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Abstract

Excessive bleeding—or hemorrhage—causes millions of civilian and non-civilian casualties every 

year. Additionally, wound sequelae, such as infections, are a significant source of chronic 

morbidity, even if the initial bleeding is successfully stopped. To treat acute and chronic wounds, 

numerous wound healing materials have been identified, tested, and adopted. Among them are 

topical dressings, such as gauzes, as well as natural and biomimetic materials. However, none 

of these materials successfully mimic the complex and dynamic properties of the body’s own 

wound healing material: the blood clot. Specifically, blood clots exhibit complex mechanical and 

biochemical properties that vary across spatial and temporal scales to guide the wound healing 

response, which make them the ideal wound healing material. In this manuscript, we review blood 

clots’ complex mechanical and biochemical properties, review current wound healing materials, 

and identify opportunities where new materials can provide additional functionality, with a 

specific focus on hydrogels. We highlight recent developments in synthetic hydrogels that make 

them capable of mimicking a larger subset of blood clot features: as plugs and as stimuli for tissue 

repair. We conclude that future hydrogel materials designed to mimic blood clot biochemistry, 

mechanics, and architecture can be combined with exciting platelet-like particles to serve as 

hemostats that also promote the biological wound healing response. Thus, we believe synthetic 

hydrogels are ideal candidates to address the clear need for better wound healing materials.

*Authors to whom any correspondence should be addressed. manuel.rausch@utexas.edu, sparekh@utexas.edu, berkin@utexas.edu and 
arosales@che.utexas.edu. 

HHS Public Access
Author manuscript
Prog Biomed Eng (Bristol). Author manuscript; available in PMC 2022 July 11.

Published in final edited form as:
Prog Biomed Eng (Bristol). 2021 October ; 3(4): . doi:10.1088/2516-1091/ac23a4.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

blood clot; hydrogel; wound healing

1. Introduction

Hemorrhage or excessive bleeding after vascular injury may be caused during surgical 

procedures, follow blunt injury, or result from penetrating wounds [1]. Regardless of the 

mechanism, severe blood loss following vascular trauma leads to millions of casualties 

every year [2]. For all but small injuries, the body’s native sealant, the blood clot, is 

quickly overwhelmed. Thus, medical intervention is needed to stop significant blood flow 

[3]. While vascular trauma may be effectively treated within the hospital setting through 

surgical intervention, management of severe vascular injuries in the pre-hospital setting—i.e. 

in the field—is more challenging and, perhaps predictably, less effective [4]. Field responses 

generally include volume infusion, tourniquet application, and use of topical hemostatic 

agents [5]. Hemostatic agents comprise both passive agents that provide a physical barrier 

to blood flow at the injury site as well as biologically active agents that promote faster 

blood coagulation and wound site occlusion through direct interaction with the coagulation 

cascade [6]. The classic example of a passive agent is surgical gauze [7], while active agents 

often include molecular therapies such as thrombin [8]. Whether passive or active, many, 

if not all, of today’s hemostatic agents were designed for the acute setting [9]. However, 

cessation of bleeding is only the first step in a complex and long cascade of events that 

ultimately lead to wound healing [10] (figures 1(A)–(C)).

The natural wound healing cascade centers on blood clot formation, a hemostatic plug with 

unique material properties that evolve over time. Upon vascular injury, blood coagulates 

into a blood clot and (for non-severe injuries) occludes the initial wound site (figure 1(A)). 

This original clot acts as a host for immune cells—such as neutrophils and macrophages

—into which matrix-synthesizing cells, such as fibroblasts that synthesize extracellular 

matrix proteins, arrive (figure 1(B)). The orchestrated interplay between immune and 

matrix-synthesizing cells eventually transforms the blood clot into collageneous scar tissue, 

which permanently seals the wound (figure 1(C)). As the body’s native wound healing 

material, the blood clot has evolved to optimally support the wound healing response 

along its full temporal evolution and on all critical scales ranging across many orders of 

magnitude. Thus, optimal, synthetic wound healing materials would mimic blood clot’s 

biophysical properties across all temporal and spatial scales. The current lack of such 

an optimal material creates an opportunity for novel, synthetic materials to fill this gap. 

Hydrogels are an example of such a material due to their biocompatibility, mechanical 

properties, and customizability.

The goals of this review are: (a) to reflect on blood clot’s dynamic biophysical and 

biochemical properties, (b) to determine the extent to which current wound healing materials 

mimic blood clot’s properties, and (c) to highlight how hydrogel materials could potentially 

fill the gap that exists with current wound healing materials. In section 2, we discuss 

the salient physical and biochemical features of the prototypical wound sealant material: 
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our bodies’ blood clots. This allows us, as we review current wound healing materials in 

section 3, to carefully reflect on where the biophysical properties of state-of-the-art materials 

diverge from those of the ideal wound sealant. Finally, in section 4, we identify potential 

synthetic building blocks upon which future wound healing materials could be built to 

embody the biophysical features of blood clots, with a specific focus on hydrogel-based 

materials.

