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A B S T R A C T   

Heparin is a negatively charged polysaccharide with various chain lengths and a hydrophilic backbone. Due to its 
fascinating chemical and physical properties, nontoxicity, biocompatibility, and biodegradability, heparin has 
been extensively used in different fields of medicine, such as cardiovascular and hematology. This review 
highlights recent and future advancements in designing materials based on heparin for various biomedical ap
plications. The physicochemical and mechanical properties, biocompatibility, toxicity, and biodegradability of 
heparin are discussed. In addition, the applications of heparin-based materials in various biomedical fields, such 
as drug/gene delivery, tissue engineering, cancer therapy, and biosensors, are reviewed. Finally, challenges, 
opportunities, and future perspectives in preparing heparin-based materials are summarized.   

1. Introduction 

Heparin is glycosaminoglycan (GAGs) composed of two di
saccharides repeating; the 1,4-linked uronic acid (D-glucuronic (GlcA) 
or L-iduronic acid (IdoA)) and the D-glucosamine (GlcN). Heparin is a 

linear polysaccharide with high negative charges due to the carboxylic 
and sulfonate groups in its structure. Heparin biosynthesis inside the 
body by the endoplasmic reticulum and the Golgi apparatus of mast cells 
in connective tissues, including intestines, liver, and lungs, via activa
tion of several enzymatic reactions [1–5]. 
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The quality and application of heparin are controlled mainly by the 
molecular weight of heparin. The higher molecular weight of heparin 
dissolves and degrades more slowly in water than the lower molecular 
weight of heparin, making it appropriate for sustained drug delivery or 
low-degradation applications. Unfractionated heparin (UFH), low mo
lecular weight heparin (LMWH), and ultra-low molecular weight hep
arin (ULMWH) are three commercially available sub-types of heparins. 
UFH is the least processed form of heparin adopted from animal tissue 
after purification. LMWH is produced by controlled depolymerization of 
UFH, and ULMWH is a chemically synthesized form of heparin with the 
same pentasaccharide sequence as UFH and LWMH [6]. 

Due to its high negative charge, heparin (and its derivatives) can 
interact with different components, including growth factors, coagu
lating and fibrinolysin proteins, and immune active compounds (i.e., 
chemokines and cytokines). Heparin is well known as the most prevalent 
clinical anticoagulant agent, especially during surgery or following 
trauma, to inhibit the coagulation pathway via suppressing thrombin 
(FIIa) and/or factor X (FXa). This anticoagulant property of heparin 
results from the presence of pentasaccharide sequences that can strongly 
bind to the antithrombin. This binding will change the conformation of 
antithrombin, making them appropriate for attachment to the targeted 
coagulating proteins. This anti-coagulation property of heparin makes it 
a promising candidate to be employed in the structure of blood- 
contacting devices (i.e., venous catheters or extracorporeal blood fil
ters) [7,8], resulting in heparin-coating technique as a gold standard for 
improving the hemocompatibility of materials [9]. 

In addition to anticoagulation activity, heparin can be an anti- 
inflammatory agent by interacting with inflammatory mediators, such 
as histamine [10–12]. The biocompatibility, biodegradability, angio
genesis inhibition capability, and high potency to load anti-cancer drugs 
are other characteristics of heparin that make it a fascinating candidate 
in various biomedical and drug delivery applications [13,14]. In addi
tion, heparin has other therapeutic applications, such as antiviral ac
tivity, burn injury alleviation, wound healing capacity, bone, and tissue 
regeneration, sensing, and detection abilities [15]. These attractive 
properties and applications of heparin make it one of the best bio
materials in biomedical engineering and drug delivery applications. 

With the recent advancements in nanotechnology and impressive 
achievements using nanotechnology in drug delivery and regenerative 
medicine, researchers employed more and more nanotechnology in their 
studies [16]. Thus, several nanomaterials with different sizes, 
morphology, and structural features have been introduced and used in 
therapeutic applications [17–21]. Utilizing these nanoplatforms could 
enhance treatment performance by increasing therapeutic agents’ 
bioavailability in their targeted sites and reducing their side effects 
[22–24]. One of the exciting materials which could be incorporated into 
the structure of nanomaterials is heparin. For example, heparin could 
appear as a coating agent for nanocarriers and provide a platform for 
attaching anti-inflammatory agents to make them promising candidates 
for anti-inflammation applications. On the other hand, heparin can bind 
to different types of cytokines and chemokines and suppress the acti
vation of the nuclear transcription factor-κB (NF-κB) pathway to 
enhance the anti-inflammatory responses of cytokines and chemokines 
[25]. Also, heparin derivatives can be used as an anti-cancer agent by 
restraining tumor metastasis and angiogenesis via selective binding to 
the pro-angiogenic growth factors and inhibiting heparinase [26]. 

Different types of heparin-based platforms, from polymeric com
posites to nanoparticles, hydrogels, and nanofibers, have been synthe
sized and employed for biomedical applications, showing that heparin 
has enormous potential applications in biomedical and tissue engi
neering [27–29]. This review summarizes some of the most recent ad
vances in biomedical applications of heparin-based materials. We 
describe heparin’s structure, chemistry, physicochemical properties, 
and bioactivity. Then we discuss the different biomedical applications of 
heparin, focusing on drug/gene delivery, cancer therapy, tissue engi
neering, and biosensors. 

2. Structure and biochemistry 

2.1. Chemical structure and synthesis 

Heparin, a diverse polysaccharide, consists of various monomeric 
units (Fig. 1A and B). The biosynthesis process of heparin occurs natu
rally within the endoplasmic reticulum and the Golgi apparatus, 
following a common pathway involving 22 enzymes (Fig. 2A) [30]. 

This process begins with the attachment of a tetrasaccharide linker to 
the serine residue of the core protein. The linker comprises four mono
saccharides: xylose, two galactose units, and glucuronic acid. The xylose 
unit couples with the serine residue first, facilitated by 
xylosyltransferase-1 or -2. This action is followed by the addition of two 
galactose units by galactosyltransferase-1 and -2, and a β-D-glucuronic 
acid by glucuronosyltransferase [31,32]. 

2.2. Maturation and modifications 

The maturation of heparin involves modifications to the sugar units, 
primarily conducted by Golgi-associated sulfotransferases (STs) from 
different families. The steps are as follows: 

(1) Glucosaminyl-N-acetylase/N-sulfotransferase (NDST) performs 
N-deacetylation and N-sulfation of GlcNAc. (2) 6O-sulfotransferases 
(HS6STs) attach a sulfate group to the C6 position of the previously 
modified glucosamine residues. (3) D-glucuronyl C5-epimerase (Glce) 
converts D-glucuronic acid to L-iduronic acid. (3) 2O-sulfotransferases 
(HS2STs) transfer a sulfate group to the 2-position of uranyl residues, 
primarily iduronic acid (IdoA). (4) 3O-sulfotransferases (HS3STs) 
perform the 3O-sulfation of previously N-sulfated glucosamine residues 
(Fig. 2B) [33]. 

2.3. Different derivatives of heparin 

2.3.1. Unfractionated heparin (UFH) 
Unfractionated Heparin (UFH) is a pharmaceutical-grade heparin 

derived from animals. Composed of a mixture of heparin molecules with 
different molecular weights, UFH production still relies on purification 
from animal tissues, a method that has been used for years [34]. For 
safety reasons, animals used in this process should be healthy and not 
given medication suitable for human consumption. Various types of 
analyses are performed on UFH to eliminate contamination risks [35]. 

The production of UFH, however, faces challenges. The high costs 
and low production yields limit the feasibility of synthesizing full-length 
heparin chains. In response, innovative methods have been developed, 
such as the use of catalysts like TiO2 in the photo-depolymerization 
process, which produces high yields of UFH with reduced side effects 
[36,37]. 

2.3.2. Low molecular weight heparin (LMWH) 
Low Molecular Weight Heparin (LMWH) is obtained through 

chemical synthesis or enzymatic depolymerization of UFH chains. 
Various types of LMWH can be produced, depending on the type of 
depolymerization reaction employed, resulting in different molecular 
weights, sulfation degrees, and content of AT-binding domains. How
ever, the synthesis methods can be costly and potentially reduce effi
ciency. To combat these issues, new methods have been developed to 
obtain LMWH that are safe, easy, inexpensive, and highly efficient [38]. 

2.3.3. Ultra-low molecular weight heparins (ULMWHs) 
Ultra-Low Molecular Weight Heparins (ULMWHs) are synthetic, 

bioavailable products typically seen in oligosaccharide forms. Despite 
their high price and limited clinical applications, ULMWHs have found a 
niche in the clinical setting, although they represent a small percentage 
of usage compared to LMWH and UFH [38]. 
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3. Physicochemical properties of heparin 

Heparin, a member of the glycosaminoglycans (GAGs) family, ex
hibits various intriguing physicochemical properties, albeit under
standing their correlation with bioactivity proves challenging [39] This 
unique biopolymer has high acidity and shows significant molecular 
heterogeneity due to diverse patterns of sulfonation and the presence of 
hexuronic acid epimers [39–41]. The conformation of heparin varies 
based on its physical state and internal structural dynamics. In both solid 
and liquid states, its general conformation is rod-like. However, the 
conformational changes in iduronate residues lead to substantial inter
nal movement, influencing its three-dimensional spatial configuration 
[41]. To reveal the fine details of heparin structure, specialized tech
niques are required, such as disaccharide compositional analyses, im
purity analyses, and spectroscopic methods. These techniques can 
distinguish minor differences and have allowed scientists to develop 
hyphenated methods, which combine chromatographic and spectral 

methods [42]. Nuclear Magnetic Resonance (NMR) spectroscopy is a 
particularly powerful tool for characterizing heparin. It provides a 
detailed ‘fingerprint’ of heparin samples, revealing features like 
3-O-sulfation of heparin, which enhances its pharmacological action and 
inhibits fibroblast growth factors (FGFs) [43]. Structural alterations in 
heparin molecules have been shown to modify their anticoagulant 
spectra [44]. 

Heparin exhibits a high degree of molecular heterogeneity, which is 
associated with the varying patterns of sulfonation and the presence of 
hexuronic acid epimers. This heterogeneity is reflected in its three main 
glycan structures: the highly sulfated domains with absolute uniformity, 
the precursor polysaccharide formed from an unsulfated disaccharide of 
β-D-glucuronic acid and N-acetylated α-D-glucosamine, and the mini
mum structure required for high-affinity antithrombin binding-the 
pentasaccharide [45]. The thermal properties of heparin also provide 
crucial information. Studies have shown that the thermal properties of 
heparin can be altered when complexed with other compounds, such as 

Fig. 1. (A) The chemical and (B) the three-dimensional structure of heparin. Three-dimensional heparin structures (Ball-and-stick models) are depicted using a 
combination of NMR spectroscopy and molecular modeling methods. In one model, all 2-O-sulfo-α-L-iduronic acids are in the 2S0 conformation (I and II), while in the 
other one (III and IV), they are in the 1C4 conformation. 

E. Nazarzadeh Zare et al.                                                                                                                                                                                                                     



Bioactive Materials 31 (2024) 87–118

90

water-soluble chitosan. The thermal degradation of heparin and its 
complexes has been examined through Differential Scanning Calorim
etry (DSC) and Thermogravimetric Analysis (TGA) [46]. 

Heparin’s absorption properties have been studied with UV–visible 
spectra, revealing that the absorbance at 538 nm can be used as a 
measure of heparin concentrations [47]. Despite these findings, the full 
range of heparin’s spectral properties remains to be elucidated. Table 1 
shows the summary of the physicochemical properties of heparin. 

3.1. Biodegradability 

Biodegradability is the ability of biological materials to decompose 
by interacting with suitable elements within appropriate conditions. 
Biodegradation usually occurs in the presence of enzymes or chemical 
deterioration properties of living organisms. Recently, interest in 
“biodegradable” biomaterials has increased in many medical applica
tions due to their low toxic effects [51]. 

Heparin has already been acknowledged as a non-toxic and biode
gradable polysaccharide that can bind to different materials. Heparin is 
degraded in vivo by the heparinase enzyme secreted by various cells, 
such as platelets [52]. Although this degradation does not pose a sig
nificant risk, it could affect the anticoagulation property of heparin. In 
other words, it could produce fragments with low anticoagulation 
properties [53]. This enzymatic activity could be used to fabricate a 
controlled-release formulation. For instance, heparinase/heparinase 
enzymes were used to maintain the release of growth factors (FGF-2) 
from the alginate microsphere containing heparin-FGF-2 in the presence 
of heparinase (Fig. 3) [54]. 

Heparin-based nanomaterials have been utilized as intelligent car
riers for anticancer drugs and diagnostic instruments. In addition, some 
heparin delivery systems have been suggested to increase regional ef
fects and control systemic toxicity. However, since heparin is an effec
tive antithrombotic compound and current local delivery agents do not 
possess the capability to regulate the release kinetics accurately, the site- 
specific therapy is probable to bleed. For example, if heparin-functional 
biomaterials are exposed to blood products at the implantation site, they 
undergo an enzymatic degradation by the platelet-secreting heparinase. 
Because of this heparinase activity, the heparin-dependent released 
process has occurred. 

In ECM, the presence of heparin in the environment is essential for 
the enzymatic biodegradation from biomaterial to mimic the growth 
factor-sequestering and to release the property of heparin [57]. In a 
study, heparin was modified with methacrylate groups, which allowed 
easy covalent incorporation into hydrogels. Thus, covalently bound 
heparin was degraded by heparinase, and growth factor signaling was 
increased [57]. 

Heparin has also been employed to modify polymeric characteristics. 
Studies on heparin-based hydrogels have explored their swelling, stiff
ness, and adhesion properties to circumvent the short in vivo half-life of 
bioactive factors. Owing to its binding affinity for these factors, heparin 
could protect them from proteolytic degradation, thus improving their 
lifespan and bioavailability [58]. However, the impact of such modifi
cations on reducing acute and chronic inflammatory responses in vivo 
remains ambiguous [59–62]. 

Heparin was modified with different materials to create a more 
porous structure on the surface of the scaffold, and the porosity was 
increased by enhancing the degradation rate and permeability, which in 
turn could decrease the mechanical stiffness [63–65]. Using biode
gradable biomaterials modified with heparin as a vascular graft provides 
a controlled degradation over time, reduces blood loss, and improves the 
efficiency of the healing process [63,66]. 

