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Polymeric biomaterials are a widely used class of materials due to their versatile properties. However, as
with all other types of materials used for biomaterials, polymers also have to interact with blood. When
blood comes into contact with any foreign body, it initiates a cascade which leads to platelet activation
and blood coagulation. The implant surface also has to encounter a thromboinflammatory response
which makes the implant integrity vulnerable, this leads to blood coagulation on the implant and
obstructs it from performing its function. Hence, the surface plays a pivotal role in the design and
application of biomaterials. In particular, the surface properties of biomaterials are responsible for
biocompatibility with biological systems and hemocompatibility. This review provides a report on recent
advances in the field of surface modification approaches for improved hemocompatibility. We focus on
the surface properties of polysaccharides, proteins, and synthetic polymers. The blood coagulation
cascade has been discussed and blood — material surface interactions have also been explained. The
interactions of blood proteins and cells with polymeric material surfaces have been discussed. Moreover,
the benefits as well as drawbacks of blood coagulation on the implant surface for wound healing
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DOI: 10.1039/d3ra08738g purposes have also been studied. Surface modifications implemented by other researchers to enhance
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1. Introduction

Polymeric materials are a widely used class of materials as
biomaterials due their great tunability, and wide spectrum of
properties which allows for more versatile applications when
compared to metals and ceramics. Ever since their first use in
the 1940s, when an off-the-shelf nylon cloth was used for
vascular surgery," polymers have been in high demand for
applications ranging from orthopedic implants to skin grafts to
cardiovascular stents. The one common denominator for all the
applications, however, is the fact that all types of polymeric
biomaterials have to deal with blood. The blood contact is also
not something which can be avoided because to implant
a biomaterial, a wound must be made, making the contact
inevitable. Whenever blood encounters a foreign body, it
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as well as prevent blood coagulation have also been analyzed.

triggers a cascade of events which starts with protein adsorption
and leads to coagulation of blood. Blood coagulation, also
known as thrombosis, is a double-edged sword when it comes to
wound healing. For certain situations like skin wounds,
thrombosis is desirable as it prevents blood loss, whereas for
a situation like cardiovascular wounds, thrombosis is undesir-
able as it can lead to a blocking of the blood vessel leading to
multiple complications like aneurysm or cardiac arrest.
Strategies to combat thrombosis are categorised mainly in
two categories, anti-thrombotic drugs, and surface modifica-
tions of implants to facilitate better integration with the body.
Anti-thrombotic drugs include blood thinners like aspirin,
vorapaxar, clopidogrel etc.> The surface plays a pivotal role in
designing and application of biomaterials as well as in the
interaction with blood. In recent years several research papers
have been published regarding new methods of surface treat-
ment and modification. From the application point of view of
medical sciences, the most important are biocompatibility and
hemocompatibility. Interactions of biological cells and blood
proteins depend on the structure of the surface, its hydrophilic/
hydrophobic character and wettability. Usually, biopolymers are
recognized as biocompatible macromolecules. However, the
family of biopolymers is huge. Only in the family of poly-
saccharides, there are several polysaccharides which differ in
several properties. A similar situation is with proteins, as many
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Fig.1 Types of polysaccharides.

of them are used in medical applications. Considering that
there is a big group of synthetic polymers applied in the medical
field, biocompatibility and blood compatibility are worth to be
discussed and the review of the recent literature seems to be on

Table 1 Properties and biomedical applications of polysaccharides
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time. The aim of this paper is to provide a comprehensive review
of the surface modifications which will improve the hemo-
compatibility for polymeric materials. The review begins with
an introduction to polymers, both natural as well as synthetic
and their fabrication techniques (Section 2 & 3). Then the
interaction between the surface and blood (Section 4) is
explored; followed by how the polymer surface modifications
impact the blood coagulation (Section 6). Benefits and draw-
backs of blood coagulation for wound healing were evaluated
(Section 7 & 8) followed by conclusions.

2. Natural polymers

2.1. Polysaccharides

Polymers can be categorized according to their origins, either
natural polymers or synthetic polymers.> Natural polymers
being used in biomedical applications mainly are poly-
saccharides (Fig. 1), and proteins.* Table 1 summarizes the
properties and biomedical applications of polysaccharides.
Natural sources of polysaccharides are algae, plants, micro-
organisms, and animals.> Marine algae have been extensively
focused on due to their anti-coagulant properties, and anti-

Polymer Properties

Biomedical applications Ref.

Alginate/sodium alginate Amorphous

Water soluble
Anti-bacterial
Biocompatible
Non-toxic
Non-immunogenic
Gelation with divalent
Anti-tumor
Anti-oxidant
Anti-coagulant
Anti-thrombotic
Anti-viral
Anti-inflammatory
Anti-bacterial
Anti-oxidant
Starch sulphate found
Anti-coagulant
Anti-viral
Biocompatible
Biodegradable
Bioactive
Hydrophilic
Surface wettable
Hydrophobic
Anti-microbial
Sulphate derivative of chitosan
Anti-coagulant
Anti-bacterial
Anti-viral
Non-toxic
Biodegradable
Non-immunogenic
Anti-cancer
Anti-microbial
Hemocompatible
Anti-coagulant

Fucoidan

Ascophyllan

Starch

Pectin

Dextran

Chitosan

Hyaluronic acid

Heparin

© 2024 The Author(s). Published by the Royal Society of Chemistry

Tissue engineering 11-15
Treatment of skin burn

Wound dressings

Delaying the cancer growth cells 19, 27, 28, 31 and 32
Co-acting agent with cancer drugs

Wound healing

Cancer treatment 36 and 37
Infectious diseases

Skin tissue engineering 42, 44 and 45
Wound healing

Wound healing 47-49
Scaffold for skin tissue engineering 55-57
Wound healing

Cancer treatment

Wound healing 58, 61 and 63

64, 66, 67 and 70
Drug delivery
Medical imaging
Tissue engineering
Wound healing
Cardiovascular surgery
Cancer treatment
Wound healing

72-74 and 76
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coagulant properties are achieved due to the presence of
sulphated glycosaminoglycans.® Numerous polysaccharides
derived from marine algae are alginate, fucoidan, ascophyllan,
and porphyrin.” Alginate is an anionic polysaccharide, and it is
composed of linear copolymer constituents like (1-4)-linked B-
p mannuronic acid (M) and a-i-guluronic acid (G). Alginates
having a huge quantity of G blocks represent strong gelling
characteristics, and alginates containing a higher amount of M
blocks exhibit a viscous nature. The major derivation source of
alginate is the cell wall of brown algae.?*** Alginates show mild
gelation as it is crosslinked to divalent cations (Ca**).*

Sodium alginate has a biocompatible, non-toxic, and non-
immunogenic nature.” Sodium alginate is preferred to be
used for tissue regeneration.” Hajiali et al** conducted an
experiment with electrospun nanofibers of sodium alginate and
lavender oil for the treatment of skin burn, and this skin burn
happened due to midrange ultraviolet radiation (UVB). It is
observed that sodium alginate electrospun nanofibers and
lavender oil represented anti-bacterial effect against Staphylo-
coccus aureus, and it also led to the production of pro-
inflammatory cytokines in the case of in vivo and in vitro.
They also mentioned that sodium alginate presented anti-
microbial properties and they observed the prominent anti-
inflammatory effect of sodium alginate. Lavender oil showed
anti-microbial properties and it also acted to control induced
inflammation.