2. Blood clot: the prototypical wound healing material

Blood clots play a critical role in wound healing [11]. That is, blood clots provide an initial 

scaffold that, during the wound healing response, is eventually replaced with scar tissue 

[12]. The functions of this initial scaffold are many-fold, but can be broadly categorized 

into mechanical and biochemical in nature. Here, we briefly describe blood clot formation, 

composition, and structure before summarizing mechanical and biochemical clot functions 

and properties. Additionally, we identify additional physical properties of blood clots that 

play important but secondary roles during wound healing.

2.1. Blood clot formation and composition

In response to injury, a blood clot forms in a cascade-like chain-reaction known as 

coagulation. This clotting cascade starts as platelets—cell-like blood constituents—are 

activated upon contact with newly exposed tissue extracellular matrix. They activate and 

transform into sticky elements that form an initial ‘plug’ [13]. Secretion of additional factors 

subsequently leads to positive-feedback amplification that, in turn, activates more platelets. 

The exact details of the clotting cascade and different blood factor secretion can be found 

in other excellent reviews of blood clotting [14, 15]. For the purposes of this section on 

clot formation, it suffices to say that tissue factor release or exposure drives the conversion 

of the zymogen prothrombin to thrombin [16]. Thrombin ultimately cleaves fibrinogen, a 

soluble blood protein, into fibrin by enzymatic release of fibrinopeptides A and B (figure 

2(A)). Cleavage of these peptides results in self-assembly of fibrin molecules, each with a 

symmetric E–D–E structure, into double-stranded protofibrils that are stabilized via factor 

XIIIa mediated cross-linking (figure 2(B)). Together, cross-linked fibrin protofibrils bundle 

into fibers and ultimately entangle into a hierarchical, three-dimensional network, which 

entraps platelets and red blood cells, becoming a functional clot (figure 2(C)) [17, 18].

2.2. Mechanical properties

Being comprised of formed elements, red blood cells and platelets, as well as a semi-flexible 

fibrin biopolymer network, blood clots exhibit highly nonlinear, viscoelastic properties and 

may undergo very large deformations [20, 21] (figure 3). Ostensibly, each of these properties 

have a teleological origin and thus should be considered critical to blood clot’s function 

[22]. Below, we focus our review of these properties on whole blood clot studies rather than 

fibrin-only investigations, which have been reviewed before in excellent work by others [17, 

18, 23].

2.2.1. Stiffness—Stiffness is an important measure of material behavior and quantifies 

a material’s resistance to deformation. The stiffer a material, the more force is required to 
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deform it. It is also an important measure as it regulates cell fate by modulating fundamental 

cellular processes, such as cell spreading, cell growth, cell proliferation, cell migration, and 

cell differentiation [24–27]. Interestingly, in the case of blood clots, there is disagreement 

over to what extent the material exhibits strain-stiffening behavior during its deformation. 

Some studies show that a blood clot increases in stiffness with increasing strain [28–30] 

(figure 3(A)), while other studies show that the stiffness remains approximately constant 

[31–33], similar to a linearly elastic spring. The origin of this discrepancy has yet to 

be identified. Regardless of the exact origin of the disagreement, this uncertainty sets 

whole blood clots apart from fibrin meshes that have, without exception, been shown to 

demonstrate strain-stiffening behavior [34–36]. Of course, the difference between whole 

blood clots and fibrin gels is significant, with the former being a heterogeneous composite 

material with multiple structural elements—both active (platelets) and passive (red blood 

cell)- in addition to a fibrin polymer scaffold [37]. This also serves as an important reminder 

of the limitations of fibrin gels as blood clot mimics.

Quantitatively, the stiffness of a blood clot varies based on the origin of the material, i.e. 

whether it was formed in-vivo or in-vitro [30], based on the anatomic location from which 

samples were taken [38], based on the flow conditions under which it was formed [39], and 

based on the duration for which it has resided within the body [40]. Generally speaking, 

early blood clots may be described as ‘very soft’ with elastic moduli of 0.1 – 0.6 kPa 

[41–44], which is comparable to other soft tissues such as those in the liver or brain [45]. 

