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Abstract

Background: Surgical wound healing remains challenging in the clinical setting, bedeviled by infection, inflammation, and
dysfunctional tissue regeneration. Present treatments rely on dressings and anti-biotics, whose bioavailability and site-specific
delivery limitations necessitate more advanced pharmacological approaches. New trends in nanomedicine, drug targeting,
and natural therapeutics are promising to overcome this status by promoting tissue repair and minimizing complications.
Obijectives: This review addresses recent advances in pharmacological strategies for facilitating post-surgical wound heal-
ing, highlighting the promise of nanotechnology, controlled-release drug delivery, and natural bioactive molecules. Based on
recent literature, this review highlights mechanisms, clinical relevance, and potential translational challenges.
Methodology: A comprehensive literature search was conducted on PubMed, Scopus, and Google Scholar from 2013 to
2024. Studies on nanoparticle-based drug delivery, polymeric scaffolds, phytopharmacology, and controlled-release formula-
tions were reviewed. This review integrates preclinical and clinical evidence to present an updated perspective on the efficacy
and safety of these interventions.

Results: Nanomedicine-based therapies, including liposomes, hydrogels, and polymeric nanoparticles, improve drug stability, tissue
penetration, and controlled release, thereby improving wound closure. Targeted drug delivery by growth factors, cytokines, and
gene therapy has been encouraging in preclinical models but awaits clinical validation. Natural bioactive compounds (e.g., curcumin,
aloe vera, honey, and flavonoids) exhibit antioxidant, anti-inflammatory, and anti-microbial activities that complement pharmaco-
logical treatments. However, drug stability, scalability of formulations, and regulatory compliance limit clinical translation.
Conclusion: Advances in nanomedicine, targeted drug delivery, and natural therapeutics have transformed postoperative
wound healing by providing improved efficacy and safety. However, clinical trials and regulatory guidelines are needed to
enable clinical translation. Future research should emphasize biocompatibility, long-term safety, and cost-effectiveness to
optimize patient benefits.
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Introduction scarring, and even a systemic inflammatory response. Despite
better surgical techniques and postoperative care, a signifi-
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diabetes, peripheral vascular disease, or compromised
immune status. The increasing incidence of non-healing
wounds necessitates the development of novel pharmacologi-
cal therapies to enhance tissue regeneration, prevent infec-
tion, and speed up recovery.?

The most critical post-surgical wound healing complica-
tion is the development of surgical site infections (SSIs),
which contribute to a significant percentage of hospital-
acquired infections. SSIs not only add to morbidity and
mortality, length of stay, and healthcare costs, but also
directly affect healthcare costs.? Bacterial colonization, bio-
film development, and anti-biotic resistance also complicate
infection control, rendering conventional anti-biotic therapy
ineffective in most cases. Moreover, compromised vascular-
ization of the wound bed decreases oxygen and nutrient
delivery, impairing cellular proliferation and collagen syn-
thesis, which are essential for optimal wound closure.
Excessive inflammation, fibrosis, and scarring compromise
functional and aesthetic results, requiring novel pharmaco-
logic treatments.*

Current treatment protocols for post-surgical wound healing
largely depend on conventional wound dressings, topical anti-
septics, systemic anti-biotics, and anti-inflammatory drugs.
While these treatments provide symptomatic relief, they are
riddled with several disadvantages that inhibit maximum heal-
ing outcomes.’ Excessive use of systemic anti-biotics has
spawned multidrug-resistant bacterial strains, significantly
reducing the efficacy of conventional approaches. Most anti-
biotics and growth factors also suffer from poor bioavailability,
as systemic delivery never achieves therapeutic levels at the
wound site.® Topical delivery, although effective in some cases,
is generally inhibited by poor drug penetration, fast degrada-
tion, and short residence time, leading to suboptimal therapeu-
tic outcomes. The slow process of natural tissue repair is also a
disadvantage, particularly in patients with chronic wounds,
where chronic inflammation and reduced fibroblast activity
severely inhibit the proliferative phase.”

