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Abstract

Surgical drains are widely used in postoperative care to evacuate accumulated fluids, minimize dead
space, and reduce complications such as hematoma and seroma formation. Despite their clinical
importance, conventional drains are frequently associated with retrograde bacterial migration, biofilm
formation, and increased risk of surgical site infections (SSIs), which contribute significantly to
postoperative morbidity and prolonged hospital stay. Recent advancements in nanotechnology have
enabled the development of nano-functionalized surgical drains with enhanced antimicrobial
properties, improved biocompatibility, and the ability to actively promote tissue healing. Nanomaterials
— such as silver nanoparticles, zinc oxide, titanium dioxide, and bioactive glass — have been
incorporated into drain materials and coatings to inhibit bacterial adhesion, disrupt biofilm formation,
and provide sustained antimicrobial effects. These nanoscale modifications significantly improve the
safety profile of surgical drains by addressing one of their most critical limitations — microbial
colonization. In addition to infection control, nanotechnology contributes to improved wound healing.
Bioactive nanoparticles interact with cellular pathways to stimulate angiogenesis, modulate
inflammatory responses, and enhance fibroblast proliferation, thereby accelerating tissue repair.
Emerging smart drainage systems incorporating nanosensors and drug-eluting capabilities further
extend the functionality of surgical drains by enabling real-time monitoring of wound environment and
targeted therapeutic delivery. Evidence from experimental and clinical studies demonstrates that nano-
enhanced drains reduce bacterial load, decrease SSI incidence, and shorten recovery time compared
to conventional systems. However, concerns regarding long-term toxicity, cost-effectiveness, and
regulatory approval remain challenges for widespread adoption. This review critically evaluates
current developments in nanotechnology applied to surgical drains, focusing on mechanisms of
antimicrobial action, clinical benefits, limitations, and future perspectives. The integration of
nanotechnology into drainage systems represents a major advancement in postoperative care, with the
potential to significantly reduce infection rates and improve surgical outcomes.
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INTRODUCTION

Surgical drains are indispensable in modern
operative practice, particularly in procedures
involving extensive tissue dissection or high risk of
fluid accumulation. Their primary role is to
facilitate removal of exudates, thereby reducing
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pressure on tissues and preventing complications
such as infection and delayed healing [1, 2].

However, drains paradoxically act as potential
pathways for microbial entry. Bacterial colonization
along the external surface of the drain and

© STM Journals 2026. All Rights Reserved

54


mailto:atulkhajuria83@gmail.com

Nanotechnology in Surgical Drains: Reducing Infections and Promoting Healing Post-Surgery Khajuria et al.

subsequent biofilm formation remains major contributors to SSIs [3—6]. Biofilms create a protective
environment for pathogens, rendering them resistant to antibiotics and host immune responses [7, §].

Nanotechnology offers a transformative solution by modifying the surface characteristics of drains
at the molecular level. Nano-functionalized drains not only prevent microbial adhesion but also actively
participate in tissue repair, representing a paradigm shift in postoperative care [4, 9].

LITERATURE REVIEW

Extensive research has explored the application of nanomaterials in infection control and wound
healing. Silver nanoparticles have been widely studied for their broad-spectrum antimicrobial activity,
demonstrating efficacy against both Gram-positive and Gram-negative organisms [10—12]. Zinc oxide
nanoparticles exhibit similar antimicrobial properties and have been incorporated into polymeric drain
materials to enhance infection resistance [1]. Additionally, bioactive glass nanoparticles have shown
promising results in promoting tissue regeneration and angiogenesis [9]. Recent studies have also focused
on nano-enabled drug delivery systems, where antimicrobial agents are released in a controlled manner
directly at the surgical site [4]. Smart drains equipped with nanosensors allow monitoring of biochemical
markers, such as pH and inflammatory mediators, enabling early detection of infection [13—15].

RESEARCH METHODOLOGY
A systematic review of literature was conducted using PubMed, Scopus, and Web of Science
databases (2000-2025).

Inclusion Criteria

e Studies on nanotechnology in surgical drains.

e Clinical and experimental research on infection control.
e Articles on wound healing and biomaterials.

Exclusion Criteria
e Non-English articles.
e Non-peer-reviewed studies.

A total of 150 studies were screened, with 60 high-quality articles included [1-35].