Sodium alginate is an amorphous polymer, and sodium
alginate is joined with polyvinyl alcohol blends to enhance the
amorphous phases of polymeric blends. It can also lessen the
separation phases of polymeric blend sample.”® Sodium algi-
nate and polyvinyl alcohol have been added to the polymeric
blend for wound dressing application to enhance the biological,
physical, and mechanical properties of wound healing material
(Fig. 2). The addition of sodium alginate and polyvinyl alcohol
to a polymeric blend is processed by three methods like solvent
casting technique, electrospinning, and blow spinning. The
solvent casting technique is based on dispersion of polymeric
blend on surface, and surface is allowed to dry in ovens or at
room temperature. Electrospinning is based on electric field,
and it is used to produce fibers with nanoscale dimension and

Non-Toxic
Biocompatible Anionic
Polymer
Sodium
Alginate Anti-

Amorphous Inflammatory

Non-

Immunogenic Water-Soluble

Fig. 2 Sodium alginate properties.
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generation of thin, porous membrane. Blow spinning utilized
pressurized gas for fiber production.®

Fucoidan is derived from marine algae, and it is composed of
sulphated polysaccharides.'”*® Fucoidan performs biological
activities like anti-tumor, antioxidant, anti-coagulant, anti-
thrombotic, immunoregulatory, anti-viral, and anti-inflamma-
tory.” Natural polymers did not hold excellent mechanical
properties, and synthetic polymers lacked biocompatibility.*
Fucoidan is combined with hydrophobic therapeutic agents to
enhance their colloidal stability.*»** The polymeric blend of
fucoidan, polyvinyl alcohol, chitosan, and ampicillin have been
prepared as bioartificial polymer material. It is noted that
polyvinyl alcohol acted as water resistive, chitosan/fucoidan
acted to generate porous microstructure which contributes to
grow the cells within the matrix. In terms of cell viability
fucoidan, polyvinyl alcohol, and chitosan acted better than
polyvinyl alcohol and chitosan.*

Fucoidan with low molecular weight showed anticoagulant
properties in the case of in vivo investigations, and anticoagu-
lant effect is evident due to the availability of sulfate contents.
Fucoidan having low molecular weight faces issues of degra-
dation and utilization, as it is an easy target of intestinal
microorganisms.>*° Fucoidan found application as effective in
delaying cancer cell growths, and it is used as a co-acting agent
with anticancer chemotherapeutic drugs.””*® It is noted that
fucoidan did not have direct anti-bacterial effects, but in the
case of the culture system fucoidan was used to enhance anti-
bacterial activities against oral bacteria.?**° High wound healing
activity is achieved by low molecular weight fucoidan, even in
low concentration (50 mg ml ').*% High molecular weight
fucoidan did not have ability to cross lipid bilayer, while low
molecular weight fucoidan have ability to pass through lipid
bilayer and biological functions are well performed.**

Ascophyllan is derived from brown alga Ascophyllum nodo-
sum, and it has complex and heterogeneous sulphated poly-
saccharide nature.***® Ascophyllum nodosum has antibacterial
and anti-oxidant properties, as combination of Ascophyllum
nodosum and Lithothamnium calcareum have been used which
resulted in inflammatory stress properties on pig intestinal
cells.*® Ascophyllan contains equal amount of xylose, fucose,
and sulfate half-ester groups, having small amounts of glucose,
mannose, and galactose.”** Ascophyllan has tendency to acti-
vate natural killer cells in mice, and it leads to production of
IFN-y which shows cytotoxicity against cancer cells. Ascophyllan
can be utilized for cancer treatment and infectious diseases as
an immunostimulatory molecule.?”

Porphyran is extracted from porphyra, and porphyra is most
economical available red algae. Porphyran is sulfated galactan
mainly composed of 1,4-linked a-i-galactopyranose-6-sulfate
(L6S) and 1,3-linked B-p-galactopyranose (G).** Antioxidation
and anti-coagulation properties of porphyran in case of in vitro
have been checked, and it was observed that antioxidation
properties of porphyran were dependent on degree of substi-
tution while anticoagulation properties were dependent on
position of sulphate.*

Polysaccharides based on plant sources are starch, cellulose,
and pectin.>* Starch is extensively being focused to be used in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biomedical applications due to cost effectiveness, ease of
availability, and biological value of starch.* Mistry et al.**
prepared electrospun nanofibers of starch and thermoplastic
polyurethane, and electrospun nanofibers were crosslinked
with glutaraldehyde. Main objective of crosslinking was to
improve water stability and mechanical properties. Crosslinked
electrospun nanofibers showed improved wound healing than
traditional wound dressing like cotton gauze. Wadke et al*
fabricated starch/polyvinyl alcohol and silver nanoparticles to
produce electrospun nanofibers, and electrospun nanofibers
presented anti-bacterial properties. It has potential applications
in scaffold for skin tissue engineering and wound healing.
Starch sulfate owns biological characteristics like anti-
coagulation and anti-viral characteristics.*»*

Pectin is also a natural polymer, and it contains huge
number of hydroxyl and carboxyl groups. Functional groups
present in pectin can interact with metal and organic cations
using electrostatic interaction.*® Pectin has found biomedical
applications due to biocompatibility, biodegradability, and
bioactivity (Fig. 3).*” Pectin/chitosan/ZnO nanoparticles have
been prepared by utilizing freeze drying method to get three
dimensional porous films. It is found that three dimensional
films have shown cell proliferation to enhance wound healing,
and anti-microbial properties.*® Song et al.** designed hydrogel
of pectin and chitosan loaded with micelle having a huge
amount of ciprofloxacin, and it showed anti-bacterial effect and
it promoted wound healing. Hu et al.® synthesized sulpho-
nated, oxidized pectin having dialdehyde structure, which have
presented anti-coagulation properties.

Microorganism origin of polysaccharides is dextran, and
animal-derived polysaccharides are chitin, hyaluronic acid, and
heparin.”*"** Kenawy et al.*® used electrospinning to fabricate
polyvinyl alcohol (10%) and dextran (5%), and obtained nano-
fibers are crosslinked with sodium ampicillin loaded citric acid
(10%). Addition of citric acid enhanced mechanical and
thermal stability of nanofibers. As dextran is added to PVA
nanofibers, it enhances hydrophilicity, protein adsorption and
surface wettability. It also led to improvement in anti-microbial
properties, cell viability, and in vitro wound healing as well.
Nicu et al*® prepared cellulose and dextran hydrogels and
incorporated with plant active polyphenols to get 3D bio-
component matrices. Incorporation of plant bioactive poly-
phenols to hydrogel led to anti-inflammation effect, and

Biodegradable

PECTIN
Biocompatible

Bioactive

Fig. 3 Properties of pectin.
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cellulose-dextran hydrogel has shown cell proliferation
without causing cytotoxicity. Pyataev et al.*” noticed that blend
of dextran sulphate and doxorubicin presented sensitive
behavior to amylase, it also shows anti-coagulant properties in
cell culture. It improved efficiency level to treat cancer tumor
compared to doxorubicin.

Chitosan is derived from chitin, and it has biocompatible
and biodegradable nature. Chitosan has potential applications
in field of biomedical applications.*® It is noted that chitosan is
used in anti-bacterial wound dressings, and anti-bacterial
properties of chitosan have limitations due to water insolu-
bility of chitosan.®® Thi et al.®® prepared polymeric films of
pectin and chitosan containing 0%, 10%, 15%, and 20% silver
nanoparticles. It was observed that polymeric blend of pectin/
chitosan/silver nanoparticles have antibacterial properties to
be used in biomedical applications. Zhao et al.** developed
hydrogel of sodium alginate/carboxymethyl chitosan/silver
nanoparticles, and this hydrogel presented anti-bacterial
properties and biocompatibility for wound healing. Bacterial
infection is major reason of inflammation and it cause delay to
wound healing. Yu et al.® fabricated chitosan and poly[2-
(methacryloyloxy)ethylJtrimethyl ammonium chloride (PME-
TAC) to form hydrogel and examine biological activities. It was
noticed that this hydrogel had anti-inflammatory, and anti-
bacterial properties. Anna et al.®® mentioned that sulphated
derivatives of chitosan hold anti-bacterial, anti-viral and also
have anti-coagulant properties similar to heparins.