3.2. Mechanical properties 

Mechanical properties of biomaterials are critical because they 
determine how these materials respond under different force conditions. 
For example, if the mechanical properties of biomaterials are weak, they 
cannot provide sufficient mechanical support for bone tissue regenera
tion. In addition, cells are always exposed to mechanical forces from the 
extracellular environment. In different tissues, they can sense the elas
ticity of a matrix and convert mechanical signals into different physio
logical responses [67,68]. Consequently, biomaterials with harmonized 
mechanical properties in the imperfect tissue will improved simplify 
tissue rebuilding. It has been proven that the transfer of mechanical 
information to the inner part of the cell, the nucleus, is done by 

Fig. 2. Intracellular biosynthesis of heparin and heparan sulfate and 
maturation in the Golgi and the endoplasmic reticulum via several 
enzymatic reactions. (A) The core proteins are produced in the ER at first. 
Then a tetrasaccharide linker is attached step by step to the protein’s serine 
residue, followed by the polymerization of polysaccharide chains. Xyl: xylose, 
Gal: galactose, Ser: Serine, NA: Undersulfated domain, NS: Highly sulfated 
domain. EXT: Exostosin; Exostosin-1 and 2 are proteins that did by the EXT1 
and EXT2 genes in humans, respectively. Antithrombin III is a small glyco
protein anticoagulant that inactivates several enzymes of the coagulation sys
tem. (B) Heparan sulfate proteoglycan is transferred in the extracellular matrix 
or is attached to the plasma membrane to do its biological functions [33]. 

Table 1 
Summary of physicochemical properties of Heparin.  

Solubility Heparin is soluble in dimethyl sulfoxide and water, while 
insoluble in inorganic solvents 

[48] 

Thermal 
stability 

Based on TGA analysis, the degradation of heparin occurs 
suddenly at 210–310 ◦C 

[49] 

Morphology Heparin is found in polysaccharide sulfated form, which 
has various sites like sulfonic, carboxyl, and hydroxy 
groups for reactions which further helps in the drug 
delivery systems 

[50]  
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dynamically regulating the integrity and elasticity of the cytoskeleton 
[69]. 

Therefore, to describe the rheological properties of heparin, irre
spective of the methodology, recent developments have provided a 
better understanding of the formulation, processing, characteristics, and 
quality of drug efficacy. Such attributes can further be characterized by 
rheological properties at analyze particle size, morphology, concentra
tion, and molecular shape [70]. Using rheological properties, most blood 
and cardiovascular diseases can be characterized through blood vis
cosity [71] where heparin, as a potent antithrombotic agent, has been 
reported to reduce the blood viscosity, which is an underlying deter
minant of blood flow [72] to avoid coagulation [73]. The intrinsic 
mechanism works by forming complexes with antithrombin III, resulting 
in high affinity to bind to thrombin and inactivate factors IX, Xa, XI, and 
XII and the tissue factor–VIIa complex, which in turn prevents thrombin 
generation and avoids occlusive thrombosis in arteries [74,75]. 

In mechanical terms, the literature reveals that heparin can regulate 
numerous biological processes while binding with bFGF, VEGF, and 
BMP-2 proteins [76–78]. For instance, it has been reported that the 
mechanical strength of a collagen-based scaffold can significantly in
crease through the immobilization of heparin on the scaffold. This in
crease in mechanical and binding abilities is associated with more 
calcium deposition and higher alkaline phosphate activity, which en
hances bone osteogenesis [79,80]. This process springs from the struc
tural domains of heparin that exhibit affinity with various growth 
factors and form stable complexes (e.g., increasing osteoblastic stimu
lation with stable rhBMP-2, in this case). Such properties further in
crease the suitability of heparin in immobilization and controlled 
delivery of proteins with prolonged bioactivity [81,82]. 

The incorporation of heparin in the structure of a gelatin-based 
cryogel led to an improvement in the mechanical properties of the gel 
due to its cross-linking with gelatin components. The heparin not only 
affected the structural features of cryogel but also acted as an agent for 
controlling the release of growth factor from the gel so that by increasing 

the amounts of heparin, the primary burst release effect could be pre
vented [83]. 

4. Heparin-based biomaterials 

Biomaterials containing heparin are becoming increasingly popular 
for use in biomedicine due to their beneficial effects in medicinal and 
biological applications [84]. By using different preparation methods, 
scientists can customize the structures and features of these materials, 
which can be extremely useful for specific applications. This section will 
focus on the integration of heparin into biomaterials, before delving into 
their bioactivity and various biomedical applications. 

Heparin-based biomaterials exhibit diverse structures, including 
homogeneous blends, core-shell configurations, or encapsulation of 
heparin incorporated with nanomaterials, polymer, nanofiber, and nano 
gel [84–86]. The morphology of heparin-based biomaterials can range 
from the shape of nanoparticles to fibrous or porous materials structures, 
depending on the fabrication technique [84,87]. Blending heparin into 
biopolymers such as PLGA, chitosan, or PEG has become one of the most 
common preparation methods [87]. In situ, encapsulation is another 
commonly used technique where heparin is incorporated into the matrix 
of material during the fabrication process [84,86,88]. On the other 
hand, nanoprecipitation and emulsion/solvent evaporation techniques 
can be used to prepare heparin-based nanoparticles [84]. Moreover, 
other methods can also be performed, such as surface functionalization 
or chemical conjugation of heparin to the polymer backbone [84,89]. As 
a fabrication technique, electrospinning is widely used in various studies 
that have been reported to produce heparin-containing polymer mate
rials [84,86,88]. Several materials and their heparinized method with 
their applications were also summarized in Table 2. 

Combinations of nanomaterials, including polymeric, metal, and 
core/shell with biological materials as the new composites are attracting 
scientists as a new tool in biomedicine. Recently, the idea of gathering or 
linking a nanomaterial and heparin showed some improvements in its 

Fig. 3. Schematic representation of synthesizing 
the heparin/heparan sulfate bond and how hep
arinase enzymes are used to release growth hor
mones. (A) Active growth factor release mechanism 
occurs due to the disruption of heparin/heparan sul
fate bonds in the presence of heparinase/heparinase 
enzymes. Reprinted with slight modifications from 
Ref. [55]. (B) Atomic force microscopy image of 
heparin containing nanocapsules before and after 
exposure to Heparanase. Reprinted with permission 
from Ref. [56].   
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known properties, and it opens the door to new composites in the 
therapeutic area. Heparin-loaded nanoparticles maintained their anti
coagulant activity, increasing anti-cancer drug effectiveness caused 
destroying tumor cells. In their study, Jiao et al. [92] examined the 
heparin’s oral bioavailability when conjugated to various polymers, 
including biodegradable poly-ε-caprolactone, nonbiodegradable poly
methacrylates Eudragit RS and RL and poly(lactic-co-glycolic acid) 
(PLGA), in rabbits. The authors used a multiple emulsion process to 
entrap heparin within polymeric nanoparticles, which ranged in diam
eter from 260 to 300 nm. The anticoagulant activity of these nano
particle composites was assessed in vitro and in vivo. Results indicated 
that heparin-loaded particles retained their anticoagulant activity, 
suggesting that the nanoparticles protected heparin from degradation 
and slowly released it in an unaltered state. Notably, orally administered 
free heparin was less effective than heparin-loaded particles. 

In a study conducted by Park et al. [90], they were able to success
fully trap the chemotherapy drug doxorubicin into nanoparticles made 

of amphiphilic heparin-deoxycholic acid (heparin-DOCA) through hy
drophobic interaction with the deoxycholic acid (DOCA) component of 
the particles. The researchers tested the cytotoxicity of these nano
particles in mouse models and found that they did not cause any side 
effects, unlike the free doxorubicin which caused considerable weight 
loss in the models. Additionally, the doxorubicin-loaded nanoparticles 
were found to significantly inhibit the growth of squamous cell carci
noma (SCC) and human umbilical vascular endothelial cell in compar
ison to free heparin. Furthermore, the researchers evaluated the 
nanoparticles’ ability to suppress SCC tumor growth in vivo using mouse 
models and found that the entrapped doxorubicin in heparin-DOCA 
nanoparticles was the most effective in suppressing tumor growth 
compared to free doxorubicin and heparin-DOCA nanoparticles. This is 
because the nanoparticles have a prolonged circulation in the blood
stream, which exposes cancer sites to the drug for a longer period. The 
authors also noted that these particles have a dual action in inhibiting 
cancer by first destroying tumor cells with the doxorubicin drug and 
then inhibiting cellular proliferation with the heparin present in the 
nanoparticles. In their research, Passirani et al. [91] utilized poly 
(methyl methacrylate) (PMMA) nanoparticles that were coated with 
either heparin or dextran. Their objective was to evaluate the in vivo 
behavior of these particles by examining their ability to inhibit the 
complement system and their blood-circulation time. Their experimen
tation discovered that PMMA nanoparticles coated with heparin chains 
successfully prevented the complement cascade activation. 

Li R. et al. [97] evaluated the efficacy of a heparin-poloxamer ther
mosensitive hydrogel loaded with basic bFGF and nerve growth factor 
(NGF) in enhancing peripheral nerve regeneration in diabetic rats. The 
researchers created a peripheral nerve injury model in diabetic rats and 
applied the hydrogel loaded with bFGF and NGF to the injured site. The 
nerve regeneration and functional recovery in comparison to control 
groups were analyzed. The results demonstrated that the hydrogel 
effectively delivered the growth factors, improving nerve regeneration 
and functional outcomes in diabetic rats. This study highlighted the 
potential of heparin-poloxamer hydrogels as a promising approach for 
promoting nerve regeneration in diabetic conditions. 

As mentioned above, heparin-incorporated nanofiber materials have 
attracted much attention. Su Y et al. [88] investigated the encapsulation 
and controlled release of heparin from nanofibers composed of poly 
(l-lactide-co-ε-caprolactone) (P(LLA-CL)) using the electrospinning 
technique. The nanofibers were prepared to incorporate heparin using 
an electrospinning technique to evaluate the behavior of heparin release 
from the produced material over time. The results demonstrated that the 
electrospun PLLACL nanofibers successfully encapsulated heparin and 
exhibited controlled release characteristics, with the release rate influ
enced by the composition of the nanofibers. This further showed the 
potential of heparin/PLLACL nanofibrous mesh in blood vessel tissue 
engineering. 

In the study conducted by Ye, Y.J. et al. [96], the effectiveness of 
heparin-loaded core-shell fiber sutures for Achilles tendon rupture 
repair was investigated. High-concentration heparin sutures (PPH3.0) 
outperformed low-concentration and commercial sutures (CSs). PPH3.0 
sutures reduced inflammatory cell recruitment and exhibited good his
tocompatibility. Histological analysis showed decreased 
immune-inflammatory responses and comparable transforming growth 
factor-staining scores to control groups. Vascular endothelial growth 
factor (VEGF) study showed a significant increase in VEGF concentra
tion with PPH3.0 sutures. The tensile strength of PPH3.0 sutures 
matched healthy tendons, highlighting their efficacy in promoting the 
healing and regeneration of Achilles tendon ruptures [96]. Moreover, in 
the context of genetic drug delivery, incorporating heparin into 
chitosan-based polyplexes enhances oligonucleotide release, reduces 
toxicity, and improves transfection efficiency. Chitosan-heparin poly
plexes demonstrate significant improvements in gene release, trans
fection efficiency, and gene silencing in vitro, suggesting their potential 
for enhancing transfection efficiency with non-viral vectors [95]. 

Table 2 
Several heparinized materials and their potential applications.  

Heparin-based 
materials 

Chemistry Application References 

Doxorubicin loaded 
heparin–deoxycholic 
acid (DOCA) 
nanoparticles 

Hydrophobic 
interaction with the 
DOCA moiety of the 
particles 

Cytotoxicity in 
mouse models- 
anticancer effects 

[90] 

Nanomaterials 
Synthetic polymer 
Poly-ε-caprolactone Electrostatic Anticoagulant drug 

delivery 
[91] 

Poly(methyl 
methacrylate) 

Self-assembled 
amphiphile 

Drug delivery [92] 

Metal 
Gold Nanoparticles Reduction of metal 

salts with heparin 
chains Amine on 
diaminopyridine 
moiety on heparin 
interacts with 
surface 

Biocompatibility, 
drug carrier 

[93] 

Magnetic Iron oxide Electrostatic layer- 
by-layer with poly 
(l-lysine) 

Targeted drug 
delivery 

[94] 

Biopolymer 
Chitosan-heparin 

polyplexes 
Polyelectrolyte 
complex formation 
between 
polycationic 
chitosan and 
polyanionic 

Gene therapy, gene 
delivery 

[95] 

Chitosan–Heparin Ionic gelation Anti-Helicobacter 
pylori therapy, 
drug delivery 

[93] 

Core/shell 
Heparin-Loaded Core- 

Shell Nanofiber 
Sutures 

Coaxial 
electrospinning, 

Achilles Tendon 
Regeneration, drug 
release 

[96] 

Pluronic/Heparin Heparin crosslinks 
activated 
poloxamer of [poly 
(ethylene oxide)– 
poly(propylene 
oxide)–poly 
(ethylene oxide)] 

Drug carrier and 
imaging agent 

[93] 

Hydrogels 
NGF and bFGF loaded 

a Heparin hydrogel 
Electrospinning nerve regeneration [88] 

Nanofibers 
Poly(l-lactide-co- 

ε-caprolactone) 
nanofibers 

Coaxially 
electrospun 
PLLACL 
nanofibrous mats 
with heparin 
incorporated 

Blood vessel tissue 
engineering, in 
vitro proliferation 
test 

[97]  
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5. Bioactivity 

Heparin is a natural polyanionic polysaccharide with biological 
features such as biodegradability, biocompatibility, and nontoxicity 
against endogenous components and could play a significant role in 
different areas of biology [38,98]. Despite its excellent features, it has 
some drawbacks like low tissue permeability, short serum half-life, and 
poor stability, which limit its direct therapeutic applications [99]. One 
of the most effective methods to solve this problem is the functionali
zation of heparin with biomaterials to improve biocompatibility, 
decrease platelet adhesion and eliminate the loss of blood cells. This 
functionalization could also enhance their mechanical properties, 
chemical stability, pH resistance, thermal stability, and solidness, thus 
improving their widespread application in the biomedical field. The 
design and development of novel heparin-based biomedical systems 
with specific features, including anticoagulation ability, biodegrad
ability, and biocompatibility, are described in more detail in the 
following parts. 