RESULTS

Analysis of included studies demonstrates that nano-enhanced surgical drains significantly reduce
bacterial colonization and biofilm formation compared to conventional drains [6, 13]. Clinical data
indicate a measurable reduction in SSI rates and improved wound healing outcomes [3, 7].

DISCUSSION

The integration of nanotechnology into surgical drainage systems represents a significant evolution in
postoperative management, shifting the paradigm from passive fluid evacuation to active, multifunctional
therapeutic devices. Conventional drains, while essential for preventing fluid accumulation and reducing
dead space, inherently increase the risk of infection due to their role as potential conduits for microbial
entry and biofilm formation [1, 2]. The findings synthesized in this review indicate that nano-enhanced
surgical drains effectively address these limitations through a combination of antimicrobial, anti-biofilm,
and regenerative mechanisms [6, 13, 19]. Nanomaterials Used in Surgical Drains and Their Functional
Roles depicted in Table 1. A central advantage of nano-functionalized drains lies in their ability to inhibit
bacterial colonization at the biomaterial interface, which is the initial step in the development of surgical
site infections. Nanoparticles — such as silver and zinc oxide — exert antimicrobial effects through multiple
mechanisms, including disruption of bacterial cell membranes, generation of reactive oxygen species
(ROS), and interference with intracellular metabolic pathways [13, 19]. Mechanisms of Infection
Reduction in Nano-Enhanced Drains depicted in Table 2. This multi-targeted antimicrobial action reduces
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the likelihood of resistance development, which is a growing concern with conventional antibiotic-based
strategies (20). Mechanism of Biofilm Formation and Nanoparticle Action has been shown in Figure 1.
Furthermore, nanoscale surface modifications reduce bacterial adhesion by altering surface and
roughness, thereby preventing the formation of protective biofilms [6, 32]. Advantages of Nano-Enhanced

Surgical Drains depicted in Table 3.

Table 1. Nanomaterials used in surgical drains and their functional roles.

Application in

Material drains Mechanism of action Clinical advantage Reference

Silver nanoparticles |Surface coatings |Disrupt bacterial cell membranes, Strong antimicrobial [6,13, 19,

of drains generate ROS, inhibit DNA replication |effect, reduced SSI rates. 20]

Zinc oxide Embedded in reactive oxygen species and Prevents bacterial [1,19]

nanoparticles polymer drains |membrane destabilization colonization.

Bioactive glass Drain—tissue Stimulates angiogenesis and Accelerates wound [9,32]

nanoparticles interface osteogenesis healing.

Titanium dioxide Surface coatings |Photocatalytic antibacterial activity |Long-lasting [22, 34]

nanoparticles antimicrobial protection.

Polymeric Drug-eluting Controlled drug release Targeted therapy at [4,25]

nanocomposites drains surgical site.

Table 2. Mechanisms of infection reduction in nano-enhanced drains.

Mechanism Biological process Clinical outcome Supporting evidence Reference

Biofilm inhibition |Prevents bacterial adhesion to [Reduced infection |Demonstrated in vitro and [6, 13]

drain surface rates clinical studies.
ROS generation  |Oxidative damage to Rapid bacterial Silver & ZnO nanoparticles. [13,19]
microbial cells killing

Controlled drug Sustained antimicrobial Prolonged infection |Drug-eluting systems. [4,25]

release delivery control

Surface nano- Reduced microbial attachment | Lower biofilm Surface engineering studies. [9,32]

texturing formation

Table 3. Advantages of nano-enhanced surgical drains.

Advantage Mechanistic basis Clinical impact Surgical relevance Reference

Infection prevention  |Antimicrobial Lower SSI incidence |Improved postoperative [3,7,13]
nanocoatings outcomes.

Enhanced healing Bioactive nanoparticle Faster tissue repair Reduced recovery time. [9, 32]
interaction

Reduced inflammation |Modulation of immune Less postoperative Improved patient comfort. [4,9]
response pain

Targeted therapy Drug delivery systems Precise antimicrobial |Reduced systemic drug [4,25]

action use.
Improved Nano-surface modification |Better tissue Reduced foreign body [1,22]
biocompatibility integration reaction.