In recent years, novel pharmacological approaches, such
as nanomedicine, targeted drug delivery systems, and bioac-
tive natural therapeutics, have been investigated as potential
agents for post-surgical wound healing enhancement. Drug
delivery systems based on nanotechnology have revolution-
ized wound healing strategies by providing controlled and
sustained release of drugs, improved bioavailability, and
increased cellular uptake.® Various nanomaterials, such as
liposomes, polymeric nanoparticles, and metallic nanoparti-
cles, have exhibited excellent wound healing efficacy by
providing anti-microbial drugs, growth factors, and anti-
inflammatory drugs to the wound. Silver nanoparticles, for
instance, exhibit enhanced anti-bacterial activity and are
used in wound dressings to prevent infection. Similarly,
hydrogel-based nanoplatforms with the loading of bioactive
compounds create a moist wound microenvironment,
enhance tissue regeneration, and facilitate epithelialization.’

Targeted drug delivery systems have also been highly
well-liked in wound healing research because of the potential
to deliver targeted and localized therapeutic action with mini-
mized systemic side effects. Stimuli-responsive drug carriers,
such as potential of hydrogen (pH)-sensitive and enzyme-
activated nanoparticles, have been designed to deliver drugs
based on the specific condition of the wound microenviron-
ment.!? These systems offer a platform for drug delivery only
when and where it is needed, offering maximum therapeutic
benefit without side effects. Microneedle patches and biode-
gradable scaffolds have also been designed for local drug
delivery, improving healing by delivering sustained therapeu-
tic action to the wound site.!!

Natural therapeutics have been employed in traditional
medicine for centuries to treat wounds, and recent science has
established their pharmacological activities. Curcumin, aloe
vera, and honey are bioactive plant extracts with high wound-
healing potential because of their anti-inflammatory, anti-
microbial, and antioxidant activity.!? Curcumin, a polyphenolic
turmeric extract, has been studied extensively for its ability to
modulate inflammation, stimulate fibroblast proliferation, and
enhance collagen deposition. Aloe vera’s cooling and regen-
erative activity stimulates wound healing by stimulating kera-
tinocyte migration and angiogenesis. Similarly, honey’s
anti-bacterial and osmotic activity have been added to various
wound-care products to prevent infection and stimulate tissue
repair.!? The convergence of these sophisticated pharmaco-
logical modalities in wound therapy has the potential to over-
come the limitations of traditional treatments, while
revolutionizing patient outcomes. With the convergence of
nanomedicine with targeted drug delivery and natural thera-
peutics, researchers are developing multimodal wound heal-
ing therapies that target different aspects of the healing
process, from infection control and inflammation modulation
to tissue regeneration and prevention of scarring. Incorporating
biomaterials and bioengineered skin substitutes further aug-
ments these therapies, providing structural support and bioac-
tive cues to enhance wound closure.'*

This review is intended to present a comprehensive over-
view of the recent pharmacological frontiers of post-surgical
wound healing, that is, nanomedicine, targeted drug delivery,
and natural therapeutics. Based on a critical assessment of the
present drawbacks in wound healing, this review is intended
to highlight the role of novel drug delivery systems and bio-
active molecules toward tissue repair facilitation, infection
rate reduction, and complication minimization. Additionally,
it will comment on the translational relevance of these
advances, emphasizing the requirement for interdisciplinary
collaborative research among pharmacologists, biomedical
engineers, and clinicians to take these advances into main-
stream medical practice. The results of this review will not
only contribute to the existing body of knowledge on wound
healing and provide insights into future research and clinical
applications.
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Review of Literature

Post-surgical healing of wounds is a significant challenge in
many clinical specialties, with ophthalmic surgery, surgical
interventions, and pharmacotherapy being prominent. Given
the importance of targeted drug administration, Yu-Wai-Man
and Khaw investigated the opportunity of small-molecule-
based novel anti-fibrotic drugs targeting post-surgical wound
healing for glaucoma surgery.!> Bhusal et al. took a closer look
at controlled drug release systems delivering drugs in such a
way to enhance post-op pharmacotherapy for sustained release
with better therapeutic delivery.'¢ Askari et al. investigated
localized post-surgical drug delivery from stimuli-responsive
hydrogels, ensuring drug delivery while avoiding systemic
issues.!” Makvandi et al. carried the drug delivery platform fur-
ther toward incorporating nanomedicine for promoting tissue
regeneration, infection prevention, and cancer,!® while Eleraky
et al. outlined the use of nanomedicine to counter the problem
of anti-bacterial resistance during post-surgery infection pre-
vention, which is a critical condition.!® These efforts empha-
size the potential of advanced pharmaceutical interventions in
streamlining wound healing, as shown in Table 1.

Methodology

Locating Data

A thorough literature search was conducted across databases
such as PubMed, Scopus, Web of Science, and Google
Scholar. The search terms to be used were “post-surgical
wound healing,” “nanomedicine,” “targeted drug delivery,”
and “natural therapeutics.”