5.1. Anticoagulation ability 

Heparin is an anticoagulant that stops the growth of new blood clots 
and the spread of already-formed clots. To put it another way, under 
physiological circumstances, the ester and amide sulfate groups of 
heparins deprotonate and draw positive counterions to create a heparin 
salt [31,100]. The anticoagulation mechanism of heparin is based on the 
attachment between lysine residues of antithrombin to the heparin (at 
pentasaccharide sequence) that leads to the induction of a 
non-reversible conformational change in antithrombin. This conforma
tional change, which occurs at the arginine-reactive site, leads to an 
increase in the binding affinity of antithrombin to the thrombin (Factor 
IIa, FIIa) and factor Xa (FXa) (for about twice and 100 fold, respec
tively), resulting in inactivating these two components. Inactivation of 
thrombin could inhibit fibrin formation and prevent platelets and factors 
V and VIII activations (Fig. 4) [101–103]. 

The anticoagulant ability of heparin (and its derivative) makes it 
appropriate to be applied as a therapeutic agent in the case of diseases 
like COVID-19, which are accompanied by high coagulation risk or 
could be used in the structure of other therapeutic materials which are 
described in details in the following parts of this manuscript [104,105]. 

5.2. Biocompatibility 

Biocompatibility was defined as “the ability of a material to perform 
with an appropriate host response in a specific application,” which is 
related to the response of the living system to materials. An optimal 
biocompatible material must show no adverse effect on the body, such as 
blood clotting, inflammatory reaction, toxicity, or even no response by 
the host [106–108]. The broad concept of biocompatibility also includes 

bioactivity, which is even more advantageous for a biomaterial that 
could induce cell attachment and proliferation [109]. In this case, 
short-term and long-term analysis of material biocompatibility should 
be assessed closely so that the patients have no potential adverse effects. 
To understand the first initial response, cytotoxicity and hemocompat
ibility analysis must be performed to understand how the material in
teracts with living cells and blood [110]. 

Heparin could be employed as a coating agent to provide better 
biocompatibility and improve the cell attachment capability of bio
materials. Moreover, it could inhibit non-specific protein absorption and 
increase cell proliferation via integrating with growth factors [111]. 
Several studies have contributed to evaluating the improvement of 
biocompatibility using heparin. For instance, collagen-modified heparin 
was examined to enhance the biocompatibility of devices contacting 
blood [112]. Within this context, in-situ, in vivo, and in vitro biocom
patibility of heparin, porous heparin-based hydrogels, and 
heparin-poloxamer were studied. For example, the heparin-based 
hydrogels displayed acceptable biocompatibility and, therefore, are 
appropriate for use in biomedical practices [113–115]. Moreover, the in 
vitro cytotoxicity analysis of heparin-based hydrogels on NIH/3T3 cells 
showed no toxicity after 24 h [114]. 

Heparin-loaded scaffolds were used to improve the rate of vascu
larization for porous orbital enucleation implant applications. More 
precisely, porous hydroxyapatite scaffolds were functionalized with 
collagen (COL)/heparin multilayers containing VEGF to accelerate the 
differentiation of mesenchymal stem cells (MSCs) to endothelial cells, 
which leads to an improving vascularization rate. In vivo analysis of 
hydrogels with and without heparin on days 7, 14, and 21 showed that 
the density of newly formed blood vessels was considerably high in 
heparin-contained hydrogels (Fig. 5) [116]. Heparin was also combined 
with bone marrow in a collagen scaffold, which showed vasculature 
formation with no toxicity [117]. Furthermore, no significant toxicity 
was observed in another in vivo analysis when quantum dots containing 
heparin deoxycholic acid conjugates were introduced orally [118]. 

Heparin has noble biocompatibility, cell adhesion, and proliferation 
properties that epochally led up to being used in bone formation and 
regeneration studies [118,120]. A study reported an enhanced cell 
proliferation and adhesion of osteoblast and adipose-derived stem cells 
(ADSCs) on heparin-based hydrogels compared to the poly(ethylene 
glycol) (PEG) and hyaluronic acid (HA) based hydrogels [121]. This 
finding explains the beneficial use of heparin to induce bone formation 
and regeneration. 

Apart from the aforementioned beneficial features, it has been re
ported that heparin could be used in cancer treatment since it suppresses 
the growth of cancerous cells and prevents the metastatic spread of 
cancer cells [118,122,123]. Since the body absorbs heparin, it could also 
be used to detect cancer. For instance, heparin-coated gold nanoparticles 
were successfully detected cancer via computer-aided tomography. The 
effectiveness of heparin-nanoparticle interaction as chemotherapy 
agents was determined for various types of tumors; spleen, colon, lung, 
and kidney. Heparin-containing nanoparticles were also tested on HeLa 
cells and showed no significant toxicity [118]. Furthermore, an in vitro 
MTT assay showed high cell viability when heparin combined with 
heparin-combined PLGA nanoparticles were introduced to L929 cells 
[124]. 

Hemocompatibility is a crucial factor for a material to be considered 
biocompatible. It is possible to assess hemocompatibility by the inter
action between the material blood and the ingredients of blood [125], 
such as blood plasma proteins, leukocytes, and erythrocytes. The 
absence of hemocompatibility leads to either rejection or loss of func
tion, primarily via the activation of the blood coagulation cascade and 
immune responses. Although researchers have concentrated on pre
venting protein adhesion to the material surface, a few new approaches 
tried to curb adhesion to control the blood-contacting character. In other 
words, the protein and cellular adhesion on the surface of materials 
inside blood could lead to stenosis and thrombus formation, which could 

Fig. 4. Schematic of anticoagulation activity of heparin. Interaction between 
heparin and antithrombin (AT)-III leads to a conformational change in the 
structure of AT-III that appropriates it for attachment to the coagulation factors 
and inhibits the coagulation pathway. 
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Fig. 5. Utilizing heparin in the structure of scaf
folds to improve the vascularization rate. (A) SEM 
image of the porous HA/(COL/HEP)5 scaffold. (B) 
Confocal microscopic image of mesenchymal stem 
cell distribution inside the scaffold. (C) Differences in 
the rate of vascularization around the implants are 
based on the presence and absence of heparin. (D) 
The number of new blood vessels formed after 7, 14, 
and 28 days of exposing tissue sections with different 
components (**p < 0.01; ***p < 0.001). Abbrevia
tions; HA: hydroxyapatite, COL: collagen; HEP: hep
arin; VEGF: vascular endothelial growth factor; MSCs: 
mesenchymal stem cells. Reprinted with permission 
from Ref. [119].   

Fig. 6. Synthesis of heparin-loaded PCL-α fibrous 
membranes and their anticoagulant and hemo
compatibility studies. (A) Schematic drawing of 
heparin-loaded PCL-α-TCP fibrous membranes for 
bone defects. (B) The anti-inflammatory mecha
nisms of heparin against COVID-19 inflammation 
in lungs. Heparin could act as an anti-inflammatory 
agent against COVID-19 by preventing IL-6 function 
and inhibiting the infiltration of inflammatory cells. 
Abbreviations; PCL: poly(ε-caprolactone); α-TCP: 
α-tricalcium phosphate; hep: heparin. Part (A) 
reprinted with permission from Ref. [133], and part 
(B) was reprinted with permission from Ref. [132].   
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be prevented via surface modification [112]. 
Heparin is a gold standard for surface coating. It is not only used as 

an anticoagulant for drug delivery systems, but also it can be combined 
with other materials, e.g., polymers, to enhance their biocompatibility, 
antimicrobial activity [126], and blood compatibility. The in vitro 
analysis confirmed that heparin/silk/poly(l-lactide-co-caprolactone) 
nanocomposite showed excellent blood compatibility over 15 days 
[127]. Therefore, heparin is an appropriate candidate for surface coating 
applications so that the surface of polymers can be modified to provide 
better hemocompatibility [128] due to its antiadhesive property [129, 
130]. 

The blood compatibility of heparin makes it favorable for utilization 
in the structure of membranes for bone regeneration application. For 
instance, it was loaded in the form of a nanocomposite of poly(ε-cap
rolactone) (PCL)- α-tricalcium phosphate (α-TCP) fibrous membranes in 
three different concentrations; 0.1, 1, and 2 wt%. Kinetic clotting and 
hemolytic analyses showed that increasing the amount (wt%) of heparin 
improved the anticoagulant and hemocompatibility characteristics of 
the membrane. It could also improve cellular interactions due to phys
ical and chemical cues (Fig. 6A) [131]. 

The biocompatibility of heparin and its anti-inflammatory and 
anticoagulation activities make it an appropriate candidate against 
SARS-CoV-2. In other words, heparin could eliminate the inflammatory 
responses in the lungs by preventing the chemotactic property of neu
trophils and, thus, migration of leukocytes and inhibition of the che
mokines responsible for neutrophils trafficking into the inflammatory 
region. Moreover, it could eliminate the adhesion of leukocytes to the 
vessel walls and endothelium via interaction with P/L-selectin and 
integrin, respectively. It could also prevent the activation of inhibiting 
NF-κB and reduce the release of interleukin-6 (IL-6), which has a high 
expression level in COVID-19’s inflammatory responses. Besides, it 
shows an affinity for binding to the IL-6 and has competition with the IL- 
6 receptor and SARS- IL-6 receptor (Fig. 6B) [132]. 

6. Biomedical applications 

6.1. Tissue regeneration 

The increasing incidences of tissue/organ damage and failure have 

motivated the research community to devise adequate strategies to 
repair and restore them in native-like structural and functional forms 
[134,135]. In this regard, the domain of tissue engineering (TE) has 
shown promising prospects [136,137]. TE aims to develop biomimetic 
tissue using a combination of cells, biomaterials, and soluble factors, 
which can be used for tissue regeneration, diagnostic, and disease 
modeling applications [138–140]. 

Regarding material perspective, heparin has witnessed widespread 
applicability in TE, particularly due to its anticoagulant activity and 
ability to interact and stabilize various proteins, including growth fac
tors [141]. However, from the tissue engineering perspective, 
heparin-based engineered tissue constructs are often prepared using 
through physical mixing, layer-by-layer conjugation, direct conjugation, 
or indirect conjugation via a spacer molecule (Fig. 7) [120]. In this 
section, we will discuss current advances in heparin-based engineered 
constructs for regenerating diverse tissue targets (e.g., skin, blood ves
sels, pancreas, liver, kidney, muscles, cartilage, and bone) (Table 3). 

Physical blending: This is a simple and cost-effective strategy that 
involves loading biopolymeric formulations with heparin/heparin- 
based particles [143]. This strategy relies on interaction, such as van 
der Waals or electrostatic interactions, between heparin and the bulk 
matrix. 

Exploiting this strategy, poly(ethylene arginyl aspartate diglyceride) 
(PEAD)-heparin coacervate laden-functional hydrogels, composing of 
thiolated gelatin/poly(ethylene glycol) diacrylate (PEGDA), were used 
to deliver ADSCs and insulin-like growth factor-1 (IGF-1) to cartilage 
defects [144]. Owing to heparin’s ability to bind IGF-1, coac
ervate-laden-hydrogels exhibited slower yet sustained IGF-1 release 
profiles than non-coacervate hydrogel systems over 30 days. Moreover, 
IGF-1 loaded coacervate particles promoted healing of cartilage defects 
in the rabbit models. Similarly, FGF-2-loaded PEAD-heparin coacervates 
promoted the recovery of full-thickness excision wounds in mice models 
through controlled FGF-2 release [145]. Cell proliferation, induction of 
VEGF, collagen deposition, and granulation tissue formation were all 
enhanced in coacervate-treated groups compared to control groups. 
Heparin methacrylamide microparticles-loaded alginate hydrogel was 
used to deliver bone morphogenic protein-2 (BMP-2) and VEGF for bone 
regeneration [146]. Two different drug delivery systems were devel
oped. First, microparticles individually loaded with VEGF and BMP-2 

Fig. 7. Different heparinization strat
egies–physical blending, layer-by-layer coating, 
direct/indirect chemical conjugation. In physical 
blending, heparin is blended into the bulk matrix and 
interacts via van der Waals or electrostatic in
teractions (top-left). Layer-by-layer coating mainly 
involves electrostatic interactions to form a poly
electrolyte complex with other positively charged 
materials (top-right). In chemical conjugation strate
gies, heparin is covalently attached to the bulk matrix 
directly (bottom-left) or via a linker molecule (bot
tom-right). Adapted with permission from Ref. [142].   
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Table 3 
Representative recent studies highlighting the use of heparin for tissue engineering applications.  

Target tissue Construct type Base material Method of heparin 
incorporation 

Cargos Cells In vivo studies Ref. 

