
ABSTRACT 
 

CHEE EUNICE Enhancing Biomimetic Function of Platelet-Like Particles. (Under direction of 
Dr. Ashley Brown) 
 

Platelets hold crucial functions in the process of wound healing and immune responses. 

To achieve these functions, platelets travel in the vascular system in a rounded inactive state until 

they arrive at an injury site where they, subsequently, change morphology into a stellate shape 

and bind to various clotting components. Platelets bind to fibrinogen, generate thrombin on their 

surface, and enhance fibrin clot formation. Over time, platelets can then activate myosin 

machinery and pull fibrin fibers in to condense clots, thus inducing the process of clot retraction, 

which contributes to clot stability and healing. However, these processes can become 

compromised when platelets become depleted, such as in cases of traumatic bleeding. To address 

issues associated with platelet depletion, many platelet-mimetic products have been developed 

previously throughout the biomedical field but have been focused primarily on recapitulating the 

hemostatic activity of platelets. In contrast, our group has developed platelet-like particles 

(PLPs) that are capable of not only mimicking the shape and hemostatic abilities, but also the 

clot retraction function of natural platelets.  

Despite these promising properties, PLPs still have some capacities that could be 

improved to improve their platelet-mimetic nature. PLPs consist of a highly deformable microgel 

coupled to a fibrin targeting motif (such as an antibody or peptide). However, unlike natural 

platelets, PLPs lack any antimicrobial function. Additionally, unlike natural platelets, current 

PLP formulations do not conditionally change shape in response to injury stimuli, but rather, 

only mimic activated platelet morphology. As a result, there is a need to investigate and develop 

alternative PLP formulations with enhanced functions. Thus, the purpose of the works described 

in this dissertation were to: 1) develop a PLP with antimicrobial capabilities and 2) develop PLPs 



with wound-triggered shape changing capability. Additionally, this dissertation also explores 

long-term stability of the resulting enhanced function PLPs. 
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CHAPTER 1 

Introduction to Platelet Function in Wound Healing and Hemostasis and Overview of 

Platelet-Mimetic Materials and Biomimetic Antimicrobial Strategies 

 

1.1 Platelet Function and Significance 

Platelets are crucial to the wound healing process and are also involved in the response to 

pathogens, such as bacteria, working to both coordinate leukocytes and directly disrupt bacteria 

viability via production of antimicrobial peptides 3. Platelets achieve their functions through a 

number of mechanisms including changing shape upon activation, exposing fibrin(ogen) 

receptors on their surfaces, binding to fibrin(ogen) at the wound site and promoting clot 

formation, and inducing clot retraction.  

In the absence of injury, platelets will remain in a rounded inactive state. This shape 

facilitates the movement of platelets to vessel wall for adhesion to blood vessel walls, or 

margination. When injury occurs, margination allows platelets to approach and bind to injury 

sites and drive hemostasis through aggregation and promotion of fibrin formation. In the 

presence of coagulation factors, platelets undergo activation, activate cell surface receptors that 

bind to fibrin and undergo significant shape change, mediating the hemostasis process.  

Hemostasis occurs through both primary and secondary hemostasis. During primary 

hemostasis 4, platelets aggregate and form a platelet plug to initially staunch bleeding. In 

secondary hemostasis, a fibrin clot forms that further contributes to cessation of bleeding. 

Additionally, the firm clot that forms serves as a provisional scaffold for later tissue repair. In 

this phase, thrombin generation on the platelet surface promotes rapid conversion of fibrinogen 

to fibrin. On a longer time-scale (i.e. hours after injury), platelets can also induce a process 
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known as clot retraction where they engage actin-myosin machinery to collapse or retract clots. 

Platelets bind to fibrin by using surface receptors (particularly integrin α2bβ3) that gain high 

binding affinity when platelets are activated and change shape. While in an activated state, 

platelets generate contractile forces in their actin-myosin cytoskeleton which get transferred to 

fibrin fibers through surface receptors and leads to platelets actively pulling and shortening fibrin 

fibers. As this process gets repeated, the fibrin becomes bundled where the platelet is and pulls in 

more fibers which leads to a summative response of bulk clot retraction across multiple platelets. 

5-7 There has been much interest in better understanding the physiological role of clot retraction. 