EEINT3

Data Collection

Relevant review articles, peer-reviewed articles, and clinical
trials published over the past two decades were chosen. The
inclusion was based on studies that reported on pharmaco-
logical advancements for wound healing.

Data Extraction

Information on drug mechanisms, efficacy, safety, and limita-
tions was collected and structured. Nanomedicine research,
drug-controlled release, and herbal drugs were accorded
greater priority.

Synthesizing Information

The collected data were synthesized and critically examined
to highlight current trends, concerns, and future research
directions in post-surgical wound healing pharmacotherapy.

The references were purposively selected based on innova-
tion, clinical relevance, and impact, focusing on post-2013
integrative advancements in wound healing pharmacotherapy.
High-impact studies introducing novel nanocarriers,'® anti-
fibrotic strategies,'> and anti-bacterial nanotherapies!'® exem-
plify the review’s translational and preclinical emphasis.

Results

Nanomedicine Breakthroughs in Wound Healing
of Postoperative Wounds

Nanomedicine has been a new technique for post-surgical
wound healing with controlled release, targeted drug delivery,
and enhanced drug bioavailability for therapy. Liposomes,

Table I. Literature Review—Previous Work on Drug Delivery in Post-surgical Wound Healing.'5-!?

Authors (Year) Key Finding

Research Focus

Challenges/Limitations Future Scope

Yu-Wai-Man and Khaw
(2015)

Small molecules show

promise in modulating
fibrosis in post-surgical
wound healing.

Bhusal et al. (2016) Controlled-release drug
delivery improves postop-

erative pharmacotherapy.

Askari et al. (2020)
enable localized drug deliv-
ery in post-surgical wounds.

Makvandi et al. (2021)
in tissue regeneration and
infection control.

Eleraky et al. (2020) Nanomedicine is a promis-

al resistance.

Anti-fibrotic strategies for Limited clinical trials and
glaucoma surgery.

Sustained drug release for
enhanced efficacy.

Stimuli-responsive hydrogels Smart hydrogels for drug-
controlled release.

Nanomedicine platforms aid Nano-based drug delivery
for post-surgical healing.

Nanoparticle-based anti-
ing tool against anti-bacteri- microbial therapy.

Development of safer,
more effective anti-fibrot-
ic agents for ophthalmic
applications.

regulatory concerns.

Drug stability and formu-
lation challenges.

Integration of personal-
ized medicine and biode-
gradable carriers.

Variable responsiveness
and biocompatibility
issues.

Optimization of hydrogel
formulations for better
clinical application.

Safety concerns and toxic- Clinical translation and

ity profiles. large-scale production of
nanomedicine formula-
tions.

Advancement of targeted
anti-microbial nanoparticles
with minimized side effects.

Risk of cytotoxicity and
long-term effects.

Note: This table summarizes key findings, research areas, issues, and directions for future research on earlier studies on pharmacologic management of

surgical wound healing.
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polymeric nanoparticles, and metal nanocarriers are a few of
the nanoparticles employed for sustained and targeted drug
delivery, with reduced systemic toxicity and enhanced thera-
peutic effects. Stimuli-responsive nanocarriers provide drug-
controlled release, with the drug being active for a longer
duration at the site of the wound.?°

The enhanced bioavailability of drugs through nanomedi-
cine is one of the key causes of the enhanced rate of tissue
regeneration. Nanoformulations increase drug solubility and
stability and enable the deeper penetration of the drug into the
wound. In addition, nanoparticles can deliver multiple drug
agents, such as anti-biotics, anti-inflammatory agents, and
growth factors, in a single drug delivery system, resulting in
enhanced wound healing.?!

Case studies have been used to demonstrate the effective-
ness of nanomedicine in wound healing. Silver nanoparticles,
for example, have improved anti-microbial activity, decreas-
ing the rate of postoperative infection. Polymeric nanoparti-
cles containing embedded growth factors have been found to
enhance tissue healing and collagen synthesis in preclinical
models. Lipid nanocarriers have also enhanced hydration and
epithelialization and facilitated quick recovery. The findings
thus confirm the efficacy of nanomedicine as a new strategy
in postoperative wound healing.??

