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ABSTRACT

Hydrophilic coatings—specialized surface treatments composed of water-attracting polymers that
form lubricious, hydrated layers when exposed to bodily fluids—have revolutionized the field of
medical device surface modifications by significantly enhancing device performance through
friction reduction, improved biocompatibility, and minimized adverse biological responses. These
coatings consist primarily of hydrophilic polymers that, upon hydration, create smooth interfaces
that facilitate easier navigation through tissues, minimize trauma during minimally invasive
procedures, and reduce complications such as thrombosis and infections. This comprehensive
review examines the chemical composition of hydrophilic coatings, their physicochemical
mechanisms, and clinical applications. We discuss performance benefits, manufacturing
challenges, and regulatory considerations, followed by insights into emerging innovations like
stimuli-responsive coatings, antimicrobial integration, and biomimetic nanostructures. By
highlighting current knowledge gaps and future directions, this article aims to provide an
authoritative resource on hydrophilic coatings in modern medical device design and patient care.
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1. INTRODUCTION

1.1 The Rise of Minimally Invasive Medicine and Its
Demands on Device Surfaces

The healthcare landscape has witnessed a paradigm shift over
the last few decades, gravitating strongly toward minimally
invasive procedures (MIPs). These techniques prioritize
patient comfort, faster recovery, reduced hospital stays, and
minimized surgical trauma (Mehta & Mehta, 2021). Key to
the success of MIPs are devices such as endoscopes,
guidewires, catheters, and implantable sensors, whose
effectiveness depends largely on their interactions with the
biological environment.

The human body presents a complex and dynamic
environment consisting of soft tissues, blood components,
immune cells, and an array of microbial flora. Devices with
inadequately engineered surfaces can cause mechanical
damage, trigger immune and inflammatory responses, and

facilitate microbial colonization (Slezak et al., 2023; Dahl et
al., 2022). These factors often lead to serious complications
like thrombosis, infection, and device failure, which
ultimately impact patient outcomes negatively.

Given these challenges, optimizing device surfaces has
become critical. Hydrophilic coatings have emerged as an
innovative solution, transforming device tissue interactions
and enhancing the safety and effectiveness of minimally
invasive technologies (Zhang et al., 2023; Tang et al., 2025).
However, a limitation in current research is the lack of
extensive experimental data, which can be addressed by
incorporating meta-analyses, proposing standardized testing
protocols, and including case studies to validate findings
(Singh et al., 2023).

1.2 Hydrophilic Coatings: Definition and Importance
Hydrophilic coatings are specialized surface modifications
designed to attract and retain water molecules, thereby
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creating a hydrated interface between the device and
biological tissues (Zhang et al., 2023). This hydrated layer
imparts lubricity to the device surface, significantly reducing
friction during device insertion and navigation through
narrow, tortuous biological pathways.

Beyond lubrication, hydrophilic coatings exhibit anti-fouling
properties that reduce protein adsorption, platelet activation,
and bacterial adhesion (Lin et al., 2024a; Negut et al., 2024).
These features collectively minimize thrombogenicity,
infection risks, and inflammatory reactions, making
hydrophilic coatings indispensable for devices that contact
blood or biofluids or remain inside the body for extended
durations (Li et al., 2024; Martinez et al., 2024).

This review delves into the chemistry, mechanisms, clinical
applications, and challenges of hydrophilic coatings,
concluding with emerging trends that promise to further
enhance device performance and patient care.

2. CHEMICAL COMPOSITION AND MECHANISMS
OF HYDROPHILIC COATINGS

2.1 Overview of Polymers Used in Hydrophilic Coatings
The hallmark of hydrophilic coatings is their use of polymeric
materials that absorb and retain water, forming a gel-like
hydrated layer on device surfaces. The choice of polymer
chemistry and molecular structure dictates coating properties
such as lubricity, adhesion, durability, and biological
compatibility (Zhang et al., 2023; Tang et al., 2025).
Surface characterization remains underexplored in many
studies; thus, adding analytical techniques such as Atomic
Force Microscopy (AFM), X-ray Photoelectron Spectroscopy
(XPS), contact angle measurements, and Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D) can
provide deeper insights and correlate surface properties with
coating performance (Singh et al., 2023).