Fully formed clots (within hours) show an elasticity of ~10 kPa [30, 37]. Importantly, more 

‘mature’ blood clots (those that have resided longer within the host tissue, i.e. weeks) are 

much stiffer, having moduli of ~500 kPa [40]. This apparent stiffening coincides with the 

replacement of fibrin by a dense collagen matrix and infiltration of fibroblast cells into the 

clot [46, 47]. Similar to fibrin, collagen is a hierarchical polymer; however, it has individual 

fibers 10–100× stiffer than fibrin [48–51]. Once fully transformed, blood clots may be 

orders of magnitude stiffer and, owing to the highly collageneous nature, comparably stiff to 

connective tissues such as ligaments or muscle [52].

2.2.2. Viscoelastic properties—Blood clots also exhibit signs of viscoelasticity. That 

is, a blood clot’s mechanical response to a deformation is time dependent and shows 

characteristics of both elastic materials, such as rubber, and viscous materials, such as 

water [20, 53] (figures 3(B) and (C)). Importantly, viscoelastic behaviors such as strain-

rate dependent stiffness, hysteresis, creep, and stress-relaxation are associated with energy 

dissipation. For example, stress-relaxation rates in blood clots increase by ~50% with strain, 

and permanent set can be ~15% [20]. This is contrasted with purely elastic materials, where 

both stress relaxation and permanent set are essentially non-existent. Viscoelasticity lends 

an ability to dissipate externally applied loads and may thus support its ability to resist 

failure—a leading cause of deadly thromboses [54]. Interestingly, viscoelasticity has also 

been recognized as a critical mediator of cell function similar to stiffness [55]. The source 

of blood clot viscoelasticity has not yet been fully identified but is likely related to either 

or both of two disparate mechanisms: (a) solid-phase viscoelasticity, and (b) poroelasticity 

[20]. The former mechanism arises from the inherent viscoelasticity of the constituents 

and likely stems from the dissipative nature of mechanical and chemical interactions in the 
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fibrin backbone and of its formed elements [56, 57]. The latter mechanism arises from the 

momentum exchange between the fluid-phase, the interstitial fluid of this highly hydrated 

material, and its solid-phase [58]. This momentum exchange follows from internal pressure 

gradients that drive fluid within the material and cause dissipative losses as fluid-phase and 

solid-phase move relative to each other.

2.3. Active contraction

Wound contraction is a critical element in the wound healing response [10, 59]. The initial 

wound contraction is driven by a blood clot’s contractile function (figure 3(D)). Both 

platelets and the fibrin polymer network apply internal tension that leads to active stress 

production and contraction [60, 61]. Platelets’ ability to contract has long been known 

and is today well understood. Specifically, platelets possess an actin-myosin contractile 

apparatus that enables production of significant forces when pulling against each other and 

against substrates, including blood clot’s fibrin network [62]. Their active function is not 

only critical to wound contraction, but also to regulation of other critical clot functions by 

changing clot stiffness, clot visoelastic properties, and (as discussed below) clot transport 

properties [63]. Interestingly, fibrin itself also contributes to clot contraction. Specifically, 

as fibrinogen polymerizes into its network form, it builds prestresses within its fibers 

[64]. Cumulatively, these stresses give rise to an internally stressed material. Fibrin-based 

prestress and contraction have also been attributed to important functions, such as aiding clot 

clearance [65]. The latter phenomenon is likely a result of strain-enhanced fibrinolysis.

2.4. Biochemical properties

2.4.1. Cell recruitment and angiogenesis—Wound healing is a diverse process, 

involving various blood cells, mesenchymal cells, skin cells, and muscle cells. The interplay 

between these cells during wound healing is regulated by the biological wound healing 

process and has been exhaustively reviewed elsewhere [66]. As blood clots are at the 

center of the wound healing process, different cell types enter and exit the clot environment 

throughout healing. Immediately following wound formation, platelets are the primary cells 

involved in the blood clot, with red blood cells being entrapped by the formation of the 

fibrin scaffold. Upon the secondary activation of platelets, via the the thrombin pathway 

described above, platelets release platelet-derived growth factor (PDGF), transforming 

growth factor-β (TGF-β), and a host of cyto- and chemokines. With platelets secreting 

so many factors, the initial blood clot environment becomes somewhat inflammatory by 

infiltration of monocytes and neutrophils to clean the wound area from bacteria and debris. 

Mast and dendritic cells also play important roles in this inflammatory phase.

Following the inflammatory phase, blood clots enter a scarring and neovascularization or 

angiogenesis phase. The formation or granulation phase is mediated primarily by fibroblasts, 

which are known to engage with the fibrin scaffold via integrin receptors. These cells 

deposit collagen that forms the basis of the longer-term tissue repair. While fibroblasts 

secrete the collagenous matrix, microvascular and endothelial cells prepare the wound site 

for neovascularization. The environment containing PDGF and fibroblast growth factor 

secreted by fibroblasts encourage endothelization of the clot and angiogenesis. During the 

angiogenesis process, other cells including smooth muscle cells and pericytes, contribute 
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to rebuilding the vessel structure. As healing progresses, epithelial cells and kerantinocytes 

eventually rebuild the dermal and epidermal layers to complete the wound healing process.