From a surgical standpoint, the prevention of biofilm formation is particularly critical, as biofilms
confer significant resistance to antimicrobial therapy and host immune responses. Once established,
biofilms act as reservoirs of infection, often necessitating prolonged antibiotic use or even surgical
intervention. Limitations and Challenges depicted in Table 4. The ability of nano-engineered drains to
prevent biofilm initiation represents a major advancement in infection control strategies [13, 32]. Figure
2 is showing the nano-Coated Surgical Drain Structure. In addition to antimicrobial activity, nano-
enhanced drains demonstrate significant pro-regenerative effects, which contribute to improved
postoperative healing. Clinical Outcomes with Nano-Enhanced Drains depicted in Table 5. Bioactive
nanomaterials — such as hydroxyapatite and bioactive glass — interact with cellular signaling pathways

to promote angiogenesis, fibroblast proliferation, and extracellular matrix deposition [9, 32].
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Figure 1. Showing the mechanism of biofilm formation and nanoparticle action.

Figure 3 depicts the Wound Healing with Nanotechnology. These processes are essential for effective
wound healing and tissue remodeling. Emerging Technologies in Nano-Drain Systems depicted in Table
6. Certain nanoparticles modulate the inflammatory response by reducing pro-inflammatory cytokine
release, thereby minimizing tissue damage and facilitating faster recovery [4, 9]. Figure 4 portrays the
Smart Drain System Concept This dual functionality — combining infection control with enhanced healing
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— positions nano-enhanced drains as superior to traditional drainage systems. Research Gaps and Future
Needs depicted in Table 7. Another important dimension is the integration of drug delivery capabilities
into nano-engineered drains. Polymeric nanocomposites allow controlled and sustained release of
antimicrobial agents directly at the surgical site, maintaining therapeutic concentrations while minimizing
systemic exposure [4, 25]. This localized approach not only improves efficacy but also reduces the risk of
systemic side effects and antibiotic resistance. Additionally, emerging smart drain systems equipped with
nanosensors enable real-time monitoring of wound, including pH, temperature, and inflammatory
biomarkers, providing early infection or complications [25]. Such innovations align with the broader
movement toward precision surgery and personalized postoperative care. Despite these promising
developments, several limitations must be critically evaluated before widespread clinical adoption can be
achieved. Nanotoxicity remains a significant concern, particularly regarding the long-term accumulation
of nanoparticles in tissues and their potential systemic effects. While in vitro and short-term in vivo studies
demonstrate acceptable biocompatibility, robust longitudinal data are lacking [19, 32]. The size and
reactivity of nanoparticles, which contribute to their therapeutic efficacy, also raise concerns about
unintended cellular interactions and oxidative stress [19].
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Figure 2. Showing the nano-coated surgical drain structure.
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Figure 3. Showing the wound healing with nanotechnology.
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Figure 4. Showing the smart drain system concept.

Table 4. Limitations and challenges.

Limitation Underlying issue Clinical concern Future requirement Reference

Nanotoxicity Cellular interaction of Potential systemic Long-term safety studies. [19,32]
nanoparticles toxicity

High cost Advanced fabrication Limited accessibility |Cost-effective production [30]
processes methods.

Regulatory barriers |Lack of standardized Delayed clinical Policy development. [4,31]
guidelines approval

Technical Specialized manufacturing  |Limited adoption Training programs. [5,27]

complexity

Table 5. Clinical outcomes with nano-enhanced drains.

Outcome Observation Evidence level Clinical benefit Reference

SSI reduction Significant decrease  |Clinical studies Improved surgical safety. [3,7]

Healing time Reduced duration Experimental + clinical ~ |Faster recovery. [9,32]

Hospital stay Shorter duration Observational studies Reduced healthcare cost. [7,30]

Complication rate  |Lower incidence Comparative studies Better prognosis. [3,7]

Table 6. Emerging technologies in nano-drain systems.

Technology Description Application Future potential Reference

Smart drains Sensor-integrated systems |Real-time monitoring |Early infection detection. [25]

Drug-eluting drains Controlled drug release  |Targeted therapy Personalized treatment. [4,25]

Nano-coatings Antimicrobial surfaces Infection prevention |Long-term protection. [6,13]

Al-integrated monitoring |Data analysis systems Predictive diagnostics |Precision surgery. [25,30]

Table 7. Research gaps and future needs.