Cartilage Hydrogel HA-glutamine and HA- 
lysine 

Heparin-glutamine TGF-β1 hCC – [160] 

Hydrogel – PEGMA-gelatin-heparin TGF-β3 Bone marrow MSCs Subcutaneous 
implantation 

[161] 

Hydrogel – StarPEG-heparin (RGD peptide 
and collagen-binding peptide- 
conjugated, MMP-sensitive) 

– Bone marrow MSCs 
and articular 
chondrocytes 

Subcutaneous 
implantation 

[162] 

Hydrogel – Heparin-conjugated alginate 
and iron oxide nanoparticles 

TGF-β1 ATDC5 – [163] 

Scaffold Collagen-chitosan-silk 
fibroin 

Encapsulated: PLL-heparin 
nanoparticles 

TGF-β1 Bone marrow MSCs Rabbit articular 
cartilage defect 

[164] 

Scaffold PLGA Encapsulated: heparin and 
Tetronic 1107 nano complex 

BMP-7 
and TGF- 
β3 

ADSCs – [165] 

Scaffold – Heparin conjugated, fibroblast 
cell-derived ECM-coated PLGA- 
PLLA microfibers 

TGF-β1 Umbilical cord 
blood-derived 
MSCs 

Rabbit articular 
cartilage defect 

[166] 

Osteochondral Hydrogel Thiolated gelatin and 
PEGDA 

PEAD-heparin coacervate 
fabrication 

IGF-1 ADSCs Rabbit femoral 
trochlear 
osteochondral defect 

[167] 

Hydrogel – StarPEG-heparin (MMP- 
sensitive) 

– Bone marrow MSCs 
and articular 
chondrocytes 

Subcutaneous 
implantation 

[168] 

Intervertebral 
disc 

Formulation – PEAD-heparin coacervate 
fabrication 

GDF-5 ASCs Coccygeal vertebral 
defect 

[169] 

Bone Double cryogel 
scaffold 

Outer: Gelatin-chitosan Inner: Gelatin-heparin VEGF 
and 
BMP-2 

ADSCs Mouse cranial defect [170] 

Hydrogel Fibrin-glue hydrogel Casein-heparin co- 
functionalized CaCO3 

microspheres 

BMP-2 Bone marrow MSCs Rabbit tibia bone 
defect 

[171] 

Scaffold β-tricalcium phosphate 
scaffold 

Filler: Collagen-heparin gel BMP-2 Dental pulp MSCs Subcutaneous 
implantation 

[172] 

Scaffold PCL scaffold Filler: Fibrin gel encapsulating 
heparin conjugated- 
decellularized bone particles 

PDGF-BB ACSs Mouse calvarial defect [173] 

Membrane Poly(vinylidene) fluoride 
or Poly(vinylidene) 
fluoride- cobalt ferrite 
oxide composite 

Collagen-heparin layer-by-layer 
coating 

– Bone marrow MSCs – [174] 

Hydrogel 4-arm StarPEG (RGD and 
MMP-conjugated) 

Heparin-MAL BMP-2 – Medication-related 
osteonecrosis of the 
jaw 

[175] 

Tendon/ 
ligament-to- 
bone 

Scaffold – Heparin-conjugated silk fibroin TGF-β2 
and GDF- 
5 

ASCs – [77] 

Muscle-bone Hydrogel Alginate Encapsulated: Heparin 
methacrylamide microparticles 

VEGF 
and 
BMP-2 

– Femoral segmental 
bone defect and 
volumetric muscle loss 

[176] 

Muscles Hydrogel – Aldehyde-modified HA, glycol 
chitosan, PEDOT: Hep 

– C2C12 cells – [150] 

Hydrogel – Gelatin and heparin conjugated 
alginate, porcine skeletal 
muscle-derived extracellular 
matrix 

– Skeletal muscle 
progenitor cells 

– [177] 

Blood vessles Hydrogel – StarPEG-heparin (RGD peptide- 
conjugated, MMP-sensitive; 
different degree of GAGs 
sulfation) 

VEGF HUVECs – [178] 

Hydrogel – StarPEG-heparin (RGD peptide- 
conjugated, MMP-sensitive) 

FGF-2, 
VEGF, 
SDF-1 

HUVECs Subcutaneous 
implantation 

[179] 

Multi-layer 
electrospun tubular 
scaffold 

Outer: PCL mat Inner: PLCL-heparin mat – – Sheep carotid artery 
defect 

[180] 

Multi-layer tubular 
scaffold 

Outer: PU75 electrospun 
mats 

Inner: Gelatin/chitosan-heparin – HUVECs Rabbit carotid artery 
defect 

[181] 

Decellularized 
matrix scaffold 

Human great saphenous 
vein scaffold 

Inner surface functionalization: 
HA-heparin 

– – Rat aorta or inferior 
vena cava defect 

[182] 

Electrospun 
tubular scaffold 

PU75 Surface functionalization: 
heparin 

– HUVECs Rat abdominal artery 
defect 

[159] 

Electrospun 
tubular scaffold 

– PCL-silk fibroin-heparin  Endothelial cells Rabbit carotid artery 
model 

[183] 

(continued on next page) 
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were encapsulated in alginate hydrogel, while BMP-2-loaded micro
particles were entrapped in VEGF-loaded alginate gels in the second 
system. The first system released both growth factors simultaneously at 
the same rate, while in the dual system; VEGF was released faster than 
BMP-2. However, both approaches showed equivalent regenerating 
effectiveness in rat models with unilateral composite bone and muscle 
lesions. In another study, composite electroconductive hydrogels, con
sisting of aldehyde-modified HA, glycol chitosan, and PEDOT: heparin, 
were reported for cardiac tissue regeneration (Fig. 8) [147]. The 
developed hydrogels exhibited excellent adhesive properties, 
self-healing behavior, electrical conductivity, and supported viability 
and maturation in C2C12 myoblasts. 

However. it is important to note the limitation of this strategy, such 
as poor long-term biostability, low shear resistance, and relatively lower 
efficiencies, which can affect the performance of the blended formula
tions for certain applications [120]. 

Layer-by-layer strategy: It exploits intrinsic electrostatic charges of 
the polymers to form a polyelectrolyte multilayer (PEM) on the sub
strates. By combining negatively charged polymers, such as heparin, 
with positively charged materials like chitosan and poly-L lysine (PLL), 
alternate layers are deposited on the substrate, offering several advan
tages [120,143]. 

One of the major advantages of this method is the fine controllability 
over the physical and chemical architecture of the coated layers, 
allowing precise tailoring of the coating properties to meet specific re
quirements. Furthermore, retention of heparin’s bioactivity and struc
tural stability ensure that its therapeutic benefits are maintained in the 
coated structure. 

Recently, polyurethane/decellularized matrix-based patches with 
chitosan/heparin PEM were reported for vascular healing [148]. The 
study highlighted that the coated sets significantly increased blood 
coagulation and plasma calcification time, and maintained carotid ar
tery blood flow five months after animal implantation. On the other 
hand, those treated with uncoated patches had blocked arteries. In 
another investigation, aminolyzed poly–caprolactone (PCL) electrospun 
scaffolds were coated gradually with gelatin, PLL, and heparin to deposit 
20 PEM layers and tested for vascular tissue engineering (Fig. 9) [149]. 

The modified scaffolds exhibited anti-thrombogenic properties due to 
the release of heparin, which was greatly dependent on scaffold cross
linking or matrix metalloproteinase (MMP) exposure. Moreover, the 
modified scaffolds had greater HUVEC adhesion and proliferation than 
bare PCL or those treated with only gelatin and PLL. Similarly, hep
arin/collagen layer-by-layer coated poly(vinylidene) fluoride mem
branes (containing magnetostrictive cobalt ferrite oxide nanoparticles) 
were reported to promote MSC proliferation, providing a smart solution 
to recapitulate bone piezoelectric microenvironment REF. 

However, it is worth noting that this method involves multistep 
coating-washing-drying procedure, which can be quite tiresome and 
complicated. This aspect poses a challenge to its practical implementa
tion and scalability [120]. 

Direct and indirect chemical conjugation strategies: It involves 
covalent attachment of heparin molecule to matrices. In the direct 
method, heparin is covalently linked to the matrix without the need of a 
linker molecule, while in the indirect strategy, a linker molecule is used 
to assist the attachment. Covalently immobilized heparin molecules are 
more stable and resistant to shear stress than ionically linked heparin 
molecules [120]. However, due to limited molecular flexibility and 
availability, the bioactivity of covalently immobilized heparin mole
cules is often compromised [120]. Using a linker-based conjugation 
strategy is more likely to improve bioactivity by increasing the avail
ability of binding site mobility [152]. 

Recently, heparin-grafted poly(lactide-co-caprolactone) capsular 
scaffolds were reported for pancreatic tissue engineering [153]. These 
scaffolds exhibited an improved VEGF binding ability, thereby pro
moting cell infiltration and vascularization post-implantation into the 
rat omentum. Further injection of islet cells in pre-vascularized scaffolds 
prolonged their survival and function up to 50 days. Similarly, 
heparin-functionalized biphasic silk fibroin scaffolds with anisotropic, 
isotropic, and transition zones were fabricated for 
tendon/ligament-to-bone tissue regeneration [77]. Heparin functional
ization promoted retention and regulated delivery of TGF-β2 and GDF5 
growth factors, which are crucial for this composite tissue regeneration. 
Dual growth factor-loaded scaffolds differentiated MSCs better than 
single ones, although their lineage depended on zonal isotropy. In 

Table 3 (continued ) 

Target tissue Construct type Base material Method of heparin 
incorporation 

Cargos Cells In vivo studies Ref. 

Electrospun 
scaffold 

PCL Gelatin-heparin layer-by-layer 
coating 

VEGF HUVECs – [184] 

Electrospun 
scaffold 

PCL Collagen-PLL-heparin layer-by- 
layer coating 

– HUVECs – [151] 

Scaffold Polyurethane-coated 
decellularized scaffold 

Chitosan-heparin layer-by-layer 
coating 

– Endothelial 
progenitor cells 

Porcine carotid artery 
model 

[185] 

Skin Formulation – PEAD-heparin coacervate 
fabrication 

FGF-2 – Mouse skin wound 
defect 

[145] 

Scaffold Chitosan Surface functionalization: 
heparin 

SDF-1 HUVECs Diabetic rat skin 
wound defect 

[186] 

Pancreas Cryogel – StarPEG-heparin (RGD peptide- 
conjugated) 

– Islet cells and bone 
marrow MSCs 

Subcutaneous 
implantation 

[187] 

Scaffold Esterified collagen Surface functionalization: 
heparin 

– Islet cells and 
ADSCs 

Diabetic mouse [188] 

Capsular scaffold PLCL Surface functionalization: 
heparin 

VEGF Islet cells Diabetic mouse [189] 

Liver Hydrogel 
microparticles 

PEGDA-Acry-PEG-biotin Surface functionalization: 
biotin-conjugated heparin 

– Bipotential mouse 
embryonic liver 
9A1 cells 

– [190] 

Kidney Hydrogel – StarPEG-heparin (MMP- 
sensitive) 

– HK-2 and human 
proximal tubule 
epithelial cells 

– [191] 

Mammary gland Hydrogel – StarPEG-heparin (MMP- 
sensitive) 

– MCF10A – [192] 

NS Hydrogel – StarPEG-heparin (RGD peptide- 
conjugated, MMP-sensitive; 
different degree of GAGs 
sulfation) 

PDGF-BB Bone marrow MSCs – [193] 

*Abbreviation - NS: not specified; SDF-1: stromal cell-derived factor-1; PDGF-BB: platelet-derived growth factor-BB; PLCL: Poly(lactide-co-caprolactone). 
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particular, cells in isotropic zones expressed cartilage markers while 
transition zones expressed enthesis markers, emphasizing the impact of 
microenvironmental cues on cellular fate. In another study, 
heparin-grafted poly(ester-urethane)urea/gelatin electrospun tubular 
scaffolds were tested for vascular tissue engineering (Fig. 10) [154]. The 
scaffolds were biocompatible, exhibited decreased platelet adhesion, 
and promoted smooth muscle cell and endothelial cell migration in rat 
abdominal arteries after implantation. 

Another noteworthy work used heparin-conjugated HA injectable 
hydrogel to sustain TGF-β1 administration and stimulate cartilage 
regeneration (Fig. 11) [155]. The human chondroprogenitor cells, 

entrapped in these hydrogels, exhibited higher viability, proliferation, 
and underwent better chondrogenesis as compared to non-heparinized 
hyaluronan hydrogels. Recently, Star-PEG hydrogels were designed to 
research renal tubulogenesis [156]. The biochemical and degradability 
features of these hydrogels could easily be tuned by incorporating 
heparin and MMP-sensitive peptides. In this study, three different 
hydrogels, namely degradable PEG-MMP-PEG, degradable 
PEG-MMP-heparin, and non-degradable PEG-heparin, were tested for 
tubulogenesis in human renal proximal tubule epithelial cells. The study 
found that only degradable PEG-MMP-heparin hydrogels formed 
polarized renal tubules with clear lumen, while others were insufficient 

Fig. 8. Synthesis of aldehyde-modified HA, glycol chitosan, and PEDOT composite electroconductive hydrogels for cardiac tissue regeneration. (A) 
Preparation of electroconductive composite HA-ALD/GC/PEDOT: Heparin hydrogels. (i) HA-ALD Structure generated post oxidation of HA with NaIO4. (ii) Structure 
of GC. (iii) PEDOT: Heparin synthesis. EDOT was polymerized to form PEDOT with Heparin as a dopant. In the case of PEDOT: PSS, PSS was used as a dopant (not 
illustrated). (iv) Hydrogels were formed by mixing HA-ALD/PEDOT: heparin with GC homogenously in microtubes. (v) Graphical representation of dual cross-linked 
hydrogel network in 3D. (vi) Scheme of the molecular interactions involved in the developed hydrogels. (B) Self-healing property of the hydrogels depicted using an 
electrical circuit. (i) Before cutting, the circuit was closed, which lit up the LED. (ii) Upon cutting the hydrogel, the circuit was opened. (iii) Self-healed hydrogels 
formed a closed circuit again. (iv) Schematics demonstrating the event of self-healing in 3D hydrogels. (C) Adhesive properties of electroconductive hydrogels. (i) 
Hydrogels adhered effectively with chick heart. Hydrogels remained adhered even after (ii) flushing with water or (iii) immersion in water. (D) Representative 
images post-live/dead staining of C2C12 cells after 7-day culture in hydrogels (scale: 200 μm). (E) Representative images of C2C12 cells immunostained with 
Troponin T (green), suggesting induction of myogenesis (scale: 100 μm). The nucleus was stained with DAPI. 
*Abbreviations; HA: hyaluronic acid; NaIO4: Sodium periodate; HA-ALD: aldehyde-modified hyaluronic acid; GC: glycol chitosan; PEDOT: poly(3,4-ethylene diox
ythiophene). Reproduced with permission from Ref. [150]. 