2.1.1 Polyvinylpyrrolidone (PVP)

Polyvinylpyrrolidone (PVP) is one of the most widely
employed polymers in hydrophilic coatings due to its
excellent water solubility, film-forming ability, and
biocompatibility (Tang et al., 2025). Upon contact with
aqueous media, PVP rapidly hydrates, generating a smooth,
slippery surface that significantly reduces friction. This
property makes PVP ideal for urinary catheters and vascular
devices.

PVP molecular weight influences coating thickness and
hydration kinetics, allowing customization to balance friction
reduction with mechanical stability. Studies show PVP
coatings reduce friction coefficients by up to 80% without
compromising adhesion.

2.1.2 Polyethylene Glycol (PEG)

PEG is a hydrophilic polyether well regarded for its anti-
fouling characteristics (Li et al., 2024; Lin et al., 2024b). It
forms a steric barrier that prevents protein adsorption and
platelet adhesion, key contributors to thrombosis. PEG can be
grafted onto device surfaces or blended in copolymers to
enhance biocompatibility and coating durability.

Numerous in vitro and in vivo studies document PEG’s
effectiveness in minimizing immune cell activation and
bacterial colonization on blood-contacting devices like stents
and vascular catheters.

2.1.3 Hydrogels

Hydrogels, composed of crosslinked polymer networks such
as polyacrylamide, polyvinyl alcohol (PVA), and natural
polymers like alginate or hyaluronic acid, absorb vast
quantities of water, swelling multiple times their dry size
(Zhang et al., 2023; Lin et al., 2024a). Hydrogels provide not
only lubrication but also cushioning, which evenly distributes
mechanical stresses, reducing tissue irritation.

These properties are particularly valuable in applications
requiring flexibility and tissue protection, such as flexible
endoscopes and implantable patches.

2.1.4 Zwitterionic Polymers

Zwitterionic polymers feature balanced positive and negative
charges on the same molecule, rendering them electrically
neutral but highly hydrophilic (Lin et al., 2024b; Li et al.,
2024). Examples include phosphorylcholine and sulfobetaine
polymers. These coatings surpass PEG in resisting microbial
adhesion and protein fouling, especially for long-term
implants exposed to complex biological fluids. Their
zwitterionic nature fosters robust hydration layers that
enhance surface lubrication and biocompatibility.

2.2 Mechanisms Underpinning Hydrophilicity and
Lubricity

2.2.1 Surface Hydration

Hydrophilic coatings form a stable, hydrated layer through
ionic and hydrogen bonding interactions between water
molecules and hydrophilic polymer chains. This layer acts as
a physical and energetic barrier, reducing direct contact
between device surfaces and tissues.

By absorbing and retaining water, the coating mitigates
mechanical abrasion and friction, facilitating smoother device
insertion and navigation.

2.2.2 Friction Reduction

Tribological studies using pin-on-disk and other techniques
reveal that hydrophilic coatings can reduce friction
coefficients by as much as 90% compared to uncoated
surfaces. This reduction improves device maneuverability
and decreases tissue trauma during minimally invasive
procedures.

Such friction reduction is critical in navigating tight lumens,
curved vessels, or delicate tissue planes, where excessive
resistance can cause complications.

2.2.3 Anti-Fouling and Biocompatibility

Biological fouling begins when proteins adsorb to device
surfaces, triggering immune activation, platelet adhesion, and
microbial colonization. Hydrophilic coatings resist protein
adsorption by maintaining a hydration barrier that prevents
protein unfolding and tight surface binding.