Targeted Drug Delivery for Enhanced Wound
Healing

Targeted drug delivery has transformed the post-surgical
healing of wounds by ensuring site-specific delivery of the

Table 2. Targeted Drug Delivery Systems for Wound Healing.23-?’

drug with decreased systemic toxicity and enhanced drug
effectiveness. Relative to traditional drug delivery, which is
predisposed to bring about poor bioavailability and off-tar-
geting, targeted delivery can ensure precise targeting of the
drug at the site of the wound with maximum therapeutic
effect and the least side effects.?324

Intelligent drug delivery systems, like stimuli-responsive
hydrogels and microneedle-based systems, have been created
with high interest in treating wounds.?> Stimuli-responsive
hydrogels release drugs upon exposure to some physiological
stimulants like pH, temperature, or enzymatic activity at the
wound site, which in prolonged and sustained drug release.
Likewise, microneedle patches offer effective and painless
drug delivery in the deeper planes of wound tissues and offer
drug permeation without going through systemic circulation,
as shown in Table 2.2627

Natural Therapeutics and Phytochemical
Interventions in Wound Healing

Phytochemical therapy and natural medicines have gained
greater interest because of their potential to contribute to
postoperative wound healing as cost-effective, biocompati-
ble, and multipotential therapies. Curcumin, aloe vera,
Centella asiatica, and honey are some herbs and bioactive
molecules that are extensively studied for their wound-heal-
ing potential. The phytochemicals enhance angiogenesis,
fibroblast proliferation, and collagen deposition, leading to
faster tissue formation and better wound closure.?®

Drug Delivery Mechanism of Targeted Therapeutic
Authors (Year) System Action Advantages Tissue Effect Side Effects
Boateng et al. Hydrogel-based  Provides a moist  Enhances wound  Skin and soft Accelerates tissue  Potential allergic
(2008) drug delivery environment and  hydration, pro- tissues regeneration, re- reactions, risk

Toppo and Pawar
(2015)

Nanoparticle-
loaded scaffolds

Sanjarnia et al. Microneedle patch

(2024) systems

Hoque et al. Liposomal drug
(2023) carriers
Manzari et al. Polymeric
(2021) nanoparticles

sustained drug
release.

Controlled and
localized drug
release.

Painless transder-
mal drug delivery.

Encapsulates
drugs to enhance
solubility and
stability.
Stimuli-responsive,
controlled drug
delivery.

motes epitheliali-
zation.

High bioavailabil-
ity, site-specific
action.

Minimally invasive,
high patient com-
pliance.

Reduces systemic
toxicity, prolongs
drug release.

Biodegradable,
improves targeted
action.

Deep wound
tissues

Chronic wound
sites

Skin ulcers, burn
wounds

Post-surgical
wounds

duce inflammation.

Enhances anti-
microbial efficacy,
prevents biofilm
formation.

Increases drug pen-
etration, improve
vascularization.

Enhances the
absorption of hy-
drophobic drugs.

Promotes fibroblast
proliferation and
collagen deposition.

of infection in
chronic wounds.

Cytotoxicity at
high doses, im-
mune response
activation.

Temporary red-
ness and irritation
at the application
site.

Possible skin
irritation, lipid
oxidation.

Potential systemic
toxicity, slow
clearance.

Note: This table highlights targeted drug delivery systems for wound healing, describing their mechanisms, advantages, applications, therapeutic benefits,

and associated side effects.
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Anti-inflammatory and anti-microbial properties of phyto-
chemicals are crucial in the prophylactic prevention of post-
operative complications. Curcuminoids, flavonoids, and
tannins modulate inflammatory processes by inhibiting
excessive cytokine production and oxidative stress at the site
of trauma.?® Anti-microbial phytoextracts like neem
(Azadirachta indica) and tea tree oil (Melaleuca alternifolia)
possess broad-spectrum anti-bacterial action, successfully
controlling wound infections caused by drug-resistant bacte-
ria. These effects make phytochemicals the best option over
traditional anti-biotics, as they rectify the problem of anti-
biotic resistance and drug side effects.’?

Various clinical trials have explored the efficacy of plant-
based pharmacological treatments in wound healing. Studies
on C. asiatica preparations revealed improved epithelializa-
tion and reduced scar tissue in patients undergoing surgery,
and honey dressings were beneficial in reducing bacterial
load, pain, and healing time. Integrating natural therapeutics
into modern wound healing strategies is an opportunity to
develop safer, eco-friendly, and patient-friendly therapies for
post-surgical healing.3!