Fig. 9. Aminolyzed poly-ε-caprolactone electro
spun scaffolds coated with gelatin, PLL, and hep
arin, for vascular tissue engineering. (A) 
Schematic illustration of the preparation of electro
spun PCL scaffolds coated layer-by-layer with gelatin, 
PLL, and heparin to form nano-coating. The scaffolds 
were then crosslinked with Genepin and further used 
for cell culture application, where heparin was 
released in an MMP2-dependent manner. (B) Repre
sentative fluorescent micrographs of HUVECs at day 5 
(scale: 40 μm). Actin cytoskeleton was stained with 
fluorescent red phalloidin, while the nucleus was 
stained with DAPI. (C) Quantification of platelet 
adhesion on different scaffolds. (D) APTT coagulation 
time of platelet-poor plasma with different scaffolds. 
*Abbreviations; PCL: untreated PCL scaffold; GP: 
uncrosslinked PCL-coated with gelatin/PLL; cGP: 
crosslinked PCL-coated with gelatin/PLL; GPH: 
uncrosslinked PCL-coated with gelatin/PLL/heparin; 
cGPH: crosslinked PCL-coated with gelatin/PLL/hep
arin; MMP2: matrix metalloproteinase 2; APTT: acti
vated partial thromboplastin time. Reproduced with 
permission from Ref. [151].   
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Fig. 10. Synthesis of heparin-grafted poly(ester-urethane)urea/gelatin electrospun tubular scaffold for vascular tissue engineering. (A) Schematic rep
resentation of the fabrication of PU75-Hep nanofibrous tubular scaffold. (B) Digital image and scanning electron micrographs of PU75-Hep scaffolds. (C) Repre
sentative micrographs of H&E stained autologous artery and PU75-Hep scaffold (1 and 4 weeks post-implantation) (Scale bar: 500 μm; zoomed images: 200 μm). (D) 
Representative images of the autologous artery and PU75-Hep scaffold (4 weeks post-implantation), immunostained with CD31 (endothelial cells) and α-SMA 
(smooth muscle cells) (Scale bar: 100 μm). The nucleus was stained with DAPI. *Abbreviations; PU75-Hep: heparin-grafted poly(ester-urethane)urea/gelatin; CD31: 
cluster of differentiation 31; α-SMA: smooth muscle actin alpha; H&E: hematoxylin and eosin; DAPI: 4′,6-diamidino-2-phenylindole. Parts B to D reproduced with 
permission from Ref. [159]. 

Fig. 11. (A) Illustration of TGF-β1-loaded HA and HA-heparin hydrogels, enzymatically crosslinked with transglutaminase factor XIII. Heparin-containing 
hydrogels exhibited TGF-β1 sustained release profiles. (B) Representative images of hCCs in hydrogels post-live/dead staining (scale bar: 200 μm). (C) Quantification 
of cell proliferation in hydrogels. (D) Representative images of Safranin O-stained hydrogels (scale: 200 μm). (E) Quantification of GAGs deposited, normalized to (i) 
day 0 or (ii) DNA content. (F) Quantification of Aggrecan gene expression at day 21 concerning day 0 in both the hydrogels. Representative images of immunostained 
hydrogel sections against (G) collagen type II and (I) collagen type I (scale: 200 μm). Quantification of gene expression of (H) collagen type II and (J) collagen type I 
at day 21 concerning day 0 in both the hydrogels. Insets represent micrographs of the full hydrogel section (scale: 2 mm). *Abbreviations; HA: hyaluronic acid; hCC: 
human chondroprogenitor cells; GAGs: glycosaminoglycans. Reproduced with permission from Ref. [160]. 
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for the purpose. A comparable chemically defined hydrogel platform 
was employed to explore biophysical and biochemical cues involved in 
mammary epithelial tissue [157]. In addition, heparin sulfation can also 
affect growth factor sequestering and release. Star-PEG/heparin (with 
varied sulfation degrees) were utilized to investigate angiogenesis. In 
particular, heparin desulfated at 6O position enhanced angiogenic 
network formation in the presence of VEGF165 at 1 μg/mL [158]. 

In conclusion, heparin presents superior prospects for tissue engi
neering applications and various strategies have been opted to introduce 
it into the engineered matrix. Each of these strategies has their advan
tages and considerations, and often the choice depends on the specific 
application. Further research is needed to optimize these strategies and 
overcome the challenges for wider applicability. 

6.2. Gene delivery 

Gene mutations are responsible for the development of various dis
eases including cancer, neurological disorders, diabetes, and cardio
vascular diseases, among others. The purpose of gene therapy is to 
change the expression level of a certain gene or alter the biological 
characteristics of living cells with a therapeutic aim [194]. Gene therapy 
has provided promising results in the treatment of blood cancers and 
rare diseases, and its application in the treatment of solid tumors is being 
currently performed [195,196]. Gene therapy is powerful in affecting 
“undruggable targets” and due to advances in various fields of biology 
and medicine, several gene therapy approaches, including RNA inter
ference and exogenous nucleic acids such as DNA, mRNA, and antisense 
oligonucleotides (ASOs) have been employed in disease treatment 
[197]. However, the efficacy of gene therapy is limited in vivo due to the 
degradation of nucleic acid drugs in blood circulation by RNase en
zymes, low accumulation at tissues, and off-targeting features [198]. 
Hence, targeted delivery of nucleic acid drugs by nanostructures appears 
to be a promising strategy for the protection of genes against degrada
tion, increasing their potential in gene silencing and preventing 
off-targeting [199]. 

The nature-derived polysaccharides including pectin, hyaluronic 
acid, cellulose, chitosan, and alginate, are ideal candidates for the pur
pose of gene therapy due to their high biocompatibility, safety profile, 
and biodegradability. Since genes possess a negative charge, the 

biomaterials employed for gene therapy should have a positive charge to 
generate a stable complex. For instance, chitosan as a linear poly
saccharide has a positive charge and can be used for gene delivery [200]. 
Noteworthy, there have been efforts in the functionalization of poly
saccharides for generating positively charged biomaterials from nega
tive ones. Hence, polysaccharide-based nanostructures can be employed 
as non-viral vectors for delivery and concentrating large genes/plasmids 
[201]. 

Heparin is a highly negatively charged polysaccharide capable of 
condensing nucleic acid drugs and has the potential to be employed in 
the preparation of copolymers. Heparin-based copolymers with effective 
performances produced by poly(ethylene glycol) methyl ether methac
rylate (PPEGMEMA), poly(dimethylaminoethyl methacrylate) 
(PDMAEMA), or their block copolymer (PPEGMEMA-b-PDMAEMA). 
The electrostatic interaction mediated conjugation of cationic 
PDMAEMA and negatively charged heparin backbone. Due to the 
negative charge of heparin that provides competition with negatively 
charged pDNA, heparin-based copolymers have lower condensation 
capacity compared to PDMAEMA (Fig. 12). However, enhancing weight 
ratios could prevent the migration of pDNA from heparin-based nano
structures. It is worth mentioning that increasing the length of PPEG
MEMA blocks diminishes the condensation capacity of heparin-based 
nanoplatforms. These nanostructures had particle sizes less than 250 nm 
and could be internalized in cells via endocytosis. It was also shown that 
heparin introduction to nanostructures promotes transfection efficiency 
and it also promotes biocompatibility [202]. 

Another study prepared polyethyleneimine (PEI)-R8-heparin nano
gels for pDNA delivery. In order to promote the selectivity of PEI- 
heparin nanogels towards colon cancer cells (HCT-116 cells), surface 
modification of nanostructures with R8 peptide was performed. Such 
surface modification with R8 increased cellular uptake of PEI-heparin 
nanogels in cancer cells and mediates endo-lysosomal escape in 
improving transfection efficiency. The PEI-R8-heparin nanogels had a 
particle size of 125 nm and a zeta potential of 28 mV, showing high 
stability for gene delivery. These pDNA-loaded PEI-R8-heparin nanogels 
induce apoptosis (in vitro) and reduce tumor growth (in vivo) [203]. 

Although systemic gene delivery has demonstrated high potential in 
the treatment of various diseases, targeting specific cells in vivo with 
limited impact on healthy cells is still a challenge [204]. For this 

Fig. 12. (A) Graft modification of heparin via Atom 
transfer radical polymerization (ATRP) and the 
resultant gene delivery process of the heparin-based 
nanoparticles. (B) MTT assay of PPEGMEMA-b- 
PDMAEMA(Hep-PP-PD), Heparin-g-PDMAEMA(Hep- 
PD), polyethylenimine(PEI) and poly(dimethylami
noethyl methacrylate) (PDMAEMA), in HepG2 cell 
lines at various weight ratios (mean ± SD, n = 6) (C) 
in vitro gene transfection efficiencies in HepG2 cell 
lines mediated by Hep-PP-PD and Hep-PD at various 
weight ratios, in comparison with the control PEI (at 
its optimal N/P ratio of 10) and PDMAEMA (at its 
optimal N/P ratio of 15) (mean ± SD, n = 3, *p <
0.05). Reprinted with permission from Ref. [202].   
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purpose, an experiment using nanocarriers for DNA delivery and their 
surface modification with heparin has been performed. The heparin 
modification of DNA-loaded nanostructures is in favor of preventing 
passive gene transfer in target and off-target tissues. In order to provide 
spatial control towards gene release at targeted tissue, 
ultrasound-targeted microbubble destruction (UTMD) has been 
employed that activates heparin-inhibited gene transfer at the target 
site. The liver is the major site of liposome accumulation. The surface 
modification of DNA-loaded liposomal nanocarriers with heparin pre
vented off-target gene expression in the liver and decreased gene 
expression more than 700-fold compared to non-modified PEGylated 
liposomes and then, UTMD provided activation of gene transfer [205]. 
Such spatial control of gene delivery by heparin-modified nanoparticles 
appears to be interesting in the treatment of diseases. 

The endothelial progenitor cells (EPCs) transplantation has been 
employed for the generation of new vessels and treatment of various 
ischemic diseases [206,207]. However, there are some problems asso
ciated with using EPCs for angiogenesis induction, and one of them is 
difficulties in the differentiation of these cells [208]. Therefore, gene 
therapy has been used to mediate the differentiation of EPCs and to 
induce angiogenesis. For this purpose, an experiment has developed 
heparin-modified supramolecular pluronic nanogels for the delivery of 
bFGF and VEGF165 genes. The modification of nanogels with PEI en
ables complexation with pDNA and heparin produces high-affinity 
complexes with bFGF to improve its stability. These gene-loaded hep
arin-modified nanogels internalized into EPCs and stimulated vascular 
formation. Furthermore, in vivo experiments revealed enhanced neo
vascularization in an animal model of limb ischemia [209]. 

As it was mentioned in previous sections, the use of biomaterials 
derived from nature is essential in the preparation of nanostructures. 
Chitosan is extensively utilized in gene delivery and the treatment of 
various diseases [210]. However, a number of changes should be 
introduced to chitosan-based nanoparticles to improve their capacity for 
gene their capacity for gene delivery. The efficiency of chitosan in gene 
delivery is limited by its binding strength to DNA and RNA. In order to 
improve the binding strength of chitosan with cargo (gene), heparin 
modification of nanostructures has been proposed. In research work, 
chitosan-heparin nanostructures with a size of 145 nm have been 
developed by a one-step process. The mass ratio of polycation to poly
anion determined the particle size of polyplexes. The nanostructures 
released genes in response to pH due to polyplex swelling and collapse of 
the polysaccharide network. Based on this study, the introduction of 
heparin to chitosan nanostructures led to a) increased siRNA release 
from chitosan nanostructures, b) improved biocompatibility and c) 
enhanced transfection efficiency [211]. 

Stimuli-responsive nanomaterials have been used for cargo delivery. 
Developing physically, chemically, or biologically stimuli-sensitive 
heparin-based nanoplatforms may improve the targetability of these 
carriers for gene therapy. Preparing photo-sensitive poly-l-lysine-hepa
rin structures improved the efficacy of the interpolyelectrolyte com
plexes for oligonucleotide delivery applications. The linker, 4- 
bromomethyl-3-nitrobenzoic acid, has been used to achieve the photo
sensitive properties of the polyplex. To provide the appropriate gene 
release kinetics, the poly-L-lysine to heparin ratios needs to be opti
mized. Using heparin displaces the genetic construction from the poly
plex [212]. Overall, experiments are in line with the fact that heparin 
can improve the efficacy of nanostructures in gene delivery by stabi
lizing genes, promoting transfection efficiency, and improving the 
viability of nanocarriers. The only drawback of heparin is its negative 
charge, which is similar to genetic materials. Before the introduction of 
heparin, genes were complexed with positively charged materials such 
as polyethylene imine and chitosan. The interesting point is the devel
opment of stimuli-responsive heparin-based nanoplatforms such as 
light- and pH-responsive for targeted gene delivery and improving 
selectivity. However, there is still a long way to revealing the true po
tential of heparin-based nanoplatforms in gene delivery, and other kinds 

of genes, such as microRNAs, CRISPR/Cas system, and shRNA, among 
others, should be delivered by these nanocarriers in disease treatment. 

6.3. Drug delivery 

In addition to gene therapy, drugs are extensively applied in the 
treatment of various diseases. Similar to genes, therapeutic drugs also 
have their drawbacks [213,214]. Overall, both synthetic and naturally 
occurring compounds are employed in disease therapy. However, the 
bioavailability of these compounds appears to be low, which restricts 
their therapeutic index. Besides, pH and other factors, such as enzymes, 
have the capacity to modify drug structure and affect its activity. 
Therefore, carriers should be developed for their delivery. Experiments 
have revealed that nanostructures can prolong the blood circulation 
time of drugs to improve their therapeutic index and, by encapsulating 
them, protect them against harmful changes. Furthermore, by enhancing 
the accumulation of drugs in tissues and cells, a significant increase 
occurs in their therapeutic index. 

The drug-loaded heparin-based nanocarriers have been developed 
for the treatment of various diseases. A recent study has developed 
heparin-based nanoparticles for curcumin delivery with the purpose of 
wound healing. In the first step, curcumin/PLGA nanofiber membranes 
were developed and their surface modification with heparin was per
formed. These nanofibers provide a high release of curcumin to promote 
cell migration rate and diminish oxidative stress. The in vivo experiment 
also revealed re-epithelization, angiogenesis, and improving collagen 
deposition. Due to the modification of nanocarriers with heparin, the 
attraction of growth factors occurs, resulting in wound healing accel
eration [215]. 