Hyaluronic acid belongs to non sulphated polysaccharides,
so it shows non-toxic, non-inflammatory, biocompatible,
biodegradable, and non-immunogenic behavior (Fig. 4). Hya-
luronic acid has applications in field of drug delivery, medical
imaging and tissue engineering.®* Hyaluronic acid is present in
articular cartilage, skin, cervix, and glycocalyx of endothelial
tissues.®® Kim et al.*® fabricated hyaluronic acid/pectin hydrogel
material and have utilized Fe** as cross-linking agent. There
was a reaction between ~COOH functional group and Fe®*", and
hydrogel presented wound healing properties (Fig. 5). Hydrogel
also holds anti-bacterial properties. Hussein et al.*” fabricated
material based on polyvinyl alcohol/hyaluronic acid/cellulose
nanocrystals/t-arginine, and this fabricated blend have shown
excellent mechanical properties, hemocompatibility, high
protein adsorption, and anti-bacterial properties. It is reported

Non-Sulphated
Polysaccharide

\ / Biocompatible

Hyaluronic Acid

Non-Toxic Biodegradable

Fig. 4 Properties of hyaluronic acid.
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Fig. 5 Hyaluronic acid and pectin mechanism and self-healing.
Reproduced with permission.¢¢ Copyright 2023, Elsevier.

that hyaluronic acid oligosaccharides (oHAs) have anti-
coagulation and endothelialization properties.®®* Hyaluronic
acid nano-silver composites hold anti-inflammatory, anti-
cancer, anti-angiogenic, and anti-microbial properties. Hyalur-
onic acid silver nanocomposites achieved high level of
biocompatibility.”

Heparin is derived from animal source, and it is sulphated
polysaccharide.” Low molecular weight heparin has anti-
coagulant properties, and it contains glycosaminoglycan.”
The pair of heparin and protamine is applicable to in vivo
cardio-vascular surgery. It is possible due to electrostatic and
intermolecular interaction between anionic heparin and
cationic protamine. It is noticed that heparin and protamine
form complexes with patient blood, which shows their
biocompatibility. The anti-cancer efficacy was also improved by
using heparin and protamine.” Nawaz et al.”* loaded heparin to
alginate wound dressings, and they concluded that heparin
enhanced angiogenic and anti-microbial effect of alginate
wound dressings. Alginate and heparin are biocompatible and
can be used for wound dressing applications. He et al.”

Table 2 Properties and biomedical applications of proteins
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prepared graphene oxide and heparin hydrogel, and graphene
oxide-heparin hydrogel exhibited anti-platelet adhesion, red-
blood cells compatibility, hemocompatibility and anti-
coagulation behavior. Lee et al’® conjugated heparin with
anti-cancer drug doxorubicin hydrochloride, and conjugated
heparin molecule showed decrease in anti-coagulation effect. It
also shows cytotoxic effects.

2.2. Proteins

Collagen materials are widely applied in biomedicine because
of its biocompatibility.””** Collagen can be used in tissue
regeneration/engineering, for new materials fabrication, e.g.
artificial skin and bone graft substitutes. Collagen-based
materials can be prepared as dental or soft tissue implants,
artificial tendons and blood vessels. The development of new
techniques showed that collagen is good materials for corneal
implants, the regeneration of nerves, cartilage, skin and other
body organs. Due to its hydrophilic character collagen is
employed in hydrogels.®” Collagen hydrogels have been
successfully used as three-dimensional substrates for cell
culture and have shown promise as scaffolds for engineered
tissues and tumours.*® Collagen-based materials can also be
obtained by electrospinning.®* A review of recent developments
in collagen scaffold fabrication for tissue engineering applica-
tions has been presented by Busra et al.** The significance of
collagen in wound dressing management has been discussed in
a review paper by Pallaske et al.*® It has been emphasised that
collagen plays a significant role in wound healing, and thus,
numerous products based on this material have been developed
so far. Table 2 summarizes the properties of proteins used in
biomedical applications.

Several studies have shown that the direct use of collagen
fibre as an adsorbent material can show certain disadvantages,
e.g. low adsorption capacity, poor selectivity, or inability to
resist high temperatures. Thus, the problems and the techno-
logical needs connected to adsorbents based on collagen fibre
have been discussed in the literature.*” The modifications of
collagen with metal ions, tannin, hyperbranched polymers, and
aldehydes etc. may lead to better performance of the
material.***

Next structural protein applied as biomaterial is elastin
(Fig. 6). Elastin is a biopolymer highly crosslinked and insoluble
in water due to the presence of specific cross-linkages,

Polymer Properties Biomedical applications Ref.
Collagen Biocompatible Wound healing 77-82, 85 and 86
Hydrophilic Tissue regeneration

Corneal implants

Elastin Hydrophobic Skin wound treatment 91, 93 and 94
Bone regeneration

Keratin Hydrophobic 3D scaffold tissue engineering 97 and 98

Silk fibroin Biocompatibility Skin regeneration 99-103

Mechanically strong

7444 | RSC Adv, 2024, 14, 7440-7458

Bone regeneration
Cartilage tissue regeneration
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Fig. 6 Proteins and major types.

desmosine and isodesmosine.” Due to its insolubility elastin is
usually hydrolysed into peptides and polypeptides to get soluble
materials. The polypeptides are usually applied to form blends
with other biopolymers, for example with collagen.®”*® The
combination of collagen with elastin was used for preparation
of several biomaterials and also was successfully electrospun to
get the skin substitute for skin wounds treatment.”® Collagen,
elastin-like peptides can form hydrogels which can be used for
drug loading. The drug-loaded collagen-elastin-like peptides
hydrogels can be promising in the case of combating bacterial
infection and promoting guided bone regeneration.”* The
mechanical properties such as stiffness and failure strength of
the films depend on solubility of elastin.®

Keratin is a fibrous protein and it is in the animal population
the major component of hair, feathers, nails and horns. Keratin,
similarly to elastin, is highly crosslinked and insoluble in water,
so usually is used in hydrolysed form. Keratin is used mainly
with other polymers to form biomaterials. For example, based
on collagen and keratin extracts recovered from the leather
industry by-products, new biocomposites were made and their
specific properties for agricultural and industrial applications
were studied.” The 3D scaffolds based on keratin-collagen
blend for biomedical applications have been also proposed.®®

Silk fibroin (SF) is a biopolymer produced by the domesti-
cated Bombyx mori silkworm. Silk fibroin can be processed into
films and scaffolds to improve regeneration in skin, nerve, bone
and cartilage tissue. Silk fibroin shows good biological
compatibility and mechanical properties, so it is investigated
for many biomedical applications.”"* Silk fibroin-based
materials can be used to improve regeneration of skin, nerve,
in bone, and cartilage tissue regeneration.

The recent applications of SF-based materials for small
molecule drug delivery, biological drug delivery, gene therapy,
wound healing, and bone regeneration have been reviewed by
Nguyen et al.*® Silk fibroin can be used for preparation of
hydrogels for biomedical applications.'®™*” Silk-based mate-
rials can be fabricated by electrospinning process and can be
used as a wound dressing materials.'*®**** Silk fibroin is also
widely used for the fabrication of biopolymer blends for
biomedical applications.”* In general, the solubilized silk

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fibroin can be transformed into films, mats, gels, membranes,
and also porous scaffolds. All of the above-mentioned form are
widely used in biomedical applications. Moreover, silk can be
also used together with another polymer forming the polymer
blend.*****® Elahi et al.'*® mentioned that pure silk fibroin as
a blood contacting material was not a better choice due to lack
of good hemocompatibility. The aim of enhanced hemo-
compatibility of silk fibroin can be achieved by varying the
surface properties of silk fibroin. Seib et al** have used low
molecular weight heparin with silk, and it was proved helpful to
increase the hemocompatibility. It played an effective role in
maintaining the release of the growth factor which led to
promote the human endothelial cells.

3. Synthetic polymers

Polyvinyl alcohol is synthetic polymer, and it has applications in
biomedical field (Fig. 7). Polyvinyl alcohol was found to be non-
toxic and biocompatible to be used to in vivo and in vitro.
Polyvinyl alcohol is used to form solid dispersion which is
required to enhance solubility of drugs.*** Lu et al.*** fabricated
12% polyvinyl alcohol (PVA) and egg white (EW), and nanofibers
were produced by using electrospinning to form membranes.
Membranes are prepared by using varying proportions of
polyvinyl alcohol and egg white solutions like (60EW/40PVA,
50EW/50PVA, 40EW/60PVA). It is observed that 60EW/40 PVA
found effective in case of rat wound healing. Yang et al
prepared polyvinyl alcohol and chitosan hydrogel, and this
hydrogel contained 1 and 3% lignin nanoparticles. Hydrogel
formation was completed by opting freezing thaw method. It is
mentioned that 1% lignin nanoparticles increased mechanical
and thermal stability of hydrogel, and lignin nanoparticles with
chitosan showed effect against E. coli and S. aureus bacteria. It is
suggested that polyvinyl alcohol and chitosan with lignin
nanoparticles can be used for biomedical applications, and
presence of lignin nanoparticles controlled the deswelling of
polyvinyl alcohol in water."*® Sudhakar et al*** fabricated
a tunable hydrophobic bio-membrane by crosslinking PVA with
carrageenan via (3-aminopropyl)triethoxysilane (APTES) for

Blending takes
place by surface ..
Dispersion Electrospinning
(drying)
Polymeric
Blending
Solv.ent Techniques
Casting
Blending takes
place by using
pressurized gas

Fig. 7 Polymeric blending techniques to fabricate polymers.
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enhanced tensile strength. This membrane was found appro-
priate for dental applications.