2.4.2. Mechano-chemical regulation—During the wound healing response, blood 

clots interact with several soluble blood factors and processing enzymes. Two well-studied 

enzymes are plasmin, the activated form of plasminogen that catalyzes fibrin lysis, and 

the serine protease tissue plasminogen activator (tPA), which coincidentally activates 

plasminogen [67]. The degradation of fibrin by plasmin has been studied at the single 

fiber and whole clot level, with somewhat contradictory results showing both impeded and 

accelerated lysis of fibrin under tensile deformation [64, 68, 69]. Recent data shows that 

the fibrin-tPA interaction is down-regulated by increasing tensile deformation of fibrin at 

the single fiber and hydrogel levels [70]. These studies suggest that the molecular structure 

of fibrin—at least for the strain-sensitive αC domains and the coiled-coil connectors—has 

a functional consequence for biochemistry and clot stability. In other words, a blood clot, 

through its structural constituent fibrin, can regulate enzymatic activity and control its own 

lysis during the wound healing response in which it is ultimately replaced with collagenous 

scar tissue.

The various cells within blood clots also play a role in its mechano-chemical regulation. 

Platelets and fibroblasts affect clot mechanics as fillers, similar to red blood cells; however, 

they also play an active role in blood clot remodeling. Platelet contraction stiffens blood 

clots and further regulates blood clot signaling [60, 62] while fibroblasts deposit collagen 

within the clot to promote scar formation. Both cell types interact with blood clots through 

highly specific intergrin-matrix interactions. Platelets bind to the fibrin scaffold via the 

αIIbβ3 integrin receptor that binds to multiple motifs along fibrin molecules [23]. Fibroblasts 

bind to fibrin via (αvβ3) integrins through RGD sequences [71]. Analogous to the regulation 

of remodeling enzymes, the cellular binding motifs in blood clots also exhibit mechano-

chemical regulation [72, 73]. For example, platelet binding is substantially reduced on 

strained fibrin compared to relaxed fibrin (peripherally shown by [74]), which can be 

linked to reduced integrin-fibrin interaction [70]. Thereby, blood clot biochemistry regulates 

interaction with cells, which in turn further modulates blood clot biochemistry. Interestingly, 

as the clot becomes more scar-like with increased collagen deposition over days to weeks, 

its biochemistry also changes due to increased collagen and decreased fibrin content. The 

gradual increase in collagen in the clot demonstrates that blood clot biochemical signaling is 

also temporally evolving.

2.5. Transport properties

A blood clot has also non-mechanical and non-mechano-chemical physical functions, such 

as regulating transport. Being a highly porous material with ~5% of the material being solid, 

this porosity is not only important to cell migration, but also to various transport phenomena 

that may be critical to both mechanical and mechano-chemical functions [75, 76]. Here 

we differentiate between diffusion-based transport that may be quantified by the materials 

diffusivity and advective transport along pressure gradients that may be quantified by the 

material’s hydraulic permeability [75]. Because of the very large pore sizes on the order 

of 1–5 μm, small molecule diffusivity in blood clots is close to free, or unhindered, and 
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may thus be successfully approximated by the diffusivity of water [77]. On the other hand, 

hydraulic permeability is finite and a likely critical contributor of blood clots viscoelasticity 

[20]. Importantly, both measures of transport are mechanically-sensitive. In other words, as 

clot mechanically deforms and the pore-space anisotropically collapses, transport properties 

may change in magnitude and direction [47]. In turn, this directionally-dependent change 

to transport properties may also alter blood clot’s mechanical behavior in a directionally-

dependent manner, further highlighting the complexity of blood clot mechanics and its 

coupled, multi-physical nature. Additionally, blood clots may act not only as physical 

plugs against blood leakage but also as superficial barriers to microbial invasion into the 

wound site [78]. This barrier was described as resembling bio-film. The sheet-like bio-films 

composed of fibrinogen and fibrin monomers self-assemble at the blood-air interfaces, 

resulting in Langmuir-like films. Structurally different than fibrin fiber networks, these thin 

smooth surface layers accommodate very small pores (few tens of nanometers in diameter) 

and are connected to the interior of a blood clot through fiber linkages [78, 79]. Formation 

of these layers was shown to be delayed using surfactants, leading to microbial invasion or 

out-leakages of red blood cells [80].