Thiolated heparin also exhibited effective wound healing potential 
with a high-speed recovery in wound closure [216]. The pH and 
temperature-sensitive heparin-based structures were designed through 
the copolymer of poly(urethane sulfamethazine) and poly(ethylene 
glycol), coupled with thiolated heparin via Michael-addition reaction. 
Sample solutions were injected into each rat to see its formation and 
stability [217]. Following the injection of the solution, the aqueous so
lutions were immediately transformed into hydrogels by changes in pH 
and temperature. The shape of the hydrogel inside the skin was 
continuously maintained. Any inflammation problems were not 
observed during the measurement period of four weeks. The results 
indicate that the presence of heparin in the structure of this type of 
hydrogel improves its ability to control the pH-responsive sustained 
release of therapeutic components (like vascular endothelial growth 
factor (VEGF)) (Fig. 13). Besides, according to the results, this type of 
hydrogel could be used for subcutaneous injection both in vivo and in 
vitro without toxicity effect. 

Another application of heparin-based nanostructures can be in the 
treatment of anti-inflammatory diseases such as asthma. Anti- 
inflammatory agents such as montelukast can ameliorate asthma. An 
experiment developed large porous particles via the double-emulsion- 
solvent-evaporation method and then, montelukast was loaded in 
polymeric nanostructures using PEI as a porogen. Then, the resulting 
nanocarriers were coated with LMWH and showed uptake by rat alve
olar macrophages. These biomaterials reduced infiltration of inflam
matory cells by 74% and in vivo experiments revealed reduced airway 
wall thickness [218]. In addition to asthma, inflammation participates 
in the development of inflammatory bowel disease (IBD). A recent 
experiment has prepared heparin-coated serum albumin nanostructures 
in ameliorating inflammation for colitis therapy. The nanostructures had 
a particle size of 120 nm, 180 nm, and 250 nm with a zeta potential of 
− 38, − 43, and − 44 mV. The budesonide (BUD) and vancomycin 
(Vanco) were loaded on heparin-coated serum albumin nanoparticles, 
and encapsulation efficiency was 46% and 24%, respectively. These 
nanoparticles significantly enhanced the intestinal permeability of both 
drugs and promoted their efficacy in inflammation alleviation. The 
levels of TNF-α and nitric oxide significantly decreased by drug-loaded 
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heparin-modified nanostructures and in vivo experiments revealed the 
potential of nanoparticles for binding to the inflamed intestine [219]. 

The ability of heparin to interact with cellular receptors makes them 
appropriate for use in the structure of antibacterial drug delivery sys
tems [220]. For instance, the nano-complex of berberine, heparin, and 
chitosan was used to localize the berberine as an anti-bacterial agent. 
Heparin could interact with the C-terminal domain of vacuolating 

cytotoxin A of Helicobacter pylori, to release drug components. Utilizing 
the composite hydrogels of heparin with polypeptide is a promising tool 
for wound dressing applications. Their low hemolytic activity, good cell 
compatibility, and perfect antibacterial activity make them ideal mate
rials for in vivo applications [221]. These composite hydrogels could also 
contain growth factors to accelerate the healing process [222]. More
over, the heparin’s interaction with growth factors could lead to the 

Fig. 13. Schematic representation of pH and 
temperature-sensitive heparin hydrogels. (A) 
Synthesis of pH and temperature-sensitive heparin 
contained hydrogel. (B) H & E staining images of 
blood vessel formation in the presence of hydrogel 
contained VEGF (Scale bar = 100 μm). (C) In vitro 
release pattern of VEGF from hydrogel in the presence 
and absence of heparin. (D) In vitro pH-responsive gel 
formation. Abbreviations; Hep: Heparin; PUSSM: Poly 
(urethane sulfamethazine); VEGF: vascular endothe
lial growth factor. Reprinted with permission from 
Ref. [114].   

Table 4 
Summary of heparin-based nanomaterials, fabrication techniques and their applications.  

Fabrication technique Components of delivery system Delivered Cargo/cell Application References 

Self-assembled heparin-based 
nanomaterials 

Heparin nanoparticles Pheophorbide a Photothermal cancer therapy [226] 
Low molecular weight heparin/Stearyl amine 
conjugate nanoparticle 

Docetaxel Cancer therapy [227] 

Heparin based comb nanoparticles pDNA Gene delivery [228] 
Heparin/Deoxycholic acid conjugates – – [229] 
Heparin-alpha-tocopherol succinate 
nanoparticles 

Paclitaxel Intracellular delivery [230] 

Solid lipid nanoparticle Heparin coated iron oxide 
nanoparticles 

Theranostic [231] 

Folate-PEG-heparin/PBLA bifunctional 
nanoparticles 

Doxorubicin Cancer Therapy [232] 

Core shell-based heparin 
nanomaterials 

Heparin modified superparamagnetic iron oxide 
nanoparticle 

Doxorubicin Anticancer drug delivery [233] 

Heparin modified poly(l-lactide) grafted 
polyethylenimine cationic nanoparticles 

Doxorubicin and curcumin Breast Cancer [234] 

Heparin immobilized cellulose nanofibers Iron oxide nanoparticles Anticoagulants/Biomedical 
application 

[235] 

Heparin conjugated PVA core shell magnetic 
nanoparticle 

Heparin Anticoagulants [236] 

Heparin coated G4-PAMAM dendrimers 
nanoplatforms 

Cytosine-phosphate-guanine 
oligonucleotides and Doxorubicin 

Immune activation and multiple 
anti-metastatic effects 

[237] 

Heparin-grafted poly-l-lactic acid-chitosan core- 
shell nanofibers 

– Vascular gasket [238] 

Another polyelectrolyte-based 
heparin nanomaterials 

Electrospinning polyelectrolyte complex 
nanoparticles 

Fibroblast growth factor 2 Growth factor delivery [239] 

Polyelectrolyte multilayer nanoparticle Heparin, Naproxen Anti-inflammatory activity [240] 
Chitosan/heparin nanoparticulate complex Bovine serum albumin Enhanced entrapment efficiency [241] 
Chitosan/heparin polyelectrolyte complex Heparin Solubility enhancement [242] 
Polyhedral gold nanoparticle nanoarchitecture Gold nanoparticles Heparin detection [243] 
Chitosan/heparin multilayer implants Silver nanoparticles Cell proliferation and 

antimicrobial properties 
[244] 

Chitosan/heparin polyelectrolyte composites Silver nanoparticles Metallic nanoparticle stabilization 
and its release 

[245]  
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raised adjustable release of growth factors [223]. Table 4 summarizes 
numerous applications of heparin-based nanomaterials based on 
commonly used fabrication techniques. It should be noted that the table 
is focused on studies focusing on drug delivery, cancer, gene delivery 
and related applications. 

For preventing the chance of vascular bypass graft failure, re- 
endothelialization and neointima hyperplasia suppression are essen
tial. Therefore, the application of agents with angiogenesis induction 
activity and re-endothelialization effect is vital. An experiment has 
prepared type I collagen hydrogel for the delivery of Pleiotrophin (PTN) 
as an inducer of angiogenesis. The modification of hydrogels with 
heparin has been performed to protect and release growth factors. 
Furthermore, heparin modification of hydrogels is correlated with the 
sustained release of PTN. The heparin can also promote the hemo
compatibility of hydrogels. Such a combination enhances the viability of 
endothelial cells and reduces vascular graft failure [224]. Another study 
also confirms the role of heparin-modified hydrogels for the prolonged 
release of osteoprotegerin in triggering vascularization, inflammation 
alleviation, and improving bone disorders [225]. Overall, these studies 
highlight the fact that modification of platforms with heparin signifi
cantly improves their biocompatibility and results in sustained release of 
drugs, improving therapeutic index. 

Various internal and external stimuli-responsive materials have been 
used to trigger drug delivery systems. Light, temperature, pH, and ul
trasound are some examples of these stimuli [246]. Recently, 
protamine-responsive micro platforms have been used to release ther
apeutics. In this approach, amine-modified dextran (DEXAM) synthe
sized by the reductive amination reaction, has been combined with 
heparin. The prepared DEXAM/HP microspheres were triggered by 
protamine, a high-affinity agent for heparin. The controlled release 
property of these microspheres was related to the heparin amount, 

amine content in DEXAM, and protamine concentration. The system 
avoiding chemical modification delivered the cargo efficiently [247]. 

Hydrogels prepared from synthetic or natural polymers are exten
sively applied for drug delivery purposes [248]. The polymeric hydro
gels can be functionalized with different agents to possess targetability 
or remote controllability [249]. Recently, hydrolytically degradable 
heparin-based hydrogels (heparin/PEG-diacrylate) have been used to 
sustain the release of crystal violet as an anti-inflammatory drug. The 
negatively charged heparin, as a highly sulfated GAG, binding the 
positively-charged small molecule made the hydrogels an efficient drug 
delivery system. Heparin sulfation and the degradation of the hydrogel 
significantly affected the release kinetics and rates of crystal violet over 
time. The prepared hydrogels exhibited near-zero order release kinetics 
over 5–15 days. The N-desulfated heparin contained hydrogels exhib
iting ~90% crystal violet loading efficiency to maintain the bioactivity of 
the small molecule to treat inflammatory diseases (Fig. 14A) [250]. 

Neuroinflammation mediates several neurological disorders, 
including multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, 
epilepsy, and stroke. Interleukin-13 (IL-13) can play crucial anti- 
inflammatory roles, but its brain delivery is challenging. Recently, IL- 
13-loaded heparin-based macroporous cryogels have been used for 
immunomodulation and overexpression of ARG1 (anti-inflammatory 
phenotype marker) both in vitro and in vivo (Fig. 14B). 1 mg of the intra- 
striatal injectable microscale carriers containing heparin could be 
loaded with at least 500 ng of IL-13 as a building block and the affinity 
center was able to control the release of IL-13 (13% over a range of three 
weeks) [251]. 

6.4. Cancer therapy 

Heparin-based materials have revealed great promise in the therapy 

Fig. 14. Heparin-based hydrogels (heparin/PEG-dia
crylate) for sustained release of crystal violet as an 
anti-inflammatory drug. (A) Hydrogel fabrication 
with heparin methacrylamide, linear PEG-diacrylate, 
and DTT crosslinker. (B) Heparin-based micro
carriers were used to modify the phenotypic of mac
rophages in vitro and create a pro-regenerative 
phenotype in macrophages/microglia in the animal 
brain Abbreviations; PEG: Polyethylene glycol. Part 
(A) is reprinted with permission from Ref. [251].   
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of several cancers in over 50 clinical trials [252]. Angiogenesis, cell 
adhesion, proliferation, migration, immune system regulation, and 
cancer cell invasion are all influenced by these materials. The mecha
nisms and pathways used by these molecules to inhibit the proliferation 
of cancer cells mainly include angiogenesis, P/L selectin, interference 
with the C-X-C Motif Chemokine Ligand 12/C-X-C chemokine receptor 
type 4 (CXCL12/CXCR4) axis, and inhibition of heparanase [253]. 
Recent experiments on the anti-cancer effects of heparins have 
confirmed their role in inhibiting cancer progression and introduced 
them as promising anti-cancer agents to be utilized in potential treat
ments [254]. Reducing the metastasis rates and enhancing the survival 
of heparin-treated patients suggest the heparin’s role in the suppression 
of cloak’s formation by hindering the interactions between platelet’s 
adhesion molecule P-selectin and its ligands on cancer cells. This hep
arin’s antimetastatic effect has been measured by the adhesion between 
platelets and human non-small cell lung cancer cells (A549) by devel
oping single-cell force spectroscopy. The results of this study showed an 
additional reduction of maximum adhesion force and detachment work 
of about 9.52% and 7.12%, respectively, after heparin addition [255]. 

Lymphatic vessel suppression and angiogenesis inhibition effects of 
heparins have been indicated in several studies to specify novel thera
peutic mechanisms by which heparins suppress metastasis [256,257]. 
Recently, a four bis-deoxycholates conjugated LMWH, LHbisD4, has 
been found to inhibit lymphatic angiogenesis and reduce lymph node 
metastasis by blocking vascular endothelial growth factor C (VEGF-C) 
signaling pathway by suppressing the phosphorylation of VEGF receptor 
3 (VEGFR-3) which is induced by VEGF-C [258]. In addition to inhibi
tion of angiogenesis as a critical process required for a tumor’s survival, 
growth, and metastasis, heparins can also protect the endothelial bar
rier. For example, the permeability of the VEGF-induced endothelial 
barrier has been attenuated by using LMWH tinzaparin regardless of its 
anticoagulant activity [259]. 

The number of small soluble cytokine proteins involved in onco
genesis increases with the development of cancer in multiple stages. 
Regarding this, the possible impact of heparins has been verified on 
cancer progression. For instance, an orally active LMWH-based poly
anionic component named LHTD4 has been developed for targeting 
advanced metastatic human breast cancer. This LMWH-taurocholate 
compound consists of tetrameric deoxycholic acid physically com
plexed with a synthetic bile acid enhancer (DCK) to increase the lip
ophilicity and oral bioavailability of LHTD4. To confirm the binding of 
LHTD4 with TGF- β1 and CXCL12 as the two responsible factors in 
enhancing metastatic activity during breast cancer’s initiation and 
progression stages, surface plasmon resonance (SPR) analysis, and 
computer simulation studies were performed. The in vitro treatment of 
MDA-MB-231 cells with LHTD4 in TGF-b1R1 and CXCR4 phosphoryla
tion assays exhibited an effective inhibition of receptor phosphorylation 
and prevention in the expressions of epithelial to mesenchymal transi
tion marker proteins (e.g., vimentin). The migration of MDA-MB-231 
cancer cells was inhibited explicitly by LHTD4, which blocks the 
signaling pathway of transforming growth factor-beta 1 (TGF-β1) and 
the CXCL12-CXCR4 axis followed by a subsequent ligand-receptor 
response. In vivo therapeutic efficacy of LHTD4 was studied on a trans
plant tumor mice model of 4T1 breast cancer, which was treated daily 
with 5 mg/kg of LHTD4 for 8 weeks. A significant reduction in the 
metastases formation was observed that proving the effectiveness of 
LHTD4 in preclinical studies with no noticeable toxicity [260]. 

Heparin can also prevent cancer relapse through various mecha
nisms of modulation and inhibition of cancer stem cells (CSCs) [261, 
262]. For instance, G2.2, a sulfated non-saccharide GAG mimetic of 
heparin hexasaccharide, was selectively inhibited in vitro, in vivo, and ex 
vivo colonic CSCs self-renewal which was mediated by the p38 
mitogen-activated protein (MAP) kinase activation [263]. 