Polyvinylpyrrolidone (PVP) exhibits water solubility, and PVP
is derived from polymerization of n-vinylpyrrolidone. PVP is
non-toxic, inert, biodegradable, biocompatible, temperature
resistant, and pH stable (Fig. 8). It can be encapsulated to
hydrophilic and lipophilic drugs.*”® Zhang et al.**® fabricated
PVP/chitosan/dihydroquercetin (DHQ) nanofibers film to be
examined in wound dressings. Studies related to in vivo and in
vitro evaluation have been conducted. It is noted that blend

C—)

Non-Toxic

Water
Soluble
@

Polyvinylpyrrolidone
(PVP)

Temperature
Resistant

Fig. 8 Properties of PVP.
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have shown hydrophilicity, good morphology, and thermal
stability. MTT cytotoxicity test prevails that nanofibers film is
non-toxic. It was found that polymeric blend nanofibrous
wound dressing can be effective in wound healing. In vitro
evaluation presented anti-bacterial effects against E. coli and S.
aureus bacteria. Contardi et al.** prepared bi-layer blend of
polyvinylpyrrolidone and hyaluronic acid to be used in wound
dressings. It was observed that bilayer wound dressing of pol-
yvinylpyrrolidone and hyaluronic acid hold excellent anti-
microbial properties. Polyvinylpyrrolidone and hyaluronic acid
bilayer wound dressing have shown anti-inflammatory effects in
diabetic mice model.

Next polymer used in biomedical field is polyurethane.
Polyurethane (PU) foam was prepared by solvent casting
method, and it was coated with water extract from propolis
(WEP). PU/WEP wound dressing presented excellent anti-
bacterial properties against E. coli and S. aureus bacteria, and
it is due to presence of well-known anti-bacterial agent propolis.
PU/WEP wound dressing have been checked in animal model,
and it enhanced skin wound healing.'*® Rather et al.** fabri-
cated polyurethane and cellulose acetate electrospun nano-
fibers, and electrospun nanofiber of cellulose acetate was used
to encapsulate rosemary essential oil and adsorbed silver
nanoparticles. It showed antibacterial effects, and it also
improved hydrophilicity. Nguyen et al® fabricated virgin
coconut oil with polyurethane/polycaprolactone to produce
electrospun nanofibers by electrospinning, and electrospun
nanofibers were used to produce membrane. Addition of virgin
coconut oil enhanced hydrophobicity of polyurethane/
polycaprolactone membrane. The presence of virgin coconut

Polymer Properties

Biomedical applications Ref.

Non-toxic
Biocompatible
Hydrophilic
Non-toxic
Biodegradable
Inert
Biocompatible

Polyvinyl alcohol (PVA)

Polyvinylpyrrolidone (PVP)

Wound healing 121 and 122

Wound healing 125 and 126

Temperature resistant pH stable

Polyurethane (PU) Biocompatible

Mechanically strong

Hemostatic
Blood coagulation
Anti-thrombotic

Polyethylene oxide (PEO)

Polyethylene glycol (PEG) Hemostatic
Hydrophilicity
Poly(tetrafluoroethylene) (PTFE) Inert

Low surface energy
Low friction

Hemocompatible
Poly(vinylidene fluoride) (PVDF) Thromboresistance

Lowering inflammation
Poly(r-lactic acid) (PLLA) Biocompatible

Biodegradable
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Dialysis stent
Cardiac valves
Vascular prostheses
Wound healing
Wound healing
Hemostatic agent

131-133, 192-195

183-185 and 208

Wound healing 154 and 187
Blood contacting implants 213
Stents coating 216
Stents 147 and 209
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oil improved anti-coagulant, mechanical and anti-thrombotic
properties of membrane. Polyurethane is excellent choice for
blood contacting devices due to good bio-compatibility.***
Polyurethane has applications in dialysis stents, tissue engi-
neering scaffolds and electrospinning, anti-bacterial surfaces,
cardiac valves, vascular prostheses, and in coating for breast
implants.*** Barnthip et al.**® fabricated polycaprolactone and
cellulose acetate having mixture of fibroin and sericin by using
electrospinning. It led to higher elasticity, and it also enhanced
cell adhesion. It is suggested to be used in biomedical appli-
cations like scaffold for wound healing. Chanda et al.*** carried
out electrospinning to fabricate polycaprolactone and chitosan,
and then deposited a bilayer of hyaluronic acid over electrospun
nanofibers of polycaprolactone and chitosan. It showed reduc-
tion in bacterial adhesion, and it is suggested to be used as
scaffold for skin tissue engineering. Table 3 summarizes the
properties and biomedical applications of synthetic polymers.

4. Interaction of blood proteins and
cells on polymeric material surfaces

Interaction with blood is one of the first and foremost cascade
of events which takes place when a material is implanted into
the body. The sequence of events is initiated by the attachment
of water molecules which is followed by protein attachment
which then attracts cells.’** Hence, to achieve the desired effect
from the implants, encouraging or avoiding this cascade is
important to its success.

4.1. Protein adsorption

Implant surfaces are foreign materials for the host body. So,
immune response happens instantly after materials are
implanted to make the implant surface acclimated to the host.
The first step of this immune response deals with the blood
plasma protein absorption on the material surface. Blood
plasma proteins are important message carriers for the host
body. Protein absorption involves different mechanisms such as
thermodynamic and electrostatic force along with hydrogen
and van der Waals interactions.>**® Primary protein absorption
mechanism on surfaces involves hydrophobic thermodynamic
interaction.”® The hydrophobic surfaces favor increased
amount of protein absorption compared to the hydrophilic
surfaces. This is due to the poor hydrogen bond between water
and adjacent hydrophobic surfaces along with the release of
large entropy for the absorption of hydrophilic protein on the
surfaces.’*® The secondary interaction involves the electrostatic
force coming from the charge difference between the surface
and proteins. Proteins generally possess a net negative charge.
So, an implant surface having net cationic charge may enhance
protein absorption due to the electrostatic attraction force.'*
The protein absorption on the surface is often irreversible
because of the protein denaturization after being absorbed on
the surfaces. Hydrophobic amino acid side chains of the
proteins may fold inside their 3-dimensional (3D) structures
due to the presence of surrounding water. However, when these
proteins are absorbed on a hydrophobic surface, they can

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

unfold and undergoes an irreversible conformational change.
For this reason, often biomaterials are designed to either avoid
or encourage this irreversible protein adhesion based on their
final applications. There are some proteins with hydrophilic
amino acid side chains that are attracted to a hydrophilic
surface. However, preparation of a hydrophilic surface is often
difficult due to several physical property requirements such as
glass transition temperature, permeability, conductivity, and
method of sterilization.™’

In blood, the most abundant protein that undergoes
absorption on implant surfaces is albumin. Albumin has low
molecular weight with a higher diffusion coefficient compared
to other blood plasma proteins (Fig. 9). For that reason,
albumin is absorbed first on the implant surfaces.’** However,
in later stages, albumin is replaced by other high molecular
weight proteins such as fibrinogen, immunoglobulin, and
factor XII. Fibrinogen is responsible for leukocyte and platelet
adhesion on the surfaces. Factor XII is involved in thrombus
formation similar to albumin. Additional plasma proteins such
as fibronectin, vitronectin, and von Willebrand factor (VWF) are
also reported to be capable of mediating platelet adhesion on
the surface.**®

Another important factor for protein absorption on the
implant surfaces are nanoscale surface topography. Recent
studies have provided an insight into the relationship between
protein absorption kinetics on surfaces having nanoscale
features. On the other hand, smooth surfaces avoid protein
absorption and thus discourage blood coagulation on the
implant surfaces. More on this topic with reported literature are
discussed in the later sections of this review.