Comparative Analysis of Conventional Versus
Modern Pharmacological Therapies in Wound
Healing

Surgical wound healing has relied on conventional therapy
using anti-biotics, anti-septics, and wound dressings.
Although highly effective in preventing infection, these ther-
apies carry significant disadvantages, like anti-biotic resis-
tance, poor bioavailability, and healing delay. Further,
systemic delivery of drugs will most likely provide subopti-
mal drug concentrations in the wound bed, leading to ineffec-
tive therapy, as well as considerable side effects.?

On the other hand, sophisticated pharmacological therapies,
such as nanomedicine, targeted drug delivery, and bioactive
wound dressings, have revolutionized wound management.??
Nanoparticles, liposomes, and hydrogels deliver controlled
release of drugs, allowing drug absorption and retention within
the wound site. Targeted therapy minimizes systemic toxicity
and maximizes tissue regeneration. Also, natural therapeutics
loaded with phytochemicals impart anti-inflammatory, anti-
microbial, and antioxidant properties, reducing reliance on
synthetic drugs.?*

A comparison of patient outcomes and safety highlights
the benefits of modern interventions. Experiments demon-
strate that nanoparticle-based therapies and bioengineered
dressings reduce healing time, enhance fibroblast prolifera-
tion, and reduce scar formation compared with conventional
treatments.® Furthermore, biodegradable dressings with
embedded growth factors enhance angiogenesis and collagen
deposition, resulting in accelerated wound closure. While
cost and regulatory concerns remain, modern pharmacologi-
cal interventions are efficient, patient-friendly substitutes for
conventional wound healing processes,3¢ as shown in Table 3.

Pharmacokinetics (PK) and Pharmacodynamics
(PD) in Wound Healing Therapies

PK and PD are critical to optimize drug effectiveness in
wound healing following surgery. Drug absorption,
distribution, metabolism, and elimination (ADME) are
significant in therapeutic effectiveness, determining how well
a drug is delivered and functions at the wound site.’
Conventional oral and systemic drug delivery is marred by
decreased bioavailability and rapid clearance, leading to
suboptimal therapeutic effects in tissue repair. To achieve
better healing, dosing regimens must be optimized. Controlled
and sustained delivery of drugs through formulations such as
nanoparticle-based carriers, hydrogels, and liposomes offers
localized delivery of drugs, and therapeutic drug concentrations
are maintained at the site of the wound.?® These drug delivery
systems reduce the risk of toxicity and increase tissue retention
of drugs, and the action is prolonged. Moreover, methods to
improve bioavailability, such as lipophilic drug modification,
prodrugs, and mucoadhesive carriers, improve drug solubility
and penetration into damaged tissues.’® Targeted delivery
through nanocarriers, such as polymeric nanoparticles and
lipid vesicles, prevents degradation in the body and offers
good drug absorption at the site of injury.** PK/PD modeling
advances help predict optimal dosing regimens to minimize
inflammation and infection risks, and to promote angiogenesis
and tissue regeneration. Future research will continue to
enhance personalized medicine strategies, tailoring drug
delivery based on patient-specific metabolic profiles to
achieve optimal wound healing,*' as shown in Table 4.

Future Directions and Emerging Trends in Wound
Healing Pharmacology

Pharmacology in wound healing is evolving very rapidly,
supported by new technology and novel treatment technolo-
gies. The most promising among these are the application of
artificial intelligence (Al) and machine learning (ML) in drug
research.*? These software tools can screen millions of chunks
of information, predict drug efficiencies, and seek out new
treatment targets for wound healing. Al algorithms also sim-
plify formulations and drug delivery systems of drugs to
deliver patient-specific treatment protocols according to a
patient’s unique profile.*> Another critical development is the
application of novel biomaterials and three-dimensional
(3D)-printed drug delivery technologies. Smart hydrogels,
bioactive scaffolds, and tissue-engineered constructs are
structured to promote drug release in a controlled fashion and
regenerate tissue. 3D bioprinting enables controlled deposi-
tion of growth factor-loaded, stem cell-loaded, and anti-
microbial agent-loaded dressing to enhance the repair
efficiency of the wound.** In addition, personalized medicine
strategies are transforming wound healing therapy by tailor-
ing treatments to each patient’s needs. Genomics, proteomics,
and metabolomics innovations enable the formation of
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Table 3. Comparative Analysis of Conventional Versus Modern Pharmacological Therapies in Wound Healing.32-3¢

Mechanism of Patient
Author (Year) Therapy Action Advantages Disadvantages Outcomes Safety Profile
Pereira and Traditional wound Provides a physi- Cost-effective, Limited anti-mi- ~ Moderate healing Generally safe, but

Bartolo (2016)

Moses et al.
(2023)

Papageorgiou
et al. (2008)

Markiewicz-
Gospodarek et al.
(2022)

Lemo et al. (2022)

dressings

Herbal-based
therapies

Alkannins and
shikonins

Bioengineered
skin substitutes

Growth factor
therapy

cal barrier, absorb
exudates.