The anti-metastasis effect of heparin and heparan sulfate was also 
confirmed via heparanase, which led to the reduction of endothelial cell 
adhesion by up to 40% and the elevation of filopodia formation. 

Meanwhile, the migration of endothelial cells affected the cancer cell 
migration and invasion as necessary steps for both angiogenesis and 
metastasis by inhibiting the synthesis of ECM proteins and plasmin (a 
PLG gene-encoded proteolytic enzyme) [264]. 

Heparin and its derivatives could also diminish cell proliferation and 
metastasis by regulating the expression of major ECM macromolecules, 
which might also be helpful in therapeutic targeting [265]. Heparin, 
mainly LMWH, has revealed significantly improved survival benefits, 
primarily in limited-stage small-cell lung carcinoma, when administered 
as prophylaxis for thrombosis to lung cancer patients without any other 
anticoagulant indications [266]. 

Heparins have also been applied alone or in combination with other 
chemotherapeutic drugs in chemotherapy applications. They could play 
a significant protective role in decreasing chemotherapy-induced coa
gulopathies, causing an eventually increased survival in patients [267]. 

Several studies have verified the role of heparanase as a viable target 
for cancer therapy and the only enzyme that lyses heparan sulfate pro
teoglycan protein (HSPG) in tumor angiogenesis, invasion, and metas
tasis. Thus, several heparin mimetics have been developed for cancer 
treatment [268,269]. Although a common side effect of heparin mi
metics is anticoagulant activity, PG545, as promising heparin mimetic, 
is recently found to reveal only a mild anticoagulant activity with an 
anti-lymphoma solid effect. The results of the pro-apoptotic molecular 
mechanism of PG545 indicated that it stimulates apoptosis by activating 
the NF-κB pathway, inducing endoplasmic reticulum (ER) stress and 
autophagy [270]. 

A study used the integration of intelligent, responsive drug-loaded 
polymeric micelles and heparin to promote antitumor efficiency. This 
novel, innovative, and biocompatible pH-sensitive heparin-based poly
meric micelles nanocarrier was designed based on heparin–α-tocopherol 
conjugate, which shows promising results for enhanced intracellular 
delivery of docetaxel in breast cancer treatment [271]. 

In another study, heparin-chlorambucil polymeric prodrug nano
particles have been applied to selectively kill tumor cells due to the high 
redox potential in HeLa tumor cells while being biocompatible with 
normal cells (HaCaT). Co-delivery of heparin and chlorambucil via a 
redox-responsive prodrug approach could enhance the anti-tumor ac
tivities of chlorambucil (with 61.33% chlorambucil grafting efficiency). 
This designed prodrug delivery vehicle could be a better alternative for 
the controlled release of chlorambucil in cancer cells [272]. 

In another study, LMWH-modified liposomes have been developed to 
deliver the antitumor drug doxorubicin for bone targeting in orthotopic 
osteosarcoma and breast cancer bone metastatic tumors. The LMWH- 
coated liposomes were functionalized by the alendronate, which was 
used as a bone targeting and anti-osteoporosis agent. The poor perme
ability and the less hemoperfusion of bone tissue could restrict the ef
ficiency of chemotherapeutic treatments in the bone mentioned above 
metastatic tumors. As the hydrophilic layer of the liposomes, LMWH 
enhanced anti-metastasis efficiency by improving the blood circulation 
time of liposomes (3.55 ± 0.41 h) compared to doxorubicin alone (0.95 
± 0.18 h). Both cancer models demonstrated satisfying in vivo efficiency, 
which proved the remarkable efficacy and synergistic effects of this 
LMWH-based nanosystem in tumor growth suppression and metastasis 
inhibition [273]. 

A significant challenge in glioma systemic chemotherapy using 
nanoparticle-based drug delivery systems is the inadequate delivery 
efficacy due to deficient tumor penetration. To significantly enhance 
anti-glioma efficiency and achieve effective drug delivery, doxorubicin/ 
heparin-based nanoparticles (DNPs) were loaded onto the surface of 
natural grapefruit extracellular vesicles. The patching approach pro
vides an exceptional 4-fold drug loading capacity compared to tradi
tional extracellular vesicle encapsulation. This system could 
significantly extend circulation time and promote cellular internaliza
tion and antiproliferation capability. The high-abundance accumulation 
of extracellular vesicle-DNPs found in glioma tissues enabled the 
maximum brain tumor uptake of extracellular vesicle-DNPs and 
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excellent in vivo anti-glioma efficiency (Fig. 15) [274]. 
Heparin-based hydrogels have also been widely used in drug/ 

protein-loading cancer therapy systems due to their crosslinking struc
tures and satisfying biocompatibility. Some key factors should be 
considered while designing heparin-based hydrogels in cancer drug 
delivery systems, such as the hydrogel’s loading capacity, size, shape, 
surface, and mechanical properties. In addition, mesh size construction 
is as important as the stimuli-responsive interactions between hydrogels 
and drugs to achieve an efficient and successful controlled release of 
drugs. Furthermore, the hydrogels should be biocompatible enough to 
protect the drugs from degradation [275–277]. 

In a study, hemo- and cytocompatible graphene oxide hybridized 
heparin-analog hydrogels have been reported as potential implantable 
biomaterials for anti-cancer drug/protein delivery. With a porous 
morphology that decreased with increasing the graphene oxide con
centration, these hydrogels could successfully improve the mechanical 
properties and optimize the drug/protein loading and release perfor
mances. Due to their high drug-loading capacity and persistent releasing 
ability, efficient anticancer cell activity was also observed for these 
doxorubicin-loaded graphene oxide/heparin-analog hydrogels [278]. 

A novel delivery system based on LMWH modified liposomes has 
been recently developed to decrease the tumor metastasis risk and reach 
improved phototherapeutic efficiency. Here, photosensitizer indoc
yanine green (ICG) was loaded into LMWH-modified liposomes (LMWH- 
ICG-Lip) to recognize the synergistic effects between drug vehicles and 
photosensitizer. This system could enhance the accumulating efficacy of 

the photosensitizer to tumor tissue and extend its circulation time. The 
anti-metastatic effect of LMWH could inhibit the adhesion of platelets 
into tumor cells and decrease the invasion and migration of tumor cells. 
Moreover, orthotopic 4T1 breast cancer mice models were evaluated for 
in vivo efficacy of LMWH-ICG-Lip. The results showed alleviated 
metastasis potential of residual tumor cells after irradiation and 
improved phototherapeutic antitumor and anti-metastasis efficacy 
(Fig. 16) [279]. 

As summarized above, different types of heparin derivatives could 
improve the chemosensitivity of cancer cells by inhibiting their prolif
eration, migration, and invasion. Heparin derivatives could also regulate 
hematogenous metastasis by reducing the interactions between cancer 
cells and platelets and controlling lymphatic metastasis through lym
phangiogenesis inhibition. Additionally, these derivatives could suc
cessfully block signal pathways of integrins, TGF-β1, CXCL12-CXCR4, 
and VEGFC/VEGFR-3 axis by binding to a range of heparin-binding 
proteins. Furthermore, several heparin mimetics have been verified as 
anti-cancer agents, such as G2.2, in the in vivo selective inhibition of 
colonic cancer stem cells. Accordingly, heparin and its derivatives, with 
high biocompatibility and anti-metastatic ability, could be applied as 
novel promising adjuvant anti-cancer drugs that can function through 
various pathways to impact multiple phases of tumor progression. 

6.5. Biosensors 

A biosensor is a diagnostic tool that combines a bioreceptor and an 

Fig. 15. Doxorubicin/heparin-based nano
particles are fabricated onto the surface of natural 
grapefruit extracellular vesicles. (A) Preparation of 
biomimetic EV-DNPs delivery system. (B) In vivo 
fluorescence images of bearing intracranial LN229- 
luc glioma mice at different time points after Cy7- 
EVs, Cy7-DNPs, and Cy7-EV-DN2 administration. 
Brains with tumors removed from LN229-luc glioma- 
bearing mice were examined for ex vivo Cy7 and Luc 
signals, 96 h after Cy7-EV, Cy7-DNP, and Cy7-EV- 
DN2 injection. (C) Without and (D) with perfusion. 
(E) The EV-DN2 intravenous injection-induced 3D 
confocal pictures of the glioma-bearing brain tissues 
(left image, glioma edge; right image, glioma core). 
Endothelial cells were extravasated from tumor blood 
arteries (green), nuclei stained with Hoechst 33342, 
and EV-DN2 (red) and accumulated within tumor 
tissues. (Scale bar: 100 m; T = tumor tissues; N = for 
normal tissues.) extracellular vesicles, or EV. 
Reprinted with permission from Ref. [274].   
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Fig. 16. In vivo therapeutic efficacy of mice treated with saline, LMWH, free ICG, LMWH-ICG-Lip, free ICG/Laser, and LMWH-ICG-Lip/Laser (808 nm, 1.5 
W/cm2, 5 min), n ¼ 6. (A) Schematic of the timeline of treatment; (B) tumor volumes; (C) tumors of all groups on Day 21; (D) 4T1 tumor-bearing mice with various 
treatments on Day 21. (E) Hematoxylin-eosin (HE) histopathology images of tumor tissues (Scale bar, 400 μm). (F) Tumor weights; (G) body weight changes. (H) A 
total number of nodules on lung tissues; (I) The metastatic tumor locations in mouse lungs treated with various formulations and HE stained lung tissue sections are 
shown with circles (Scale bar, 400 μm). Abbreviations; NF = tumor was not found. NS = no significant difference. *p < 0.05, **p < 0.01. Reprinted with permission 
from Ref. [279]. 
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electronic interface to turn an analyte-specific binding event into 
quantifiable data [280,281]. These devices offer a precise, consistent 
low-cost analytical method with fast detection capabilities [282]. In 
general, a biosensor is composed of three main parts; a) Bio-receptor or 
biorecognition element, which determine the specificity of the biosensor 
and could be natural or synthetic agents like different types of enzyme, 
antibodies, nucleic acids, and aptamers; b) Transducers that convert the 
signal resulted from the interaction between the analyte and the natural 
element to a measurable signal and is included different types such as 
optical, physicochemical, electrochemical, piezoelectric, etc., and c) a 
signal processor that is responsible for visualizing the results in a 
user-friendly form [283,284]. 

According to some literature, heparin could act as a biorecognition 
element in the structure of biosensors to detect specific target agents. 
Some particular features of heparin, such as its anticoagulant activity, 
biocompatibility, and stability during storage in adverse conditions, are 
appropriate for biosensor application, especially for blood samples [6]. 
In addition, heparin-based biosensors give the advantage of compati
bility with clinical examples. For instance, in studies performed on the 
detection of blood components, centrifuging the serum is mainly used 
for separating different parts that require complex laboratory equipment 
and take a long time to prepare samples, which may produce contami
nations. Besides, the results detected from a serum sample cannot pre
sent the actual situation in the whole blood [285,286]. Hence, it is of 
significant implication to detect the expected analyte directly in the 
whole blood. For example, a Lipase-(ϵ-polylysine-heparin)-glassy carbon 
electrode was designed to detect the triglycerides level in whole blood 
directly. The combination of polylysine and heparin resulted in a 
biosensor with anticoagulation capability and antithrombosis ability 
that could be now used in whole blood and provided new analytical 
systems for clinical illness diagnosis. The fabricated biosensor showed 
high electrocatalytic activity for the detection of triglycerides with a 
detection limit of about 5.18 mg dL− 1 in whole blood and sensitivity of 
about 0.40 μA mg− 1 dL cm− 2. Moreover, it had a long shelf-life and 

excellent anti-interference capability. All these features, along with the 
presence of hemocompatible heparin in the structure of this biosensor, 
introduced it as a good candidate for utilization in clinical assessments 
(Fig. 17) [287]. 

Due to the large concentration of sulfate groups in heparin’s struc
ture, it possesses the greatest negative charge density of any known 
biological [288]. For instance, heparin is used in a highly sensitive, 
antibody-free, carbon chemiresistor, nanotube-based biosensor to detect 
four serotypes of the dengue virus. [289− 291]. The biosensor consists of 
a single-walled carbon nanotubes (SWNT) network chemiresistor 
blocked by Tween 20 and attached with heparin in such a way that the 
carboxyl groups of heparin were cross-linked to primary amine groups 
on the pyrene-linker, 1- pyrenemethylamine, that earlier applied onto 
the SWNT. Dengue virus envelope protein has positively charged while 
the net surface charge is negative [292,293]. Therefore, the attachment 
of heparin and dengue virus would be possible, and the detection pro
cess would be achieved. This biosensor showed an excellent potential to 
perform as a bioreceptor for the dengue virus during biosensing. The 
ultrasensitive biosensor showed rapid detection of the virus in a defi
cient volume of sample (10 μL) with a detection limit of about 8.4 × 102 

TCID50/mL (median tissue culture infectious dose/mL). Good selectivity 
of the biosensor was also confirmed via utilizing the Influenza H1N1 
virus along with the dengue virus, during which the biosensor reacts in 
the presence of the dengue virus [294,295]. 

Heparin was also used in the structure of an on/off nanosensor. This 
biosensor was composed of CdS quantum dots modified by heparin and 
mercaptopropionic acid (MPA) (Hep-MPA-CdS quantum dots) and was 
used to detect protamine and hemin. In this type of label-free fluorescent 
sensor, the negatively charged heparin-coated quantum dots could 
attract positively charged protamine, which enhanced the fluorescence 
intensity. The addition of hemin to the solution of this complex led to the 
detachment of protamine from heparin and their attachment to hemin, 
which is accompanied by reducing the fluorescent intensity. This is a 
low-cost fluorescent biosensor with good performance and high 

Fig. 17. Preparation of Lipase-(ϵ-polylysine-hep
arin)-glassy carbon electrode for electrocatalytic 
activities. (A) Schematic of fabrication of Lipase- 
(ϵ-polylysineheparin)-GCE biosensor. (B) Cyclic vol
tammograms of a) (ϵ-PL-Hep)-GCE, b) Lipase-Hep- 
GCE, and c) Lipase-(ϵ-PL-Hep)-GCE in PBS. (C) The 
calibration curve and the inset: differential pulse 
voltammetry (DPV) of tributyrin in the presence of 
lipase-(ϵ-polylysineheparin)-GCE biosensor. GSE: 
glassy carbon electrode. Reprinted with permission 
from [296].   
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reusability with a detection limit of 48.6 nmol L− 1 and 5.2 nmol L− 1 for 
hemin and protamine, respectively [297]. 