Neutral polymer charges and steric hindrance further inhibit
bacterial adhesion and biofilm formation, reducing infection
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and thrombosis risks. This anti-fouling behavior extends the
functional lifespan of devices and enhances patient safety.

3. CLINICAL APPLICATIONS OF HYDROPHILIC
COATINGS

3.1 Vascular Catheters

Vascular catheters such as central venous catheters (CVCs),
peripherally inserted central catheters (PICCs), and
angiographic catheters benefit immensely from hydrophilic
coatings. These coatings:

e  Enable smoother insertion and advancement through
blood vessels, reducing patient discomfort and
procedure-related trauma.

e Minimize phlebitis and thrombosis by decreasing
mechanical irritation and platelet activation.

e Lower infection rates by inhibiting protein and
bacterial adhesion on catheter surfaces.

A landmark randomized controlled trial demonstrated a 30%
reduction in catheter-related bloodstream infections with
hydrophilic coated CVCs versus uncoated catheters,
underscoring their clinical efficacy. Hydrophilic coatings
have demonstrated substantial clinical benefits across device
categories (Mehta & Mehta, 2021; Slezak et al., 2023; Tang
et al., 2025).

3.2 Urinary Catheters
Hydrophilic coatings on urinary catheters offer several
patient-centered benefits:

e They create self-lubricating surfaces that eliminate
the need for additional lubricants, simplifying
catheterization.

e Reduce urethral trauma and bleeding by minimizing
friction during insertion and removal.

e Lower catheter-associated urinary tract infections
(CAUTISs), a significant healthcare challenge.

Clinical studies report improved patient comfort and
decreased urethral inflammation with hydrophilic coated
urinary catheters compared to traditional models.

3.3 Guidewires and Sheaths
In interventional cardiology and vascular surgery,
hydrophilic coated guidewires and sheaths facilitate
navigation through tortuous anatomy by:

e Reducing frictional resistance.

e Enhancing torque response for precise device

placement.

e  Decreasing risk of vessel injury or dissection.
These advantages have made hydrophilic coatings standard in
many percutaneous procedures.

3.4 Endoscopic and Laparoscopic Instruments
Hydrophilic coatings applied to flexible endoscopes,
laparoscopic  instruments, and arthroscopes improve
procedure efficiency by:
e Minimizing tissue drag for easier insertion and
withdrawal.
e Reducing fogging and smearing on optical surfaces,
enhancing visualization.
e Lowering mucosal injury and bleeding risks during
diagnostic and therapeutic procedures.
These coatings contribute to safer, faster, and more effective
minimally invasive surgeries.

3.5 Orthopedic and Cardiovascular Implants

Emerging applications extend hydrophilic coatings to
permanent implants such as  orthopedic
cardiovascular stents, and implantable patches:

SCrews,

e  Hydrophilic coated screws promote bone integration
by enhancing cellular adhesion and reducing fibrotic
encapsulation, improving osteointegration.

e Stents coated with hydrophilic polymers resist
thrombogenicity and restenosis by preventing
protein fouling and platelet aggregation.

e Implantable patches used in hernia repair and

cardiac  support  benefit from  improved
biocompatibility and reduced postoperative
adhesions.

These advances represent a frontier in coating technology,
shifting from transient use devices to long-term implants with
multifunctional surface properties.

Table 1: Summary of Clinical Performance and Coating Characteristics

Device Type Polymer Used Key Benefits Clinical Outcomes
Vascular Catheters PVP, PEG Beduc.ed friction, thrombosis, | 30% red'uctior} in
infection bloodstream infections
. Self-lubricating, reduced trauma and | Improved patient comfort,
thet PVP
Urinary Catheters infections decreased CAUTI rates
Guidewires & PEG. Hydrogels Enhanced naviga.tif)n, torque | Improved procedural
Sheaths response, less vessel injury accuracy
Endoscopic' & Hydrogels, PEG R.educ'ed ' tissue  drag, Dbetter | Faster p'ro.ceflures, fewer
Laparoscopic visualization mucosal injuries
Orthopedic Implants Zwitterionic Enhar}ced osteointegration, reduced ImproYed implant
Polymers fibrotic response longevity