Anti-inflammatory
and anti-microbial
activity.

Stimulates fibro-
blast proliferation,
enhances angio-
genesis.

Provides scaffold-
ing for new tissue
formation.

Stimulates cellular
repair and tissue
regeneration.

readily available.

Natural, minimal
side effects.

Potent wound
healing activity.

Supports complex
wounds, reduces
contraction.

Directly enhances
wound healing.

crobial properties,
frequent dressing
changes required.

Standardization is-
sues, inconsistent
bioavailability.
Poor solubility
requires delivery
enhancement.

High cost, limited
availability.

Expensive, poten-
tial for abnormal
tissue growth.

rates, risk of sec-
ondary infections.

Faster wound
closure reduced
scarring.

Enhanced collagen
synthesis, faster
epithelialization.

Improved tissue
regeneration,
reduced healing
time.

Improved wound
contraction, en-
hanced reepitheli-
alization.

may delay wound
contraction.

Safe with mild al-
lergic reactions in
sensitive patients.

Low systemic
toxicity, safe for
topical use.

Safe, but risk of
immune rejection
in some cases.

Moderate risk

of excessive
granulation tissue
formation.

Note: This table compares conventional and modern pharmacological wound healing therapies based on their mechanisms, advantages, disadvantages,
patient outcomes, and safety profiles.

Table 4. Pharmacokinetics (PK) and Pharmacodynamics (PD) in Wound Healing Therapies.3”#!

Drug Delivery Mechanism PK/PD Personalized
Author (Year) System of Action Advantages Disadvantages Modeling Medicine
Levison and Levi- Anti-bacterial Targeting bacterial Effective against  Resistance devel- Drug concentra- Personalized dos-
son (2009) agents infection at the bacterial coloniza- opment, systemic tion-time curve  ing for patient-

Turnheim (2003)

Avery et al. (2017)

Migdzybrodzki et

al. (2023)

Stone et al. (2016)

Systemic pharma-
cotherapy

Intravitreal drug
delivery

Bacteriophage
therapy

Liposomal drug
carriers

wound site.

Drug absorption,
metabolism, and
elimination in
elderly patients.
Controlled ocular
drug release.

Viral therapy
targeting bacterial
infections.

Enhanced bio-
availability and
controlled drug
release.

tion.

Adjusted therapy
for geriatric
patients.

Prolonged drug
activity, reduced
systemic toxicity.

Alternative to

antibiotics, reducing

resistance risk.

Reduced systemic
toxicity, targeted
drug action.

toxicity.

Altered metabo-
lism leads to drug
accumulation.

Limited systemic
absorption.

PK obstacles,
rapid clearance
from circulation.

High cost, for-
mulation stability
issues.

optimization.

Age-based PK/PD
adjustments.

Sustained release
PK modeling for
an effective thera-
peutic window.

PK optimization
for effective phage
delivery.

PK models for
sustained drug
release profiles.

specific infection
control.

Dose modification
based on patient
metabolism.

Optimized intra-
vitreal injections
for individualized
treatment.

Precision-matched
bacteriophages
for patient-specif-
ic infections.
Tailored liposomal
formulations for
individual patient
needs.

Note: This table provides a comparative overview of pharmacokinetic and pharmacodynamic challenges, mechanisms, and advantages of different drug
delivery systems in wound healing therapies, emphasizing personalized medicine.
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patient-specific drug regimens that optimize healing. New
efforts will combine biodegradable nanocarriers, stem cell
therapies, and gene editing technologies to maximize thera-
peutic efficiency and safety in treating wounds.*’