3. The temporo-spatial plane of blood clot function and current wound 

healing materials

3.1. The temporo-spatial plane of blood clot properties and function

Blood clots’ mechanical and biochemical properties and functions span several spatial 

scales and evolve over time [10, 59]. The temporo-spatial plane of blood clot function and 

properties is depicted in figure 4. On the smallest scale, the key property is the composition 

of a blood clot’s structural constituents. During initial formation, fibrin fibers are a blood 

clot’s structural basis and govern its mechanics [40]. As a blood clot matures, fibrin fibers 

are replaced by stiffer collagen fibers [81]. The transformation of a fibrin rich clot to a 

collageneous scar tissue, which ultimately replaces the clot, is driven by immune cells and, 

later, matrix-synthesizing cells such as fibroblasts [82, 83]. As different types of cells inhabit 

the clot, they also contribute to its mechanics. On a larger scale, a clot also provides a 

bed for sprouting blood vessels that supply the newly formed tissue at the site of injury 

[11]. Ultimately, a blood clot orchestrates an intricate interplay between spatial and temporal 

scales, between biopolymer matrix remodeling and cell infiltration, over hours to weeks. 

At the conclusion of the wound healing response, a regulated transformation of the blood 

clot results in a functional, neovascularized tissue at the wound site [10]. Many current 

wound healing materials interact with wounds at one or more of these length scales, but few 

demonstrate the temporal changes of blood clots during healing.

3.2. Current wound healing materials

Numerous materials have been investigated as topical dressings, gauzes, or sprays that 

actively or passively contribute to wound healing, see figure 5. Dozens of such materials are 

commercially marketed and used in a clinical setting, primarily for hemostasis—stabilizing 

the wound against bleeding out. Among these materials, polymeric hydrogels possess 
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several desirable properties for going beyond hemostasis by providing cues similar to those 

in the natural wound healing response.

Polymeric hydrogels are water-swollen networks with similar physicochemical properties 

to the native blood clot matrix. They have a high water content, have demonstrated good 

biocompatibility with a plethora of cell types, and can encapsulate therapeutic or antibiotic 

molecules for controlled release. In addition, several hydrogel formulations are injectable, 

which enables them to conform to irregular wound sites and access deep wounds below 

the skin [84–86]. Importantly, hydrogels may be composed of either naturally derived 

biopolymers or synthetic polymers, which enables access to a range of mechanical or 

biochemical properties by tuning the chemical composition. With regard to wound healing 

hydrogels in particular, most systems have been composed of naturally derived biopolymers, 

such as proteins and polysaccharides.

Because fibrin is a major component of blood clots, it is perhaps no surprise that fibrin 

is the most studied hydrogel platform for wound healing. Fibrin is readily available, with 

human fibrinogen and thrombin sourced from commercial vendors. Forming hydrogels 

in vitro offers control over polymerization conditions to modify hydrogel properties via 

fibrinogen, thrombin, calcium, and salt concentrations [87]. Variation in thrombin and salt 

concentrations modulate fibrin fiber thickness and therefore mechanics [88]. Fibrinogen 

concentration modulates porosity and overall gel stiffness to an even greater degree, with 

high concentrations forming very dense networks that hinder cellular infiltration (e.g. 

use as sealant). While fibrin itself possesses clear advantageous characteristics, such as 

natural biodegradability and ideal individual fiber mechanics, fibrin hydrogels alone are not 

mechanically robust enough for long term cell culture or implantation [89]. Thus, a number 

of studies have increased the robustness of fibrin by forming composites with other proteins 

or synthetic polymers, or by using covalent crosslinking methods [87].

Alternative protein-based hydrogels for wound healing include gelatin/collagen (e.g. 

Costasis) and silk fibroin. These proteinaceous materials are of interest because they are 

widely available, possess inherent biocompatibility, and have been shown to stimulate 

hemostasis by activating the coagulation cascade [90, 91]. However, gelatin on its 

own is a denatured form of collagen with poor mechanical robustness, particularly at 

body temperature, and is easily degraded by proteases. Moreover, its adhesion to wet 

surfaces is sub-optimal. Structured protein materials, such as silk fibroin, vastly improve 

mechanics yet still fall short on adhesion to wet tissues and stimulating downstream 

wound healing behaviors. To address the adhesion issue, catechol-containing molecules 

have been incorporated into protein-based hydrogels. For example, one strategy is to 

oxidize the tyrosine residues in gelatin to 3,4-dihydroxyphenol-L-alanine (DOPA) [92]. 

Another strategy is to incorporate polydopamine [93] or tannic acid [94–96], which contains 

pyrogallol and catechol groups for adhesion. These strategies have significantly increased 

wet tissue adhesion, allowing for significantly enhanced hemostasis and wound sealing.