Cardiovascular Stents | PEG, Zwitterionic

Reduced thrombogenicity, restenosis

Lower restenosis rates
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4. MANUFACTURING CONSIDERATIONS AND
CHALLENGES

4.1 Coating Application Techniques

Various methods exist for applying hydrophilic coatings
(Singh et al,, 2023; Lin et al, 2024a), each with unique
advantages and limitations:

e Dip coating: Simple and scalable, involves
immersing devices in polymer solutions followed by
drying and curing. Challenges include uneven
coating on complex geometries.

e Spray coating: Provides more precise control, ideal
for flexible or irregular surfaces.

e Plasma-assisted grafting: Improves adhesion by
altering surface energy before polymer attachment.

e UV curing and photopolymerization: Enable rapid
crosslinking and stabilization, often used with
hydrogel coatings.

Optimization of these processes is essential to achieve
uniform thickness, strong adhesion, and scalability for mass
production.

4.2 Adhesion and Durability Issues

Coating adhesion must withstand mechanical stresses and
fluid dynamics during device use. Delamination risks can
lead to coating fragments causing embolism or inflammatory
reactions. A particular challenge is the limited depth
achievable with biodegradable coatings, which calls for
expanded research on degradation kinetics, real-world use-
case examples, and addressing practical challenges in
sustaining coating integrity.

Strategies to enhance durability include:
e Covalent grafting of polymers to substrates.
e Incorporation of crosslinked polymer networks.
e Use of multilayer coatings with adhesion-promoting
primers.
Clinical incidents of coating delamination, particularly in
guidewires and catheters, highlight the importance of robust
surface engineering (Dahl et al., 2022; Slezak et al., 2023).
4.3 Sterilization Compatibility
Hydrophilic coatings must maintain performance after
sterilization methods such as gamma irradiation, ethylene
oxide, or steam autoclaving (Mehta & Mehta, 2021). These
processes may degrade polymers or alter hydration behavior.
Manufacturers must assess:
e  Polymer chemical stability under sterilization.
e Retention of lubricity and swelling characteristics.
e  Shelf life and storage conditions for hydrated or dry
coated products (Zhu et al., 2016).

5. REGULATORY LANDSCAPE AND SAFETY
CONSIDERATIONS

5.1 Regulatory Requirements

Hydrophilic coated devices are often classified as
combination products, requiring comprehensive evaluation of
both device and coating safety and performance.

Key regulatory aspects include:

e Biocompatibility testing per ISO 10993 standards
(cytotoxicity, sensitization, hemocompatibility,
chronic toxicity).

e Mechanical and chemical integrity assessments of
coatings.

e Pre-market clinical trials demonstrating safety and
efficacy.

Regulatory bodies like the U.S. FDA and European
Medicines Agency (EMA) require a favorable benefit-risk
profile, especially for novel coatings.The current regulatory
discussion is often too general; including real-world device
approval and recall case studies as well as a clear approval
roadmap would enhance understanding and compliance (Li et
al., 2024).

5.2 Reported Adverse Events
Post-market surveillance has documented adverse events
related to hydrophilic coatings (Dahl et al., 2022; Slezak et
al., 2023; Mehta & Mehta, 2021), including:
e Coating delamination causing embolism or foreign
body reactions
e  Unexpected in vivo degradation altering device
performance.
e Product recalls due to coating inconsistencies.
These findings underscore the critical need for stringent
quality control, real-world testing, and transparent reporting.

6. EMERGING INNOVATIONS AND FUTURE
DIRECTIONS
6.1 Stimuli-Responsive Coatings
Smart coatings that respond to environmental cues such as
pH, temperature, or enzymatic activity are in development
(Tang et al., 2025). These materials can:
e Release therapeutic agents (e.g., anti-inflammatory
drugs) upon trigger activation.
e Change surface properties dynamically to optimize
performance over time.
Such multifunctional coatings represent a leap toward
personalized, adaptive medical devices.