Discussion

Postoperative wound healing is a complex and multifaceted
biological process regulated by many pharmacological,
molecular, and physiological parameters. The rising rate of
postoperative complications, in the form of delayed tissue
regeneration, microbial infection, excessive inflammation,
and scarring, has generated the demand for novel pharmaco-
logical interventions.*® Traditional wound healing treatments
in systemic anti-biotic therapy and general dressings have
revealed several limitations, particularly anti-biotic resis-
tance, poor bioavailability, and variable therapeutic efficacy.
The advent of nanomedicine, targeted drug delivery, and nat-
ural therapeutics has provided new dimensions in the facilita-
tion of wound healing in the form of sustained drug release,
enhanced tissue regeneration, and precision-targeted therapy.
This review summarizes existing evidence, highlights phar-
macological advances, and underscores the challenges and
future directions in treating postoperative wounds.*’

One of the most significant drawbacks of traditional
wound healing therapy is the non-selective release of thera-
peutic components, leading to inefficient drug concentration
at the wound site and systemic toxicity. The advent of nano-
medicine-based drug delivery systems has enhanced the
drug’s solubility, stability, and bioavailability.*8 Nanocarriers,
such as liposomes, polymeric nanoparticles, dendrimers, and
metal nanoparticles, have been capable of providing enhanced
encapsulation efficiency for the drug and controlled release
behavior with sustained action.*® Silver and gold nanoparti-
cles have been investigated more recently for anti-microbial
wound dressings, and have been shown to significantly inhibit
infection by targeting multidrug-resistant pathogens. Lipid-
based nanosystems have also effectively penetrated skin lay-
ers, offering maximum drug absorption and epithelialization.
Although the future is promising, scalability, cost, and the
issue of probable toxicity are areas to be explored further.>

Beyond nanotechnology, targeted drug delivery systems
have transformed wound healing by reducing off-target drug
exposure and site-specific activity. Stimuli-responsive hydrogels
have been a cornerstone, with the ability to deliver drugs based
on local wound conditions like pH, enzymatic activity, or
temperature changes. Such responsiveness enables controlled
therapeutic action, avoiding unnecessary drug loss and side
effects.’! To a similar end, microneedle-based drug delivery
systems have also emerged as minimally invasive alternatives
to traditional administration strategies. Microneedle-mediated
delivery of bioactive molecules to the wound bed enables deep
tissue penetration and enhanced therapeutic responses.
However, clinical translation of these systems is still in its

infancy, with patient compliance, regulatory approval, and
large-scale manufacture preventing their overall acceptance.*?

The healing potential of phytochemical and natural
therapeutic interventions in wound healing has also
received considerable attention. Several medicinal plant
bioactive compounds, herbs, and marine animals have
shown potent anti-inflammatory, anti-microbial, and
regenerative potentials.>3 Curcumin, honey products, aloe
vera, and C. asiatica have been extensively studied for
collagen-stimulating, antioxidant, and angiogenesis-
inducing effects. Natural compounds are multifunctional
in their activity, stimulating fibroblast proliferation,
reepithelialization, and the reduction of oxidative stress.>*
Furthermore, their low toxicity and diminished potential
for resistance development make them a desirable choice
compared to traditional synthetic drugs. Though promising
as therapeutics, batch-to-batch variability, stability, and a
lack of adequate clinical trials raise concerns for their
complete integration into mainstream medical practice.
One of the key determinants of the success of post-surgical
wound healing is the PK/PD characteristics of therapeutic
drugs.’® Traditional drug delivery systems are usually
poorly absorbed, metabolized rapidly, and cleared from the
body, thereby limiting their action at the wound. To
overcome this, sustained-release systems have been
designed, utilizing biodegradable polymeric carriers, lipid-
based vesicles, and bioadhesive matrices to extend the
drug residence time.*¢

Furthermore, prodrug manipulations, hydrophilic-lipo-
philic balance optimization, and enzyme-activated drug
release have been investigated to maximize bioavailability
and therapeutic longevity.>” PK/PD modeling is increasingly
being utilized to forecast optimal dosing regimens, so that
drug levels are maintained within the therapeutic window,
with a reduced risk of toxicity. Advances in personalized
medicine and pharmacogenomics further simplify drug deliv-
ery with therapies optimized based on patient-specific meta-
bolic and genetic information.>®