In addition to protein-based hydrogels, polysaccharides have also been used as hemostatic 

materials. Chitosan (e.g. HemCon, TraumaStat, Vetigel), alginate, cellulose, and hyaluronic 

acid have all been used as the polymers for wound healing materials. Compared to protein-
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based materials, polysaccharides can be cheaper and are available from a broader set of 

sources, including both animals and plants. As these polymers are often polyelectrolytes, 

their electrostatic interactions can also promote activation of different parts of the 

coagulation cascade, such as erythrocyte agglutination by positively charged chitosan [97, 

98] or clotting factor recruitment by negatively charged alginate [99]. The electrostatic 

properties of the polysaccharides also lead to high water uptake, in general, which can 

then absorb much of the liquid in blood and concentrate platelets and other coagulation 

factors. In the case of alginate, the local release of CaCl2 quickly leads to polymerization 

and cross-linking, thereby enhancing function as a topical hemostat, in addition to its role in 

platelet and coagulation factor concentration [100]. Finally, many polysaccharide materials 

can be spun into nanofibers, enabling fabrication of mats or dressings that can be marketed 

for wound healing [101].

3.3. Filling the gap between current wound healing materials and blood clot

Hydrogel materials clearly offer strong potential as multifunctional materials that can 

function as hemostats, as well as additional biochemical and biophysical support to the 

wound site. However, current hydrogel wound sealants do not yet span the temporospatial 

plane of ideal blood clots. The primary limitations are: (a) providing the appropriate fibrillar 

architecture seen in fibrin-based blood clots, (b) activation of platelets, and (c) challenges 

with degradability, which can limit fibroblast infiltration or possibly lead to premature 

failure. Nevertheless, the outstanding potential to customize hydrogels with numerous 

chemical functionalities and recent work advancing synthetic hydrogel architectures make it 

very promising to design multifunctional hydrogels that better mimic a broad array of blood 

clot functions.

4. Focus on temporospatial properties of synthetic materials and the 

future of wound healing materials

Moving toward advanced wound healing materials will require special attention to 

material architecture, mechanical properties, and composition. While much of the current 

commercially available wound healing materials rely on natural polymers, ongoing 

challenges with batch-to-batch variability, immunogenicity, and limited functionality merit 

further research into synthetic materials. The majority of synthetic hydrogels, however, 

are developed from flexible polymer chains and covalent crosslinking methods, leading to 

elastic mechanical properties and mesh sizes of ~10 nm that significantly deviate from 

that of fibrillar biopolymer networks found in blood clots. Coincident with this change in 

architecture is a mismatch in viscoelastic properties compared to hydrogels composed of 

natural biopolymers, leading to decreased cell-matrix remodeling and biochemical signaling 

[89]. To address the issues of polymer architecture and mechanics, a number of innovative 

approaches have recently emerged to induce dynamic and active properties into synthetic 

polymer hydrogels, see figure 6.

4.1. Fibrillar architecture and stiffness

Recognition of the nonlinear elastic properties of tissues, including blood clots, has 

led to a number of synthetic approaches to stress-(or strain-) stiffening systems. One 
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approach involves the synthesis of semiflexible polymers, such as through self-assembly 

into rodlike micelles [102] and fibers [103], or via helical chain conformation [104]. 

For example, ethyleneglycol-functionalized polyisocyanopeptides (PICs) are semiflexible, 

helical polymers that form hydrogels upon heating past a lower critical solution 

temperature [104, 105]. Due to physical interactions such as hydrophobic effects and chain 

entanglement, these semiflexible networks exhibit stress-stiffening behavior that is highly 

tunable with polymer length, enabling high stiffness gels at low concentrations, similar to 

that seen in fibrin scaffolds of blood clots. The tunability of this platform has made it 

attractive for use as a cell scaffold for tissue engineering [106] and organoid formation 

[107]. Furthermore, recent application as a wound healing material in full thickness dorsal 

skin wounds in mice demonstrated no foreign body response and similar closure properties 

as Matrigel controls [108]. The PIC hydrogels also decreased immune cell populations in 

the wound (e.g. granulocytes including neutrophils), showing promise as barriers to foreign 

bacteria and infection. While the precise contribution of the nonlinear mechanics of these 

materials in wound healing is yet unknown, these materials offer a facile route to tune this 

parameter.

Other approaches to engineer strain-stiffening behavior in synthetic hydrogels include strain-

induced molecular aggregation and dynamic crosslinking chemistries. In the first approach, 

strain was shown to induce aggregation of specific functional groups, such as ionic 

clusters in polyelectrolyte hydrogels [109] and ‘movable’ beta-cyclodextrin crosslinkers 

in polyrotaxane hydrogels [110]. In these cases, the stiffening behavior was reversible, 

although the lifetime of the aggregates largely depended on both polymer architecture and 

charge screening conditions. In the second approach, strain was used to physically bring 

polymer chains together, enabling latent crosslinking of functional moieties within the 

hydrogel [111, 112]. This mechanism led to a permanent, rather than transient, increase in 

the storage modulus with strain, transforming the material from viscoelastic to more elastic 

in nature. This mechanism may be one way to mimic the temporal evolution in mechanics 

that occurs from early clot to more mature clot.