Protein absorption on implant surfaces plays a critical role in
blood coagulation cascade. Implant surfaces should take
protein absorption into high consideration because the appli-
cation of implants is highly dependent on the proteins being
absorbed on the surfaces. Implants for blood vessel regenera-
tion or orthopedic implants may avoid blood coagulation. So,
a hydrophilic and smooth surface should be prepared. On the
other hand, implants for wound closures should encourage
blood coagulation and thus have hydrophobic properties and
nanostructures to enhance protein absorption.

4.2. Platelet adhesion

Protein absorption on implant surfaces lead to platelet adhe-
sion which is a crucial step of thrombosis. When blood proteins

Albumin

Low Molecular ﬂlgh'er
Weight Diffusion
= Coefficient

Fig. 9 Advantages of albumin.
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create a clot on the wound surfaces to limit blood loss from
vasculatures, the process is called thrombosis. Here, proteins
such as fibrinogen and platelets create a clot which requires the
adhesion and activation of platelet as plugs to form the clot. The
formation of platelet plugs to stop the bleeding is known as
primary hemostasis. Blood platelet adhesion is a result of the
protein adhesion that was described in the last section. Platelet
adhesion is initiated by surface-absorbed proteins such as von
Willebrand factor (vWf), fibrinogen, fibronectin, and vitro-
nectin. This binding happens due to the specific adhesion of
amino acid sequences in the absorbed proteins and the recep-
tors on platelet surface. Some reports showed that this specific
platelet-protein adhesion and subsequent aggregate formation
increases on a hydrophobic surface compared to the hydro-
philic ones.

4.3. Leukocyte adhesion

The next step of blood-material contact is the complement and
leukocyte. Leukocytes (monocytes and neutrophils) that
support the inflammatory response are activated in this stage.>
Fibrinogen gets converted to fibrin and primarily influence the
leukocyte adhesion.™ Leukocytes helps in formation of the
macrophages and other giant cells. These cells recruit fibro-
blasts to form a capsule like structure mainly prepared by
fibrous tissue as an inflammatory response to the implanted
device.” In this way, leukocyte adhesion and activation can
assist in blood coagulation on the biomaterial implant
surfaces.>**®

4.4. Platelet-leukocyte interactions

Platelets and leukocytes are two important components of
blood which enable the continuance of hemostasis and
immune response respectively. When these two components
interact, they activate each other which enables them to have
a kind of cross talk where platelets influence the immune
response and leukocytes play a role in the blood coagulation
process.**® This leads to activation of platelets due to leukocytes
and increased recruitment of leukocytes due to platelets; this
aggregate promotes thrombus formation as observed by Giulio
Bizzozero in 1882."**

5. Polymer surface properties that
influence blood coagulation

All the foreign surfaces which are introduced to the body face
a challenge following which the feasibility and success rate of
the surface is determined. All the implanted surfaces have to
encounter a thromboinflammatory response which can make
vulnerable the integrity of the implant.*** This leads to
obstruction of the implant surface through blood coagulation
which ultimately disables the implant surface from performing
the task efficiently. To overcome this obstacle, various modifi-
cations are implemented on the surface which will either
prevent the cascade from initiating or avoid blood coagulation
from occurring.

7448 | RSC Adv, 2024, 14, 7440-7458

View Article Online

Review

5.1. Surface chemical structure and functional groups

Surface properties are important aspects of polymeric implant
materials for biocompatibility. The chemical composition of the
functional end groups in a polymeric implant dictates the
surface properties and ultimately decides the protein and blood
coagulation mechanisms. Several works have been reported
recently that modified the surface chemistry of polymeric
biomaterials to enhance the protein absorption. Gao et al
(1998)'** reported to modify the surface of poly(glycolic acid)
(PGA) scaffold by hydrolysis of the ester bonds on the surface of
the material. The modified scaffold surface showed improved
serum protein and smooth muscle cell adhesion compared to
the unmodified scaffold.

5.2. Surface topography

Surface topography and roughness are interesting factors that
influence protein and cell adhesion. Topographical features
especially the nanoscale topographies on the biomaterial
surfaces affect the blood protein and cell adhesion on these
surfaces. Micropatterning is a popular method to induce topo-
graphical features on polymer surfaces. For instance, Milner
and Siedlecki (2007)'** prepared poly(i-lactic acid) (PLLA)
samples with ordered 400 nm and 700 nm pillars by replication
molding. They assessed human fibroblast adhesion and
proliferation on these samples and found that micropatterned
surface affect the fibroblast adhesion. Zhou et al. (2013)*** also
reported to prepare patterned biomimetic methacrylate poly-
mer brushes to influence protein and neuronal cell adhesion.
The patterned surfaces in this case acted like a guide for the
protein and cell adhesion. Superhydrophobic polymer deposi-
tion via tanfloc/heparin polyelectrolyte multilayers on patterned
titania nanotube surfaces was also reported to influence protein
and cell adhesion.'® On the other hand, random surface
roughness also influences protein and cell adhesion on material
surfaces. Xu et al. (2004)'*” also used PLLA to prepare substrates
having various surface roughness. They found that PLLA
substrate prepared by solvent casting that have smooth surface
enhanced the functions of endothelial cells. DePalma et al.
(1972)**® also showed that rough surfaces tend to attract more
protein as well as cells which leads to thrombosis. To overcome
this obstacle, various surface treatment techniques are done to
smoothen the surface which include mechanical polishing,
electropolishing, ultrasonic cleaning and chemical etching.'*

5.3. Surface energy and wettability

Surface energy and wettability are important parameters for
understanding blood coagulation on polymeric biomaterials.
Surfaces that have a static contact angle below 90° are referred
to hydrophilic surface. On the other hand, hydrophobic
surfaces have a static water contact angle of more than 90°.*4¢
Surface energy components drive the wettability of a surface
and can be determined using the work proposed by Owens et al.
(1969).**° Comelles et al. (2010)**' investigated the surface
energy and wettability of three commonly used polymeric
biomaterials-poly(methyl methacrylate) (PMMA), polystyrene
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(PS), and poly(dimethylsiloxane) (PDMS). Their work correlated
the lower surface energy to higher serum protein absorption on
the surfaces. With increased hydrophobicity, the surface energy
of the polymers decreased which in turn increased protein
absorption.

Surface wettability plays an important role in protein
absorption. It has been well established that surfaces with
minimum free energy will have minimum cell adhesion, which
can be achieved if the surfaces are highly hydrophilic or highly
hydrophobic (Fig. 10).**> Hydrophilic polymers have demon-
strated a repulsion towards blood protein and cells whereas
hydrophobic polymers have demonstrated good hemocompat-
ibility."** Studies has shown that hydrophobic surfaces allow
enhanced protein absorption compared to the hydrophilic
surfaces. Water molecules strongly attach to the hydrophilic
surfaces, and it is hydrothermally difficult for the proteins to
replace the water molecules. But on a hydrophobic surface
water is readily displaced by the serum proteins to be readily

/— Surfaces \
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Fig. 10 Surface wettability and contact angle.
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Fig. 11 Hydrophobicity and protein absorption.
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absorbed.**® So, controlling the surface wettability and energy
plays a crucial role in protein absorption and ultimately cell and
blood coagulation. For example, poly(ethylene glycol) is
a hydrophilic polymer that can be prepared by ethylene glycol or
ethylene oxide in aqueous solutions. PEG is commonly used as
coatings to impart hydrophilicity on biomaterials. As hydro-
philic PEG reduces protein adhesion, they are popular in
preparing biocompatible and anti-fouling materials. Krishnan
et al. (2006)*** prepared a methyl-terminated self-assembled
monolayer surface which was hydrophobic in nature and
induced higher adhesion of blood plasma proteins. Hydro-
phobic polymers are more accepting of proteins like albumin
and fibrinogen, which lead to reduced protein adsorption
(Fig. 11). Albumin is a highly hydrophobic protein which has
shown that it can adhere readily to highly hydrophilic surfaces.
Albumin-treated surfaces have shown the resistant to platelet
adhesion.'*®