6.2 Antimicrobial Integration

Incorporating antimicrobial agents like silver nanoparticles,
quaternary ammonium compounds, or antibiotic-loaded
nanocarriers into hydrophilic coatings enhances infection
control (Martinez et al., 2024; Negut et al., 2024).
Synergistic effects combine hydration-mediated fouling
resistance with active microbial killing, offering superior
protection against device-related infections. However,
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antimicrobial effects are frequently not quantified; hence,
adding robust efficacy data, standardized testing methods,
and comparative analyses of antimicrobial mechanisms
would strengthen clinical confidence (Lin et al., 2024a; Li et
al., 2024).

6.3 Biomimetic and Nanostructured Coatings

Inspired by natural surfaces such as fish mucus and lotus
leaves, biomimetic coatings incorporate micro- and nanoscale
features to improve lubrication and biocompatibility (Lin et
al., 2024a; Li et al., 2024).

Nanostructured hydrogels and patterned polymer surfaces
modulate cell selectivity and immune responses, enhancing
integration and reducing adverse reactions.

6.4 Sustainable and Biodegradable Coatings

Growing emphasis on sustainability drives research into
biodegradable hydrophilic coatings for temporary devices or
bioresorbable implants (Tang et al., 2025). These materials
reduce the need for device retrieval and lower long-term
complications.

7. CONCLUSION

Hydrophilic coatings have unequivocally revolutionized
medical device engineering by fundamentally enhancing the
interface between synthetic surfaces and the complex,
dynamic biological environment. Their unique ability to
attract and immobilize water molecules forms a hydrated,
lubricious layer that significantly reduces friction—an
indispensable feature for ensuring the safety, precision, and
efficacy of minimally invasive procedures. Beyond
improving mechanical performance, these coatings exhibit
potent anti-fouling properties that inhibit protein adsorption,
platelet activation, and bacterial colonization, thereby
lowering the risks of thrombosis, infections, and
inflammatory complications and improving overall device
safety.

Clinically, hydrophilic coatings have demonstrated broad
applicability across numerous device categories, including
vascular and urinary catheters, guidewires, endoscopic
instruments, and permanent implants such as orthopedic
screws and cardiovascular stents. The clinical benefits—
reduced tissue trauma, enhanced device maneuverability,
decreased infection rates, and improved biocompatibility—
translate into better patient outcomes, higher procedural
success rates, and reduced healthcare costs.

Despite these advantages, challenges remain, including
manufacturing reproducibility, coating adhesion strength,
durability under physiological and mechanical stresses, and
compatibility with sterilization processes. Addressing these
issues is essential to maintain coating integrity and ensure
sustained clinical performance and patient safety.
Additionally, stringent and evolving regulatory requirements
necessitate comprehensive preclinical and clinical validations
to guarantee both safety and efficacy.

Looking forward, the future of hydrophilic coatings lies in
multifunctional and smart surface technologies. Innovations
such as stimuli-responsive coatings that adapt dynamically to
environmental cues, integration of antimicrobial agents to
combat device-related infections, and biomimetic
nanostructures that mimic natural lubrication and immune
evasion mechanisms hold great promise. Concurrently, the
development of sustainable and biodegradable polymers
aligns with environmental considerations and supports the
design of temporary or bioresorbable devices, minimizing
long-term complications and enhancing patient compliance.
In summary, hydrophilic coatings serve as a vital nexus
between advanced materials science and clinical medicine,
enabling safer, more effective, and longer-lasting medical
devices. Realizing their full potential will require ongoing
interdisciplinary collaboration among researchers, clinicians,
manufacturers, and regulatory authorities, ultimately driving
the next generation of medical innovations and improving
global patient care.
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