Heparin was also used in the structure of a dual-responsive electro
chemical/fluorescent biosensor for detecting blood lead. The role of 
heparin in this biosensor was to induce the biofouling resistance prop
erty to this biosensor for its application in the blood environment. The 
application of this dual-responsive biosensor for the detection of lead 
ions in blood and water via fluorescent and electrochemical methods 
with a linear relationship of 0.5 pM–4.8 × 103 pM and 1.5 pM- 4.8 × 103 

pM, relatively. The application of dual detection mode is appropriate for 
this biosensor for utilization in a blood sample with an excellent 
detection limit (1.0 pM and 4.4 pM for fluorescent and electrochemical 
detection, respectively) in comparison to other biosensors which are 
used in water aqueous conditions [298]. 

As mentioned before, heparin contains functional groups of sulfates 
(− OSO3 − , − NHSO3 − ) and carboxylate (− COO− ) [299]. These prop
erties make this material suitable for detecting some specific enzymes. 
For instance, it is indicated that heparin binds with anion-binding ex
posits-II of thrombin [300]. Correspondingly, electrochemical synthesis 
of a chromium-loaded CdS nanoprobe (CdS–Cr) is reported for use in 
ultrasensitive electrochemiluminescence (ECL) detection of thrombin. A 
glassy carbon electrode was covered with an electro-polymerized poly
aniline nanofibers film (PANINF), a CdS–Cr nanoprobe was synthesized 
in-situ, heparin, and bovine serum albumin (BSA) applied to prevent 
unspecific adsorption. Previously, to detect thrombin, aptamer, a 
stranded DNA or RNA, has been used [301− 304]. However, in com
parison with aptamer, heparin is cheaper, easily available, and has a 
comparable bonding capability. Additionally, the aptamer needs further 
chemical modification. Hence, as an alternative material instead of 
aptamer, detecting thrombin using heparin in bioanalytical chemistry is 
greatly impacted. Compared to another similar biosensor, the fabricated 
CdS–Cr nanoprobes and heparin-based biosensor was a susceptible 
system with a good linear range (0.01 pM–100 pM) and excellent 
detection limit (0.0068) [305]. 

Another example of using a heparin-based biosensor is to detect 
thrombin, an important enzyme that plays a fundamental role in the 
blood clotting pathways. The majority of the methods to detect 
thrombin rely on fluorescence labeling assays or aptamers/antibodies as 
specific recognition biomolecules, which need complex procedures that 
result in a very expensive outcome. In a study by Mudlier et al., a simple, 
selective, and label-free fluorescence biosensor is designed to detect 
thrombin. This biosensor is based on the communication between 
thrombin and a fluorescent complex of heparin and Thioflavin-T [306]. 
This amperometric glucose biosensor was fabricated using 
polyurethane-heparin nanoparticles (PU-Hep NPs). This biosensor 
showed the ability to utilize whole blood directly, owing to the anti- 
biofouling property of PU-Hep NPs. The detection system develops 
based on the interaction between cationic thrombin and anionic heparin 
to regulate the monomer-aggregate balance of the Thioflavin-T–Heparin 
scheme. Significantly, this scheme recommends a ratiometric reaction 
capable of robust quantifying thrombin concentration in different situ
ations, even in complex mediums. This detection system’s contribution 
of all available components is a key advantage. Additionally, this 
detection system demonstrates consistent response in diluted serum 
matrix. The biocompatibility and anticoagulant properties of heparin 
appropriate it to use in the structure of a biosensor applied for the 
quantitative detection of α-Fetoprotein (AFP). For this purpose, an 
immunosensor was fabricated by modifying the surface of a glassy car
bon electrode (GCE) with heparin- γ-polyglutamic-polypyrrole (Hep- 
PGA–PPy) nanoparticles. This was a stable immunosensor with high 
selectivity and reproducibility that could detect AFP in whole blood 
samples with the detection limit of 0.099 ng mL− 1 in a linear range from 
0.1 to 100 ng mL− 1 [307]. 

To reach the necessity of more medical treatment, biosensors with 
innovative surface modification approaches are still the focus of the 
biomedical investigation. Although commonly used coating such as 

calcium phosphate and nanotubes are capable of detecting and evalu
ating the release of drugs from the material surface, owing to the lack of 
pores and high surface area, these coating materials are not able to 
realize the high amount of medications in a long-term release (more 
than 7–10 days). For instance, long-term detection of antimicrobial 
drugs cannot be promised using the above coating methods. The 
exceptionally outstanding characteristics of heparin-based materials 
helped to solve many fundamental limitations of biosensing, such as 
instability during storage in adverse conditions and hemocompatibility 
issues. Accordingly, the advantages produced by the heparin-based 
biosensors, especially their compatibility with clinical samples, would 
help reach the final goal of the biosensors, which is the detection of toxic 
and harmful molecules with high sensitivity and selectivity. 

7. Conclusion and outlook 

In this review, the excellent features and applications of heparin and 
its derivatives have been studied in detail as one of the FDA-approved 
anticoagulant components, and owing to their exclusive features such 
as high anticoagulant activity, good biocompatibility, and biodegrad
ability, heparin and its derivatives, whether synthetic or natural ones 
have been used in several biomedical fields. These fields include but are 
not limited to cancer treatment, tissue regeneration, wound healing, and 
biosensors. It has been demonstrated that some specific features of 
heparin have emerged only in particular types of heparins, which makes 
them appropriate for a particular application; for instance, the anti- 
metastatic, anti-proliferative, anti-angiogenic, and liver first pass 
escape capability of LMWH index them in delivery applications. More
over, the presence of different functional groups in the structure of this 
GAG component makes it appropriate for other physical and chemical 
interactions with various features to induce new properties of heparin 
and thus expand its current applications. 

Heparin could also be easily integrated into other materials to 
fabricate new agents with predefined properties for biomedical appli
cations. It could act as an anticoagulation coating and functional agent 
on the surface of materials used for implantable stents or blood vessels. 
Apart from laboratory-scale research, several clinical studies are also 
being conducted on heparin in biomedical fields. The combination use of 
heparin and some specific glycoprotein were also applied for the fabri
cation of a nanoscale extracellular matrix used for producing embryoid 
bodies and sophisticated patient-specific multicellular from induced 
pluripotent stem cells without affecting their particular properties like 
pluripotency, proliferation, and adhesion capability during its aggre
gation [308]. 

The anticoagulation ability of heparin makes it appropriate in blood- 
contacting fields such as drug delivery vehicles and diagnostic agents 
leading to cost-effective fabrication methods. The affinity of this 
component toward P-selectin, which is overexpressed in pathological 
states related to inflammation and thrombosis, makes it a targeting 
agent for the future design of targeted drug carriers for thrombolytic 
theranostic. Moreover, this polymer’s affinity to different growth factors 
makes it an appropriate candidate for tissue regeneration applications in 
other parts of the body (like spinal cord injury) as hydrogel and 3D 
printed scaffolds [309]. Indeed, it could improve the controlled release 
pattern of growth factors and thus enhance the performance of regen
eration. It is an excellent candidate to be employed in the structure of 
vascular grafts of small-diameter vessels due to its highly negative 
charges that prevent both protein precipitations and thrombosis and 
promote cell attachment, differentiation, and proliferation. The anti
coagulation property and its capability to interfere with inflammatory 
cascade make it a good target for ulcerative colitis treatment. These, 
along with several other samples, confirm the potential of this polymer 
and its derivatives for clinical applications; however, long-term studies 
are needed to optimize their biological features and make them 
commercialized. 

While recognizing the extensive biomedical applications of heparin 
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and its derivatives, it is crucial to underscore the need for comprehen
sive safety evaluations of engineered heparin-based materials. In-depth 
studies need to focus on their biocompatibility, immunogenicity, and 
cytotoxicity, especially in the context of long-term exposure and in
teractions with biological systems. Additional focus should be on the 
environmental and public health implications of these nanomaterials’ 
degradation products. All these evaluations should take into account the 
varying fabrication methods and nanostructures that could alter these 
materials’ safety profile. An interdisciplinary approach involving sci
entists, clinicians, and regulatory bodies will be crucial to ensuring the 
safe and effective use of these materials. In addition, although several 
studies have been conducted in the biomedical sector, there are still 
some limitations to their commercialization, like overcoming throm
bogenicity in humans which needs several future studies to clarify. The 
low permeability and stability of heparin oligosaccharides along with 
their short half-life limit could limit their direct application as drug/ 
gene delivery compound or tissue regeneration application. Besides, the 
probable overdose during the surgery could limit the usage of these 
compound for clinical applications [310]. The incorporation of this 
compound on the surface of biomaterials like stent couldn’t prevent the 
activation of other pro-coagulant systems which are response for the 
platelet activation, and so other components are need in these cases to 
overcome this limitation [311]. Another limitation of the heparin de
rivatives (UFH and LMWHs) is their oral administration, which is 
resulted from their high molecular weight and high surface negative 
charge. Moreover, their short half-life and rapid removing by the cells of 
immune system limit their application as drug delivery system [312]. To 
overcome these drawbacks, some other anticoagulant agents have been 
introduced with similar capabilities as heparin without its limited fea
tures, which may limit the market of heparin as its substitute. Given that 
RNA and DNA vaccines became widely used after the outbreak of the 
Corona pandemic. Thus, the utilization of heparin properties for pro
ducing nanoplatforms for releasing nucleic acid-based vaccines should 
be investigated. In addition, heparin, along with other biological and 
synthetic substances, may be recommended to be used for gene editing 
purposes as well. 

Drug delivery devices, e.g., microneedles, based on different natural 
materials such as hyaluronic acid and gelatin derivatives, were 
deployed. In light of this, the preparation of microneedle patches based 
on heparin could also be one of the prospective research interests. 
Although the widespread study in injectable hydrogel platforms based 
on heparin, the actual applications of heparin-based platforms could be 
one of the prospective instructions. Research on industrial and clinical 
applications of heparin-based platforms is insufficient. Another subject 
that could be addressed in the future is the synthesis of heparin-based 
copolymers or blends with inherently conductive polymers, e.g., poly
aniline and its derivatives, polypyrrole, and polythiophene for the 
preparation of electroconductive hydrogels for the treatment and heal
ing of wounds by photothermal and application in nerve regeneration. 
On the other side, there is little research on the use of heparin-based 
nanoplatforms in bioimaging and antimicrobial activity, so they are 
helpful areas that can be further worked on in the future to produce 
beneficial and commercial materials. 
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Abbreviations and Acronyms 

GAGs glycosaminoglycans 
GlcA D-glucuronic 
IdoA L-iduronic acid 
GlcN D-glucosamine 
UFH Unfractionated heparin 
LMWH low molecular weight heparin 
ULMWH ultra-low molecular weight heparin 
NF-κB nuclear transcription factor-κB 
Xyl xylose 
Gal galactose 
PU polyurethane 
PPEGMEMA poly (poly-(ethylene glycol) methyl ether methacrylate) 
PDMAEMA poly(dimethylamino methyl) methacrylate 
PEG polyethylene glycol 
Hep Heparin 
PUSSM Poly(urethane sulfamethazine) 
VEGF Vascular endothelial growth factor 
NMR Nuclear magnetic resonance 
FGF fibroblast growth factor 
TGA Thermogravimetric analysis 
ECM Extracellular matrix 
HA Hydroxyapatite 
COL Collagen 
ADSCs Adipose-derived stem cells 
PCL Poly(ε-caprolactone) 
α-TCP α-tricalcium phosphate 
TERM Tissue engineering and regenerative medicines 
PEAD Poly(ethylene arginyl aspartate diglyceride) 
PEGDA Poly(ethylene glycol) diacrylate 
IGF-1 Insulin-like growth factor-1 
GC Glycol chitosan 
PEDOT Poly(3,4-ethylene dioxythiophene) 
PEM Polyelectrolyte multilayer 
PLL Poly-L lysine 
MMP Matrix metalloproteinase 
HUVEC Human umbilical vein-derived endothelial cells 
APTT activated partial thromboplastin time 
MMP2 Matrix metalloproteinase 2 
cGP Crosslinked PCL-coated with gelatin/PLL 
GPH Uncrosslinked PCL-coated with gelatin/PLL/heparin 
cGPH Crosslinked PCL-coated with gelatin/PLL/heparin 
PU75-Hep Heparin-grafted poly(ester-urethane)urea/gelatin 
CD31 Cluster of differentiation 31 
α-SMA Smooth muscle actin alpha 
H&E Hematoxylin and eosin 
DAPI 4′,6-diamidino-2-phenylindole 
hCC Human chondroprogenitor cells 
SDF-1 Stromal cell-derived factor-1 
PDGF-BB Platelet-derived growth factor-BB 
PPEGMEMA Poly(ethylene glycol) methyl ether methacrylate 
PDMAEMA Poly(dimethylaminoethyl methacrylate) 
ATRP Atom transfer radical polymerization 

E. Nazarzadeh Zare et al.                                                                                                                                                                                                                     



Bioactive Materials 31 (2024) 87–118

112

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide 

HepG2 HepatomaG2 
TBA Tetrabutylammonium 
BIBB 2-bromoisobutyryl bromide 
siRNA Small interfering RNA 
DEXAM Amine-modified dextran 
CSCs Cancer stem cells 
MAP Mitogen-activated protein 
HSPG Heparan sulfate proteoglycan protein 
ER Endoplasmic reticulum 
ICG Indocyanine green 
DENV Dengue virus 
SWNT Single-walled carbon nanotubes 
MPA mercaptopropionic acid 
PU-Hep NPs Polyurethane-heparin nanoparticles 
AFP α-Fetoprotein 
GCE Glassy carbon electrode 
CdS–Cr Chromium-loaded CdS nanoprobe 
ECL Electrochemiluminescence 
PANINF Polyaniline nanofibers film 
BSA Bovine serum albumin 
PU-Hep NPs Polyurethane-heparin nanoparticles 
Hep-PGA–PPy Heparin- γ-polyglutamic-polypyrrole 
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