6. Benefits of enhancing blood
coagulation on the implant surface

Blood carries important signalling molecules for the cells to
adhere and proliferate to a foreign material. The blood coagu-
lation cascade starts the process of making an implant surface
suitable for cell adhesion and proliferation which helps in
disease prevention, implant acclimation and improvement in
managing health complications. Most of the research work in
biomaterial focuses on preventing blood coagulation. This is
because blood coagulation is also a process of host body to
reject the implant. When protein such as fibrinogen and
albumin is absorbed on the surfaces, they create an additional
layer on the implant surface to inactivate any harmful release of
molecules from the implant. Thus, the implant fails to perform
what it was intended for. This is especially important for
implants having nanoscale surface characteristics because the
cells cannot even connect to the implant surface if the nano-
scale structures are covered by the absorbed proteins. However,
blood coagulation possesses some merits for the success of
implant (Fig. 12). Blood coagulation can help in biological
recognition that enhances the biocompatibility of the
surfaces.’®® Blood carries important cell and signalling mole-
cules which can increase cell adhesion and proliferation on the
implant surface. Surfaces having less blood adhesion often

Blood Coagulation
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Fig. 12 Biomedical applications and blood coagulation.
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suffer from poor integration to the host body environment due
to the lack of cell adhesion. The adhered cells also get important
cell niche molecules from the blood coagulation. So, prepara-
tion of a surfaces that encourage blood coagulation can offer
substantial benefits depending upon the implant application.
In the following sections, current surface modification strate-
gies for polymeric implant surfaces are reviewed that encour-
ages blood coagulation on the implant surface.

7. Polymer surface modification to
enhance blood coagulation for wound
healing

7.1. Natural biomaterials

Blood coagulation is an immune response from the host body to
protect itself from harmful foreign materials and pathogens
such as bacteria, viruses, or fungus. A significant amount of
blood serum protein and cell absorption happens on implant
materials due to the immune response from the host body.
Hence, the implant loses its surface characteristics and fails to
achieve its intended biomedical applications. Therefore,
majority of biomaterial surface research focuses on discour-
aging blood coagulation on implant surfaces. However, for
several biomedical applications blood coagulation on implant
surfaces is indeed an important and significant outcome. Blood
can recruit important protein and cells on the implant surfaces
to enhance tissue healing. In skin grafts, blood coagulation is
a major step for the healing of skin damage. Blood coagulation
on bone implants can also improve the bone healing process.
On the other hand, blood coagulation should be discouraged on
cardiovascular implants and grafts. Despite some interesting
applications of blood coagulation on implant surfaces, there
remains a lack of focus on this point in the literature. Hence,
the one major focus of the current review article is to evaluate
existing literature on polymeric surface modifications strategies
that encourage blood coagulation.

Skin is the outer layer of human body which is a highly
flexible and superhydrophobic material. This sheet like struc-
ture is capable permitting of gaseous molecules such as oxygen
however protects the inner organs or fluids to come out and
prevents any pathogen penetration inside the body. Skin is
a dynamic tissue that undergoes continuous repair while
absorbing all the abuse from outside environment. Hence, there
are multitude of blood vessels run through skin. These blood
vessels help in blood coagulation and skin repair in case of any
damage. The damage repair primarily happens via blood
coagulation process that was described earlier in this article.
When skin is ruptured, blood vessels also get damaged and
results in bleeding complications. Bleeding from the body is
highly detrimental and can be deadly if not stopped within
a short time. The stoppage of bleeding is known as hemostasis.
Several skin grafts are pointed towards hemostasis.

In the history of healthcare, cotton has been widely used as
a wound closure or bandage to heal bleeding. Cotton is
a cellulosic material which is highly absorbent of blood fluids,
thus providing a solid platform for the hemostatic components
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of blood to adhere, contract and close the wound. Throughout
most of human history, cotton has been used as a bandage
without any modifications with novel biomaterials or nano-
composites. Cotton bandages are reported to influence platelet
plug formation and blood coagulation because of cotton fiber's
intrinsic properties such as surface energy, negative surface
charge, and hydrophilicity.®® To improve the hydrophilic
properties of cotton, conventional methods use wet chemical
methods which can be highly energy and water consuming.
Recently, plasma treatment approaches are being utilized to
replace the conventional methods and save precious water and
energy.””**® The enhanced hydrophilicity of cotton bandages
can help in improved blood clotting on the wound. Although
cotton bandages improve wound coverage and blood clotting on
wound, they often entangle with the tissue surrounding the
wound. This creates a complex situation for the patient while
removing the bandage causing unnecessary pain and suffering.

Recently, oxidized cellulose (OC) from cotton and oxidized
regenerative cellulose (ORC) from wood pulp are used as wound
bandages. Due to the oxidative conversion of alcohol at the end
of cellulose polymer chain to aldehyde or carboxyl groups, OC
and ORC exhibit different physio-chemical and mechanical
properties. Their acidic pH helps in platelet activation and
blood coagulation, and they are reported to be biodegradable.**®
Recently, Lewis et al. (2013)'® compared the hemostasis of
regenerative and non-regenerative oxidized cellulose and found
superior hemostasis from non-regenerative OC. However, like
cotton bandages, OC and ORC also have tissue adherence
problem. Tulle gauge is an interesting approach to make the
bandages oily for becoming non-adherent for tissues but still
possessing the absorbent properties of the cellulose. Tulle
gauges are prepared by soaking the cellulosic bandages in
parafilm to make the surface hydrophobic.

Another interesting cellulosic material is bacterial cellulose
where the source of cellulosic material is Gram-negative
bacteria instead of a plant source. Picheth et al. (2017)*
wrote a thorough review of bacterial cellulose (BC) and their use
in biomedical applications. Bacterial cellulose can be made into
superior wound dressing because of their unique mechanical
properties and antimicrobial properties in the wound area.'®
BC was also conjugated with other components to impart
several biomedical applications such as antibacterial efficacy by
doping silver nanoparticle, drug delivery, and drug reservoir.'**
Fragoso et al. (2014)"** prepared a sugarcane biopolymer (SCB)
which is essentially a bacterial cellulose film to assess the
adhesion of mesenchymal stem cells (MSC) on the SCB film.
Their report showed that SCB can be utilized as a viable plat-
form for MSC adhesion. Lucena et al (2015)'** also used
a similar film to examine wound healing on induced skin
wounds in rats. They reported that after 21 days of post opera-
tive process, the film with bacterial cellulose accelerated wound
healing significantly compared to the control film having no
bacterial cellulose. In another instance, Silveira et al. (2016)'*
used bacterial cellulose skin graft to treat tympanic membrane
perforation. Their report also showed improved wound closure
by using the bacterial cellulose graft.
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Fibrin is a protein formed at the end of the coagulation
cascade and plays an important role in wound healing and
preventing blood loss.**® Fibrin sealants haven been used in
different biomedical applications, especially in clinical prac-
tices such as cardiovascular, gastrointestinal, pneumothoracic,
neuronal, urological, and otolaryngological surgeries.'*” Fibrin
protein is generally formed by the reaction of thrombin protein
on fibrinogen. In fibrin sealants, the reaction between thrombin
and fibrinogen is utilized to produce fibrin clot in situ for wound
dressing and sealing applications.'**'®®* There are several
commercially available fibrin sealants approved by the U.S.
Food and Drug Administration (FDA). Tisseel®'® is the only
fibrin sealant that can be used for both hemostasis and sealing
applications (Baxter). Artiss®'”° from Baxter is used as adhesive
which adheres to the wound surface and skin graft to provide
a sealing application (Baxter). Both these products use
thrombin and fibrinogen to produce fibrin clot in the wound
site. Other commercial fibrin sealants for hemostasis are
Vitagel™ (Stryker), TachoSil® (Baxter), EVARREST™ (Omrix
Biopharmaceuticals).'*®* Major concern for using fibrin sealant
is the immunogenicity and contamination of viral pathogens
because of the animal (bovine and porcine) and human pooled
blood sources.™® So, recently recombinant protein sources are
being investigated to source fibrinogen and thrombin. RECO-
THROM from Baxter uses recombinant human thrombin for
topical hemostasis use. Wang et al. (2000)""* reported to purify
fibrinogen from salmon blood which less prone to viral and
bacterial infection. On the other hand, Michaud et al. (2002)'7*
purified thrombin from salmon source to be used as a fibrin
sealant. Another approach to reduce immunogenic reaction and
viral contamination is to use low volume plasma to prepare
fibrin sealant. CryoSeal® (Asahi Kasei) and Vivostat® (Vivostat)
systems utilize this low volume plasma method.**