Comparative efficacy between conventional and novel
pharmacologic approaches also points to the revolutionary
potential of newer treatments. Conventional approaches pri-
marily focus on controlling infection and symptom relief,
whereas modern strategies include regenerative medicine,
biomaterial-based drug delivery, and targeted therapy.®
Clinical comparisons have shown that nanocarrier-based drug
preparations, particularly growth factors and bioactive pep-
tides, have faster rates of wound closure, reduced fibrosis,
and improved quality of scars compared with conventional
treatments.® Moreover, anti-microbial peptides and hydrogel-
treated bioengineered innovative dressings showed a superior
reduction in inflammatory cytokine levels and bacterial con-
tamination around the wound than conventional treatments.
Despite these developments, cost factors, regulatory hurdles,
and lack of standardization remain brakes on mass clinic
applications.®!
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In the near term, the pharmacological approach to wound
healing will be driven by the influence of Al, ML, and regen-
erative medicine. Al-facilitated drug discovery platforms are
accelerating the identification of novel wound-healing drugs,
optimizing drug-target interaction, and predicting patient-
specific treatment outcomes. Similarly, 3D printing and bio-
engineered scaffolds are paving the way for designing the
next generation of wound dressings to release growth factors,
stem cells, and biomolecules in a controlled manner.? Gene-
editing (clustered regularly interspaced short palindromic
repeats-CRISPR associated protein 9 (CRISPR-Cas9)) and
ribonucleic acid (RNA)-based therapies are new technologies
used to modulate the genetic and molecular processes of
abnormal wound healing. Despite these advances, several
challenges must be met before novel wound healing therapies
can be introduced into clinical practice.®® Regulatory bodies
demand rigorous safety evaluation, large-scale clinical trials,
and long-term follow-up studies to determine the efficacy and
safety of new treatments. Coordination must also be achieved
among biomedical engineers, pharmacologists, and clinical
experts to develop patient-specific combined therapeutic
approaches. In brief, post-surgical wound healing pharmacol-
ogy is revolutionizing with the advent of nanomedicine, tar-
geted drug delivery, and natural therapeutics.®* While
conventional therapies remain the cornerstone of wound care,
newer technologies offer more therapeutic specificity, fewer
side effects, and more significant healing potential. The inter-
section of Al, personalized medicine, and biomaterial engi-
neering has immense potential to revolutionize wound care.
However, more research, clinical trials, and regulatory back-
ing are necessary to translate preclinical advances into clini-
cal reality. With advanced drug delivery technology and
interdisciplinary research, the future of post-surgical wound
healing is bright, with safer, more efficient, and patient-spe-
cific therapeutic candidates on the anvil.%

Conclusion

Wound healing following surgery is a significant problem in
clinical medicine, and new pharmacologic interventions are
needed to improve recovery, minimize complications, and
maximize patient outcomes. Systemic anti-biotics and con-
ventional dressings have not succeeded, with limitations of
anti-biotic resistance, poor bioavailability, and delayed
healing. New advances in nanomedicine, targeted drug
delivery, and natural therapeutics have transformed the field
with controlled drug delivery, site specificity, and multi-
functional therapeutic activity. Nanoparticles, polymeric
carriers, and bioengineered dressings have arrived with
great potential in the acceleration of wound repair, with
fewer side effects. Natural therapeutics like phytochemicals
and bioactive compounds have also arrived with potential in
anti-inflammatory, collagen synthesis-stimulating, and
infection-preventing activity.

Although these advances are encouraging, some hurdles
remain, including regulatory challenges, standardization, and
economic constraints. The future of wound healing pharma-
cology will probably be driven by Al, personalized medicine,
and bioengineered drug delivery systems to enable more
effective, patient-specific, and minimally invasive regimens.
More interdisciplinary investigation and interaction among
pharmacologists, bioengineers, and clinicians will be needed
to translate these advances to the bedside. With the conver-
gence of new therapeutic paradigms, the future of post-surgi-
cal wound healing looks bright with safer, more effective, and
targeted therapeutic interventions in preventing complica-
tions and optimizing patient quality of life.

Key Takeaways

Postoperative drug therapy for wound healing is increasingly
evolving with nanomedicine advancements, targeted drug
delivery, and herbal therapeutic intervention. Microneedles,
nanoparticles, and hydrogels are revolutionizing drug delivery
through controlled and localized drug release at the lesion site,
with minimal potential for systemic toxicity. Natural therapeu-
tics are biocompatible and economical, and stimulate wound
recovery while inhibiting inflammation and microbial infec-
tion. Personalized medicine and Al-enabled drug discovery
drive the next generation of precision-based therapies, maxi-
mizing treatment efficacy and patient outcomes. Although
these technologies promise a lot, hurdles such as regulatory
clearances, cost, and standardization must be cleared. Future
studies are bound to focus on interdisciplinary strategies, large-
scale clinical trials, and translational applications to deliver
safer and more efficacious wound healing therapies.
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