection and inflammation are common causes of pain in wounds. AgNPs
assist in easing this pain by:

- Antibacterial action: They lessen discomfort associated with infections by eradicating or
inhibiting a wide range of pathogens, including bacteria and fungus.

- Reducing inflammatory signals: They lessen the biological causes of pain by suppressing
inflammatory mediators.
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- Encouraging a cleaner wound environment: This lessens the need for frequent dressing
changes and forceful debridement, both of which are typical causes of discomfort.[54]

3.2. Mechanism of Action of Silver Nanoparticles in Wound Healing

The mechanism of action of silver nanoparticles in wound healing is as follows [55]:

e  Silver nanoparticles’ continuous ion discharge might be a method of eliminating germs because
of their electrostatic attraction and closer similarity to sulphur proteins, which allow them to
easily bind to the cytoplasmic membrane and cell wall.[56]

e Asaresult of the silver ions” attachment to the cell wall or cytoplasmic membrane, the microbial
envelope is destroyed since the cell becomes more accessible. [57]

e When free silver ions are taken up by cells, they discontinue respiratory enzymes, producing
ROS which stop the production of adenosine triphosphate.[58] After adhering to the cell surface,
AgNPs accumulate in the pit , which leads to the membrane denaturation in a cell.[59] They
have the ability to alter the composition of the cell membrane and permeate the cell wall due to
their nanoscale size. [60]

e Cell rupture brought on by denaturation of the cytoplasmic membrane also results in cell lysis.
Bacterial signal transduction also involves AgNPs.[61] Tyrosine residues on peptide substrates
can be dephosphorylated by nanoparticles and protein substrate phosphorylation, which
eventually impacts bacterial signal transmission. Cell death and the end of cell division can be
accompanied by disruptions in signal transmission.[62]

¢ This promotes wound healing through tissue remodeling.
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Figure 3. Mechanism of action of silver nanoparticles [63].

4. Cell Wall Synthesis Inhibitor and Their Role in Wound Healing [64]

e A class of antimicrobial drugs known as cell wall synthesis inhibitors causes bacterial cells to
lyse and die by interfering with the formation of their cell walls. These substances are
particularly important for treating bacterial wound infections .[65]

4.1. Types of Cell Wall Synthesis Inhibitors Used in Wound Care

e  Beta-lactam Antibiotics:

- Penicillins: Among the most traditional and extensively used antibiotics are penicillin and
their derivatives, such as amoxicillin.[66] They work well against Gram- and a variety of
Gram + bacteria.[67]

- Cephalosporins : Similar to penicillin’s, cephalosporins are frequently utilized because to
their wider range of activity, which includes their ability to effectively combat several
resistant types.[68]
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- Carbapenem : Because of their broad-spectrum action, carbapenems are used to treat
infections that are more severe or resistant to many drugs.[69]

e  Glycopeptides :

- Vancomycin : Gram-positive bacterial illnesses, especially those caused by methicillin-
resistant Staphylococcus aureus (MRSA), frequently treated with this glycopeptide
antibiotic.[70]

- Teicoplanin : This infections caused by Gram-positive bacteria that are resistant to
vancomycin are treated with glycopeptide..[71]

- Bacitracin : By preventing the lipid carrier involved in peptidoglycan production from
dephosphorylating, the topical antibiotic bacitracin prevents the creation of cell walls. [72]
It is frequently used as an over-the-counter ointment for small wounds, burns, and
abrasions.[73]

4.2. Mechanism of Action Of Cell Wall Synthesis Inhibitors in wound healing
e Inhibition of Peptidoglycan Cross-Linking : [74]
- These medications primarily target the bacterial cell wall, namely the peptidoglycan
synthesis, which provides the wall its stiffness.[75]

- Peptidoglycan is essential to gram-positive bacteria’s ability to retain their cell structure.[76]
Despite being thinner, peptidoglycan nevertheless plays a crucial protective role in gram-
negative bacteria.[77]

- Inthe latter phases of peptidoglycan enzymes known as penicillin-binding proteins (PBPs)
facilitate cross-linking are inhibited by penicillin’s and cephalosporins. This causes bacterial
cell lysis by weakening the cell wall.[78]

e  Prevention of Bacterial Growth:

- These medications stop the manufacture of cell walls, which stops bacteria from growing
and dividing normally.[79]

- Because bacteria slow down tissue regeneration, infected wounds are frequently a barrier
to recovery.[80]By lowering the bacterial burden, the immune system can eradicate the
infection more successfully and improve the conditions for wound healing.[81]

e  Reduction of Inflammation and Infection:

- Infection increases tissue damage and inflammation during wound healing.[82] Cell wall
synthesis inhibitors lessen the inflammation brought on by the infection by regulating
bacterial growth.[83]

- This aids in reducing pain, enhancing tissue oxygenation, and managing wound exudate—
all of which are critical for fostering healing.[84]

e  Allowing for Normal Healing Processes:

- Cell wall synthesis inhibitors reduce infection-related damage by preventing bacterial
growth, creating a healing environment.[85]

5. Synergistic Dual-Action Strategy of Cell Wall Synthesis Inhibitors Plus Silver
Nanoparticles for Wound Infection Control
- The synergistic actions of cell wall synthesis inhibitors and silver nanoparticles improve the
antimicrobial capacity .[86]
- The combination of Ag-NP infused hydrogels and cell wall synthesis inhibitors provides a
dual-action strategy to control wound infections:[87]

e  Antimicrobial Action:
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- Silver nanoparticles break membranes, damage DNA, and prevent biofilms to produce a
broad-spectrum antibacterial impact. [88] By stopping the development of bacterial cell
walls, cell wall synthesis inhibitors further increase the antibacterial efficacy.[89]

e  Reduced Resistance Development:

- A major benefit over single-agent treatments is that the twin modes of action—membrane
rupture and cell wall inhibition —make it more difficult for bacteria to become resistant.[90]

¢  Enhanced Healing:

- Bylowering inflammation, boosting collagen production, and stimulating cell proliferation,
the combination not only gets rid of bacterial infections but also speeds up wound
healing.[91]

e  Faster Bacterial Killing:

- By targeting multiple cellular components, silver nanoparticles add additional
antimicrobial activity, while cell wall synthesis inhibitors weaken the bacterial wall and
stop further division.[92] This dual action leads to faster bacterial killing, which is
important for wound healing.[93]

¢  Controlled Release Systems :

- AgNPs and antibiotics can be delivered in a regulated way using hydrogels, guaranteeing
sustained antibacterial action at the wound site while reducing systemic toxicity.[94] By
increasing the therapeutic concentration of both drugs in the wound, this targeted
administration can maximize effectiveness while reducing adverse effects.[95]

6. Clinical Applications of this Dual Action Strategy

e  Chronic Wounds :-

- Broad-Spectrum Antimicrobial Action: (MRSA), vancomycin-resistant Enterococcus (VRE),
are just a few of the MDR pathogens that the AgNPs in the hydrogel system exhibit strong
effectiveness against.[96]

- Controlled Release: The hydrogel system ensures long-lasting antibacterial action and
lessens the need for frequent dressing changes by enabling the steady, regulated release of
antibiotics and AgNPs at the wound site.[97]

- Biofilm Disruption: By efficiently breaking up bacterial biofilms, which are frequently
present in chronic wounds, AgNDPs increase the effectiveness of therapy by facilitating
antibiotic penetration.[98]

- Enhanced Healing: AgNPs and antibiotics work together to lower inflammation, manage
infection, and encourage collagen production, all of which hasten wound closure and tissue
healing. [99]

e  Diabetic Foot Infections :

- Targeted Infection Control: AgNPs work very well against MRSA, species, which are
frequent causes of foot infections in diabetics. Antibiotics are added to improve
antimicrobial coverage even further.[100]

- Prevents Amputations: The hydrogel lowers the risk of tissue necrosis and amputation by
regulating infection and encouraging quicker healing, which is a major worry for diabetes
patients.[101]

e  Surgical Site Infections :

- Prophylactic Infection Control: In high-risk operations (such as orthopedic, abdominal, or
cardiovascular procedures), the hydrogel system can be utilized as a preventative measure
to avoid infection at the operative site.[102]
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- Minimal Tissue Irritation: Because the hydrogel is biocompatible, it creates a non-irritating
environment that lowers the likelihood of problems that come with using traditional post-
surgical ointments or lotions.[103]

7. Conclusions

The broad-spectrum antibacterial activity of silver makes hydrogels impregnated with silver
nanoparticles (Ag NP) intriguing for the treatment .[104] This hydrogel can reduce inflammation and
promote re-epithelialization which will limit bacterial infections and aid in healing. AgNPs in
hydrogels have shown antiviral, antifungal and antibacterial qualities.[105] The ability of Ag NP-
infused hydrogels to emit silver ions (Ag+) and AgNPs, which exhibit antifungal and bactericidal
properties accounts for their efficacy bacterial mortality is caused by silver ‘breaking up’ of micro-
organisms cell membranes and inhibition at the synthesis of enzymes, RNA and DNA. [106] Scientists
have developed pH-responsive hydrogels which react by releasing Ag NP to pH shifts in the
environment including those brought about by harmful bacteria in a wound. These hydrogels allow
the on-demand release of silver by limiting Ag NP release at acidic pH and amplifying it at alkaline
p H [107].Researchers have indicated that these hydrogels efficiently eliminate both Gram-positive
and Gram-negative bacteria while posing no harm to the skin cells of mammals. According to a novel
method a composite hydrogel containing sodium polyacrylate particles distributed in a cryo-
crosslinked polyvinyl alcohol carrier gel contains Controlled silver release occurs when cold
atmospheric plasma is applied to the hydrogel loaded with silver .[108] Research has demonstrated
that hydrogels may regulate Ag NP release reducing the cytotoxic effects on cells and inhibit
phagocytosis.[109]Ag-hydrogel nanocomposites speed wound closure and re-epithelialization by
demonstrating potent bactericidating effect against both Gram-positive bacteria and Gram-negative
bacteria without causing cytotoxicity. [110]

8. Future Perspective

An innovative method of managing wound infections is the creation of hydrogel systems loaded
with silver nanoparticles and cell wall production inhibitors.[111]Future studies will concentrate on
reducing possible cytotoxicity and bacterial resistance while optimizing these systems’ synergistic
antibacterial activity.[112] Targeted treatment and infection control may be further enhanced by
combining smart hydrogels with stimuli-responsive drug release mechanisms (such as pH- or
temperature-sensitive delivery).

Next-generation hydrogel systems that contain bioactive compounds, growth factors, or stem
cells might result from developments in nanotechnology and biomaterial engineering.[113] These
systems would promote both antibacterial activity and faster tissue regeneration. Furthermore,
patient-specific therapies might be made possible via 3D bioprinting and customized wound
dressings, which would maximize healing results.[114]

These cutting-edge hydrogel systems have the potential to completely transform contemporary
wound care by providing safer, more efficient, and very flexible options for the treatment of both
acute and chronic wounds with further multidisciplinary research, clinical trials, and regulatory
developments.[115]
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