Collagen is the most abundant proteins in animals,
comprises three quarters of the dry skin weight in human, and
one of the most prevalent components in the extracellular
matrix."”® Since collagen is abundant in human skin, numerous
research focused on utilizing collagen for preparing skin graft
and blood coagulating biomaterials. It has been reported that
activated platelet and vWF secreted from injured endothelium
can bind to the exposed collagen, thus helping in primary and
secondary hemostasis on biomaterial surface.’* Platelet
membrane has specific receptors for collagen type I and type III
and undergoes a ligand-receptor interaction to initiate platelet
binding and ultimately forming the platelet plug during
thrombus formation."*'” Yang et al, (2004)"> prepared
a recombinant human collagen type IlI-based fibril matrix that
could effectively stop bleeding 3 times faster than commercially
available collagen hemostat Instat (Ethicon, J & J, USA). Their
matrix was also one of the few types III collagen-based hemostat
which is better than animal derived type I collagen based
biomaterials since platelet aggregation has been reported to be
superior on type III collagen compared to the type 1.'7> Wagner
et al. (1996)'"® compared several hemostatic agents and reported
that collagen-based hemostats performed better than cellulose
based hemostats. Also, in their report several collagen-based
hemostats were compared and Avitene (a microfibrillar
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collagen, Davol Inc., USA), Actifoam, and Helistat (Integra Life-
Sciences, USA) (both are collagen sponges) performed superior to
Instat and Surgicel (oxidized regenerated cellulose). Zwi-
schenberger et al. (1999)"”” compared Hemostagene and Helistat
which are two hemostatic agents on 60 consecutive patients who
were undergoing cardiothoracic surgery. They reported success-
ful hemostasis rate of 75% and 77% for Hemostagene and
Helistat respectively. Since collagen source is mainly from
animal, immunogenic complications have always been
a problem with collagen based hemostatic agents. To overcome
this, low-immunogenic collagen-derived gelatin has been devel-
oped and reported to retain the hemostatic properties of
collagen.'®® Hajosch et al. (2010)"”® prepared a gelatin sponge that
exhibited accelerated hemostasis in an in vitro model and also in
a young patient suffering from acute bleeding of a pharyngeal
angiofibroma. In another work, Xie et al. (2021)"° prepared
a gelatin nanofiber sponge utilizing the electrospinning process
which exhibited a superior hemostatic property owing to its
interesting spongy and interconnected structure. Even though
gelatin reduced immunogenic complications, they show poor
mechanical properties when in contact with blood.'® To over-
come this problem, several composite gelatin hemostatic agents
were developed. One of them is FloSeal (Baxter International Inc.,
IL, USA) which is a composite matrix prepared by gelatin and
thrombin. Woodworth et al (2009)'®" prepared a gelatin-
thrombin matrix by mixing SURGIFLO™ (Ethicon, J & J, USA)
and Thrombin-JMI (King Pharmaceuticals, Bristol, TN) which
was proven to effectively control bleeding. Chen et al. (2021)'*°
used alginate with gelatin to prepare a sponge which was then
combined with curcumin loaded electrospun fibers. They re-
ported enhanced hemostatic property of this matrix compared to
commercially available hemostatic agents.

7.2. Synthetic biomaterials

Besides the naturally derived biomaterials for skin wound
grafts, several synthetic biomaterials have been investigated in
recent years for hemostatic applications. One of the popular
approaches is to prepare synthetically derived hemostatic
material is to conjugate a synthetic polymer with a natural
agent such as collagen, gelatin, fibrin, or cellulosic materials.
Poly(ethylene oxide) (PEO) is one such common synthetic
material. Zhao et al. (2018)"* prepared a nanofibrous
membrane by mixing collagen and PEO by electrospinning
method. Their material was reported to form 70% blood clot
within 5 min. Similarly, Liu et al. (2022)'®* prepared a chitosan/
PEO nanofiber membrane for rapid hemostasis and acceler-
ated wound healing. Verma et al (2023)'"* prepared
a nonwoven hemostatic dressing which was composed of PEO-
fibrin and PEO-thrombin microfibers that can facilitate whole
blood clotting in less than 30 s. Barba et al. (2018)' utilized
carboxymethyl cellulose, kappa-carrageenan, and PEO to
prepare a hemostatic dressing that achieved hemorrhage
control in a rat model within 90 s. All these synthetically
derived hemostatic materials offered potentially superior
hemostasis and hemorrhage control over the traditionally
utilized hemostatic agents.
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Another popular polymer in this regard is poly(ethylene
glycol) (PEG). Lewis et al. (2014)'° reported a PEG coated
collagen pad (PCC) for improved hemostasis. The PCC offered
complete hemostasis when applied to severe arterial bleeds in
a heparinized porcine pulmonary segmentectomy model. Zhu
et al. (2018)"*” prepared a hybrid hydrogel using hyaluronic acid
and PEG for improved hemostasis and wound healing.

Poly(vinyl alcohol) (PVA) is another biocompatible syntheti-
cally derived polymer that is used in hemostatic and wound
healing applications. Zhao et al. (2019)"*® reported a hemostatic
sponge made from PVA and chitosan (CS). The PVA-CS sponge
showed improved blood clotting ability with enhanced blood
cell and platelet adhesion and activation when compared to
gauge and PVA. Yin et al. (2020)'® also utilized chitosan and
PVA to prepare a hemostatic nanofibrous membrane. Besides
the improved blood clotting ability, their membrane also
showed antibacterial activity which can be helpful to reduce
pathogenic infection in the wound graft. Incorporation of
nanoparticles in these hemostatic agents also showed improved
blood clotting and wound healing capabilities. One such work
was reported by Shakiba-Marani and Ehtesabi (2023),"° Their
nanocomposite hemostatic sponge was composed of chitosan,
PVA, and carbon dot. The nanocomposite sponge showed effi-
cient hemostasis in in vitro and in vivo experiments. Zhang et al.
(2022)** also reported a chitosan/PVA composite with tourma-
line nanoparticle for hemostatic applications.

Polyurethane (PU) has also been used for hemostatic appli-
cations owing to its superior mechanical properties and
biocompatibility. Zou et al. (2022)"* prepared a strong adhesive
patch by using bioactive PU and gelatin-methacryloyl. Their
material reported to promote organ hemostasis and wound
healing by angiogenesis. Recently, Guo et al (2023)** also
utilized PU to prepare a hemostatic sponge for hemorrhage
control. In another work, Lundin et al. (2017)"* used kaolin-PU
foam composite for wound healing applications. Liu et al.
(2017)" also prepared a foam based wound healing biomaterial
using PU and urea. Broekema et al. (2011)"° utilized PU foam
for topical hemostatic application. PU have also been incorpo-
rated to hemostatic biomaterials as nanoparticles. Huang et al.
(2021)*” reported an anti-inflammatory gelatin based hemo-
static agent where PU nanoparticles were incorporated.