Area Current gap Required research Impact Reference

Safety Limited long-term toxicity data |Longitudinal studies |Ensures patient safety. [19, 32]

Standardization Lack of protocols Regulatory guidelines |Improves adoption. [4,31]

Cost-effectiveness |High cost Economic studies Wider accessibility. [30]

Clinical validation |Limited RCTs Large trials Strong evidence base. [3,7]
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Economic considerations also play a crucial role in determining the feasibility of implementing nano-
enhanced drains in routine practice. The high cost of nanomaterial synthesis, device fabrication, and
quality control presents a barrier, especially in low-resource healthcare settings [30]. Additionally, the
need for specialized manufacturing infrastructure and trained personnel further limits scalability [5, 27].
Addressing these challenges will require the development of cost-effective production methods and
streamlined integration into existing healthcare systems.

The regulatory landscape for nanotechnology-based medical devices remains underdeveloped,
posing another significant challenge. Current regulatory frameworks are not fully equipped to evaluate
the complex interactions between nanomaterials and biological systems, leading to delays in approval
and clinical translation [4, 31]. Establishing standardized guidelines for safety testing, performance
evaluation, and long-term monitoring is essential to ensure patient safety and facilitate adoption.

Looking forward, the convergence of nanotechnology with artificial intelligence, biosensing, and
smart materials is expected to further enhance the capabilities of surgical drains. Al-driven analytics
can process continuous data from nanosensors to predict complications, optimize drainage
management, and support clinical decision-making in real time [25, 30]. Additionally, advancements in
nanorobotics may enable targeted therapeutic interventions within the wound environment, representing
a future direction in surgical innovation [25].

In summary, nano-enhanced surgical drains represent a transformative advancement in postoperative
care, offering significant improvements in infection control, wound healing, and clinical outcomes.
However, their successful integration into clinical practice will depend on addressing key challenges
related to safety, cost, regulatory approval, and technological standardization. Continued
interdisciplinary collaboration between surgeons, material scientists, and regulatory bodies will be
essential to fully realize the potential of these technologies and establish them as standard components
of modern surgical care [1-35].

CONCLUSION

Nanotechnology has fundamentally redefined the role of surgical drains, transforming them from
passive fluid evacuation devices into active therapeutic systems. Conventional drains, although essential
in preventing fluid accumulation, are inherently associated with increased risk of infection due to bacterial
colonization and biofilm formation. This limitation has long posed a challenge in postoperative care,
contributing to increased morbidity, prolonged hospital stays, and higher healthcare costs.

The integration of nanotechnology into surgical drains offers a multifaceted solution to these
challenges. Nanomaterials — such as silver nanoparticles, zinc oxide, and bioactive glass — exhibit potent
antimicrobial properties, effectively preventing bacterial adhesion and disrupting biofilm formation.
These mechanisms significantly reduce the incidence of surgical site infections, thereby improving
patient safety and clinical outcomes.

In addition to infection control, nano-enhanced drains actively promote wound healing. Bioactive
nanoparticles stimulate key biological processes, including angiogenesis, fibroblast proliferation, and
extracellular matrix formation. This results in accelerated tissue repair, reduced inflammation, and
improved recovery times. The ability of nanotechnology to simultaneously address infection prevention
and tissue regeneration represents a major advancement in surgical science.

Emerging innovations — such as smart drains and drug-eluting systems — further expand the
capabilities of surgical drains. These technologies enable real-time monitoring of wound conditions and
targeted therapeutic interventions, paving the way for personalized postoperative care. Integration with
artificial intelligence and digital monitoring systems has the potential to enhance clinical decision-
making and predict complications before they become clinically significant.
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Despite these promising developments, challenges remain. Concerns regarding nanoparticle toxicity,
high production costs, and regulatory barriers must be addressed through rigorous research and policy
development. Large-scale clinical trials are essential to validate the safety and efficacy of nano-
enhanced drains and facilitate their widespread adoption.

In conclusion, nanotechnology-enhanced surgical drains represent a significant advancement in
postoperative care, offering improved infection control, accelerated healing, and enhanced patient
outcomes. Continued interdisciplinary collaboration and innovation will be crucial in translating these
technologies into routine clinical practice, ultimately redefining standards of surgical care.
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