Bulk matrix stiffening at longer timescales has also been demonstrated with many 

other stimuli-responsive chemistries in synthetic hydrogels. For example, photo-mediated 

crosslinking can be used to increase the bulk elasticity over many stages for a gradual 

increase in stiffness [113, 114]. The use of light as a stimulus offers very high 

spatiotemporal control. In another approach, enzymes, such as tyrosinase, have also been 

used to introduce additional crosslinks and stiffen synthetic hydrogels in the presence 

of adhered cells [115]. While in situ stiffening via enzymatic crosslinking relies on 

diffusion throughout the hydrogel, advantages of this approach include enzyme substrate 

specificity and well-controlled reaction kinetics. In an example related to blood clots and 

wound healing, enzymatic crosslinking was demonstrated for poly(ethylene glycol) (PEG) 

hydrogels containing peptides specific for thrombin-activated transglutaminase factor XIII 

(FXIIIa) [116]. These specific interactions are promising for in situ stiffening of hydrogels 

in the wound healing environment. Overall, a combination of the reversible crosslinking 

for strain-stiffening behavior and irreversible stiffening mechanisms over time offer great 

potential for mimicry of changes in bulk stiffness between early clot and mature clot.
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4.2. Viscoelasticity

In contrast to strain-stiffening behavior, synthetic hydrogels have seen much recent 

activity regarding strategies to engineer viscoelastic behavior. Several dynamic crosslinking 

mechanisms have been incorporated into synthetic hydrogel networks, including guest-host 

linkages [117–119], dynamic covalent chemistry [120–123], and hydrogen bonding moieties 

[124, 125]. Because these types of bonds are amenable to exchange on a fast timescale 

(similar to that of cell-mediated forces), these synthetic networks exhibit time-dependent 

mechanics, such as stress relaxation, that is tunable over several orders of magnitude. 

Excitingly, the tunability of these viscoelastic properties has been shown to impact a number 

of biological outcomes, including stem cell differentiation [126], vasculogenesis [127], and 

extracellular matrix remodeling [128]. This toolbox of dynamic hydrogel chemistries will be 

important to shaping wound healing materials and synthetic blood clots in the future.

Like blood clots, synthetic hydrogel viscoelasticity has contributions from both solid-phase 

viscoelasticity and poroelasticity. As mentioned above, the relative contributions of solid-

phase viscoelasticity and poroelasticity to blood clot function is unknown, and it is further 

complicated by measurement techniques that span long length and time scales where these 

contributions are confounded [129]. Many recent efforts have advanced the characterization 

methods of poroelastic and viscoelastic deformation in soft synthetic hydrogels, especially 

using polyacrylamide hydrogels as a model system [130–134]. From these efforts and 

others, key differences in the poroelasticity of semiflexible biopolymer and flexible polymer 

networks have emerged. For one, it is known that the normal stress is negative in 

semiflexible bipolymer networks, such as fibrin, whereas it is positive in flexible polymer 

networks, such as polyacrylamide [135]. Further work is needed to characterize normal 

stress and poroelasticity in semiflexible, synthetic networks, such as those mentioned above, 

to examine whether they replicate the behavior of biopolymer networks. Furthermore, 

research on the poroelasticity of blood clots is an ongoing area of research [136], and an 

increased understanding of its properties will enable researchers to better design hydrogel 

systems with fluid flow timescales relevant to in vivo systems.

4.3. Composites and active properties

In addition to elastic and viscoelastic mechanical behavior, other properties of blood clots 

arise from their composite nature, especially from the presence of cells and activated 

platelets. Platelets actively contract the fibrin scaffold, ultimately guiding wound healing 

via plug formation. To boost clotting in a clinical setting, platelet transfusion has been 

used as a therapy; however, stored platelets have a limited shelf life, and donor sourcing 

inherently includes the risk of immunogenic response [137]. To address these issues, 

biomimetic platelets have been developed from a variety of synthetic materials, including 

lipid-based constructs [138], polymeric particles [139, 140], and soft microgels [141]. 

Typically, these materials are functionalized with a biological binding motif to target their 

interaction with elements in the wound site, especially fibrin. Recent research efforts have 

further focused on the deformability of these particles to mimic the shape change that 

occurs in contractile natural platelets, as well as their interaction with synthetic hydrogels. 