8. Drawbacks of blood coagulation
on the implant surface for wound
healing

The formation of thrombus due to biomaterial is rare but
a serious complication in the cardiovascular applications as it
can lead to sudden death, chest pain and ischemic electrocar-
diogram.™® Thrombus formation due to stent has mortality
rates of 20-45% whereas its recurrence rates are ~20%."**** To
prevent thrombosis, patients are prescribed anti-platelet and/or
anticoagulant therapy for varying periods in accordance with
the different regulatory bodies. The AHA guideline recommends
3-6 month of anti-platelet therapy whereas the European
guidelines advice 6-12 months.?*"**> Anti-platelet agents mainly
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are composed of aspirin and clopidogrel with attempts being
made to synthesize biomaterials that release or generate nitric
oxide to mimic their effect. Fondaparinux is a synthetic poly-
saccharide which inhibits Factor Xa and Dabigatran which is an
oral thrombin inhibitor, have shown that if the biomaterial-
based activation is not blocked, it can lead to adverse
outcomes.”** Apart from using the anti-platelet and anticoagu-
lant therapies, modifying the material surface is another
approach which is applied to prevent the protein and eventually
cell adhesion. The following section talks about the various
material properties and surface modifications which will
influence the blood coagulation in a negative as well as a posi-
tive manner.

9. Preventing blood coagulation for
wound healing

Preventing blood coagulation in the cardiovascular system is
important as formation of a blood clot could prove catastrophic.
Ensuring non-thrombogenic and hemocompatible biomaterials
for application in the cardiovascular system have been exten-
sively researched and, in this review, we have summarized the
research which have used polymers to achieve this goal.

9.1. Natural polymers

Heparin after its discovery in 1961 has displayed great anti-
coagulation properties as it interacts with thrombin and
avoids the amplification of anticoagulant cascade.*®® PVC and
PTFE surfaces coated with heparin have displayed antith-
rombogenic activity and prolonged the blood coagulation
time.?**** Heparin immobilized on plasma-polymeric allyl-
amine coating on stainless steel also demonstrated a decrease
in adhesion and activation of platelets as well as decreased the
activation of fibrinogen.>*®

Albumin is an inert, thromboresistant coating which has
displayed significantly lower platelet adhesion to polymer
surfaces.”””?”® The BioMatrix stent from Biosensors Interna-
tional as well as the Nobori stent from Terumo Corp. were
coated with albumin in addition to Biolimus A9™ drug and
both have displayed lower blood coagulation compared to
a Cypher stent.>*”

Hyaluronan (HA) is a glycosaminoglycan which possesses
anti-thrombotic as well as angiogenic properties as well as
inhibits platelet adhesion and activation.*® HA coating on
stainless steel resulted in significant reduction of platelet
adhesion and activation as compared to uncoated stents.”** HA-
collagen nanofibers have demonstrated anti-thrombotic prop-
erties as well as reduced platelet adhesion.**

9.2. Synthetic polymers

Poly(tetrafluoroethylene) (PTFE) were used to make the first
generation of blood contacting implants due to their natural
inertness, low surface energy and low friction. However, blood
coagulation was reported on them which encouraged the
implementation of surface modifications.”®® PTFE has shown
enhanced hemocompatibility and lower platelet adhesion and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Modifier Surfaces Results Ref.
Heparin Poly(vinyl chloride) (PVC) Anti-thrombogenic activity 204
Poly(tetrafluoroethylene) (PTFE) Prolonged blood coagulation time 205
Stainless steel Decrease in adhesion 206
Reduced platelet activation
Decreased fibrinogen activation
Hyaluronan Stainless steel Decreased platelet adhesion 211
Decreased platelet activation
Collagen Presented anti-thrombotic properties 212
Reduced platelet adhesion
Polyethylene glycol (PEG) Polycarbonate urethane Reduced platelet adhesion 219
Higher hemocompatibility
Collagen Improved hemostasis 186
Hyaluronic acid Improved hemostasis 187

activation when plasma treated with argon and nitrogen
gases.”™ PTFE has displayed significantly lower platelet adhe-
sion as compared to PET which makes it a useful coating
material to stainless steel to lower the surface energy. However,
this prevents the endothelial cells from attaching to the surface,
hence a layer of fibrinogen is used to counter this issue.**®

Poly(glycolic acid) (PGA) is a biocompatible and biodegrad-
able polymer which is not toxic even on degradation when in
vivo. Gao et al. (1998)*** modified the surface of PGA by hydro-
lysis of ester bonds on the surface of the material. This modi-
fication displayed improved serum protein and smooth muscle
cell adhesion as compared to unmodified scaffold.

Fluoropolymer like poly(vinylidene fluoride) (PVDF) have
shown to possess inherent properties which contribute to
thromboresistance, lowering inflammation. PVDF has been
used to coat the stents commercially available from Abbott
which have displayed lower blood coagulation which correlates
that fluorinated materials are non-thrombogenic.**®

Poly(x-lactic acid) (PLLA) is a biocompatible, biodegradable
polymer which has a long history of applications in tissue
engineering. Hence, PLLA is a polymer of interest for
manufacturing and implantation in patients. Currently,
commercial stents like Igaki-Tamai stent (Kyoto Medical Plan-
ning Co. Ltd.), BVS Stent (Abbott Vascular) are made from PLLA.
PLLA surfaces prepared by solvent casting have demonstrated
smooth surfaces which enhanced function of endothelial
CellS.147’209

Nitric oxide (NO) has shown to reduce the thrombus
formation in blood vessels and healthy blood vessels have
a mechanism wherein NO is released from the vessels itself
causing dilation which avoid blood coagulation. NO releasing
polymeric coatings composing of poly(vinyl chloride) (PVC)
have displayed improved anti-blood coagulating properties as
compared to the control polymer.*"’

Poly(ethylene oxide) (PEO) has demonstrated the lowest
levels of cell and protein adhesion among any known polymer.
This makes it a great coating for anti-thrombotic application.
Hence, surface modification with PEO has been attempted in
various ways like covalent grafting, physical adsorption etc.>*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ever since their invention in 1942 and especially after their
application in the biomedical industry in 1972, polyurethanes
have demonstrated excellent blood compatibility and superior
abrasion resistance as well as great thrombus resisting prop-
erties.>*® Chemical grafting of poly(ethylene glycol) on poly
carbonate urethane (PCU) has displayed decreased platelet
adhesion and higher hemocompatibility.>** Polyurethane coat-
ings have also demonstrated decreased platelet adhesion and
decreased thrombosis.”***** Poly(carbonate-urea) urethane
impregnated with silver nanoparticles have displayed signifi-
cantly lower platelet activation.**

Poly(ethylene glycol) (PEG) is a hydrophilic polymer that can
be prepared by ethylene glycol or ethylene oxide in aqueous
solutions. PEG is used to impart hydrophilicity on biomaterials
which leads to reduced protein adhesion and makes them
popular for preparing biocompatible and anti-fouling
materials.™*

Poly(2-methoxyethylacrylate) (PMEA) is a hemocompatible,
low toxic and easy to manufacture in large quantities polymer.
PMEA has demonstrated lower protein adsorption from human
plasma as compared to other poly-methacrylates as well as had
lower platelet adhesion and activation.?”® It has also shown to
denature adsorbed proteins and is approved by the US FDA.***

Zwitterion is a substance which has both positive and
negative charges within a molecule and has demonstrated anti-
fouling and anti-thrombotic effects. Zwitterionic polymers
induce a hydration layer on the surface of material which leads
to reduced cell and protein adhesion hence, making them
hemocompatible (Table 4).22°

10. Conclusions

Blood-material interactions are one of the most critical criteria
which determine the success of the implants. It is the case
because when an implant is introduced to the body, it
encounters a thromboinflammatory cascade that could weaken
its integrity and hence, lead to implant failure. Researchers
have been trying to improve the hemocompatibility of polymer
implants to tailor it to the application. For certain applications
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like skin tissue, blood coagulation/thrombus formation is
a desirable trait to have, whereas; for cardiovascular applica-
tions, thrombus formation is not a desirable trait. To design
a hemocompatible surface, it is important to understand the
thrombus formation cascade. The implant surface properties
such as chemistry, wettability, and topography are also signifi-
cant in the determining the hemocompatibility, hence, various
studies have been carried out to develop surfaces with improved
hemocompatibility.

Different studies reviewed in this manuscript have modified
surfaces of polymers to either enhance or prevent blood coagu-
lation based on their application. In addition to these, studies
evaluating the effect of changes in surface properties like
wettability, chemistry and topography on blood coagulation
cascade have been studied. Polymers will be used extensively in
future to fabricate implants for various applications and it is
important to have the awareness as to which properties need to
tailored in what manner in order to achieve the desired purpose.
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