In one example, Brown et al functionalized low-crosslinked polymeric microgel particles 

with fibrin binding motifs (sdFvs) identified through phage display [141]. Excitingly, these 
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platelet-like particles induced fibrin network collapse in vitro and reduced bleeding times in 
vivo compared to particles without sdFvs. It is thought that the high affinity and multivalent 

display of the fibrin binding motif, coupled with the high deformability of the particle, 

enabled the clot collapse. More recent work also demonstrated that the collapse led to 

stiffening of fibrin networks in vitro, thereby encouraging fibroblast migration in early 

wound healing models [142].

In another approach to synthetic multicomponent hydrogels, Wang et al recently developed 

supramolecular, strain-stiffening hydrogels that retain their dynamic properties when 

embedded with micrometer-sized liposomes [143]. Interestingly, these networks indicated a 

higher density of fibers when higher lipid concentrations were present due to local catalysis 

of fiber formation provided by the phospholipid bilayers [144]. This strategy potentially 

enables hydrogel networks with local variation in structure that mimics that of the contracted 

blood clot, which is promising for future applications. In particular, this system provides a 

modular route to introducing functional handles on either the supramolecular fibers or the 

liposomes to engineer bioactivity in the wound healing environment.

5. Conclusion

Wound healing is a critical process to stem uncontrolled bleeding and reduce infections that 

affect millions of people each year. In many cases, natural wound healing is too slow and 

additional support is required. Natural wound healing is highly dynamic with intertwined 

physical and biochemical processes that are tightly regulated within blood clots. As such, 

mimicking the functional and material properties of blood clots are a great starting point 

for development of artificial wound healing materials. From many potential options, we find 

that hydrogel materials offer an attractive combination of dynamically tunable biochemical 

functionality, mechanics, and biocompatibility that maps well onto the temporospatial 

plane of blood clots. We believe that future hydrogel materials designed to mimic blood 

clot biochemistry, mechanics, and architecture can be combined with exciting platelet-like 

particles to serve as hemostats and also promote the biological wound healing response.
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Figure 1. 
The diverse and multi-fold roles of blood clots. Among them, (A) blood clots occlude the 

initial wound site to stop hemorrhage. Additionally, blood clot constituents, such as platelets, 

release chemokines that attract immune cells. (B) As wound healing progresses, blood clots 

also provide a substrate for migrating matrix-synthesizing cells to infiltrate the clot and 

remodel the clot’s fibrin mesh with collagen. (C) Eventually, the blood clot is replaced by 

the repaired tissue. Reprinted by permission from Springer Nature Customer Service Centre 

GmbH: Springer Nature, Pediatric Research [10], Copyright © 2013, International Pediatric 

Research Foundation, Inc.
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Figure 2. 
Blood clots are biocomposites in which platelets and red blood cells are entrapped in 

a semi-flexible biopolymer network of fibrin fibers. The fibrin network arises following 

a complex cascade of reactions among coagulation factors that lead to (A) cleavage of 

fibrinogen into fibrin, (B) the assembly of cross-linked fibrin molecules into fibers, and (C) 

network formation that entraps red blood cells and other blood-borne elements. Scale bar is 

10 μm. Republished with permission of American Society of Hematology Publications, from 

[19], 2016; permission conveyed through Copyright Clearance Center, Inc..
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Figure 3. 
Blood clots show highly nonlinear, time-dependent mechanics. (A) Strain-stiffening 

behavior that evolves during thrombus maturation with more mature thrombus being stiffer, 

((B) and (C)) viscoelastic behavior, including stress-relaxation and creep, hysteresis, and set, 

and finally (D) active stress due to platelet activity and fibrin contraction.

Rausch et al. Page 20

Prog Biomed Eng (Bristol). Author manuscript; available in PMC 2022 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
During wound healing a blood clot performs diverse roles that span multiple orders of 

spatial and temporal scales. Among them, a blood clot provides a fibrinous and—in the 

course of maturation—collageneous scaffold that acts as a substrate for immune and 

matrix-synthesizing cells as well as a bed for newly sprouting blood vessels. Finally, a 

blood clot evolves into scar tissue that seals the injury site upon conclusion of the wound 

healing response. Reprinted by permission from Springer Nature Customer Service Centre 

GmbH: Springer Nature, Pediatric Research [10], Copyright © 2013, International Pediatric 

Research Foundation, Inc.
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Figure 5. 
Wound healing hydrogels offer the potential for mimicking blood clots, bridging the gap 

between synthetic and natural materials.
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Figure 6. 
Synthetic hydrogels can mimic the properties of blood clots through the use of structural, 

chemical, and biological strategies. These strategies include the use of semiflexible 

polymers to induce strain-stiffening behavior, dynamic crosslinks to elicit viscoelasticity, 

and inclusion of synthetic platelets to generate active contraction.
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