Recent evidence suggests that clot retraction contributes to wound healing by increases clot 

stability 8,9. Additionally, the condensed clot has higher stiffness, which can durotactically guide 

cells into the wound bed and enhance consequential healing 10. Furthermore, the condensed clot 

size also allows for increased blood flow to the injured tissue. 4 

 

Figure 1.1 Schematic of clot retraction process. In clots formed at injury sites, platelets will 

bind to fibrin, activate their actin-myosin machinery and change shape. Through this process, 

platelets pull fibrin together to create a more condensed clot structure, resulting in higher 

stiffness and smaller clot size. Due to the higher stiffness of the condensed clot, cells migrate 

into the injury site by durotaxis. 
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Platelets can also partake in the immune response and participate in the immune response 

both indirectly and directly. The indirect participation of platelets in the immune response comes 

from directing many immune cell types, including neutrophils and monocytes, to aggregate 

around pathogens. Platelets can also directly partake in fighting infection by binding to bacteria 

and releasing antimicrobial compounds 3 

Platelets hold incredibly important functions to natural hemostasis, wound healing, and 

immune response. However, these functions can become compromised when platelets become 

depleted in certain situations, such as in traumatic bleeding, which remains the leading cause of 

death for people under the age of 45, in sepsis and infection, or in other conditions where 

hemostasis or platelet function is inhibited and contributes to impaired healing such as diabetes, 

or hereditary disorders (e.g.: von willebrand disease, hemophilia) 11-14. Depletion of platelets can 

lead to unfavorable outcomes including decreased quality in healing, increased presence of 

viable bacteria in the blood (bacteremia), increased tissue damage and increased mortality 11,15. 

As such, there is a great clinical need to address problems associated with platelet depletion. 

1.2 Platelet Mimetic Strategies and Materials 

To address clinical issues that result from platelet depletion, several platelet-mimetic 

strategies have been developed including natural platelet derived strategies, artificial platelets, 

and cloaking and active targeting drug delivery. Natural platelet derived strategies, such as 

platelet transfusion or lyophilized platelets, are based around creating derived substances from 

natural platelets. Platelet transfusion entails the use of allogenic platelets from an alternate 

source. Since platelet transfusions consist of natural platelets, all important functions and 

biologic compatibility is retained. However, they have extremely short shelf life (lasting up to 7 

days at most), do not fully retain efficacy, and have immunogenicity issues due to not being 



   

4 
 

sourced from the patient. 4,16Additionally, the availability of platelets is limited due to there 

being a lack of platelet donors. To address this issue, lyophilized platelets have been utilized. 

While storing in a lyophilized form increases the shelf life, lyophilized platelets were found to 

have short circulation time before clearance 17. In addition, lyophilization does not remove the 

immunogenicity issues associated with allogenic platelets and can potentially lead to aggregation 

in the spleen 4,17,18. 

Artificial platelets have also been investigated and tend to consist of particles or polymers 

coupled to bioactive motifs such as RGD peptides or antibodies that bind to platelets or 

coagulation factors. This design allows for reduced immunogenicity in comparison to the use of 

allogenic platelets. Additionally, artificial platelets have longer shelf lives and are easier to scale 

up, manufacture and tune. However, artificial platelets can have low clearance from 

physiological systems and do not recapitulate multiple platelet functions. 4 Many formulations of 

artificial platelets are focused on one aspect between mimicking shape, or mechanical properties.  

Synthetic platelets developed by Mitragotri’s group mimic the shape, size and flexibility of 

platelets by creating discoid particles. These discoid particles were created by stretching platelet-

size matched particles into discoid shape, depositing proteins and polyelectrolytes in a layer by 

layer process with crosslinking of protein layers, and then finally removing the encased particle. 

These particles are capable of mimicking the mechanical stretching of natural platelets and were 

designed to target platelet thrombi by binding to GP1bα 19. Another notable example of synthetic 

platelets is Synthoplate, developed by Sen Gupta’s group, which consists of liposomes with 

binding motifs that target primary hemostasis markers (von Willebrand factor and collagen in 

particular) and mimic platelet hemostasis with demonstrated in vivo efficacy 20. The Lavik group 

has also developed a synthetic platelet consisting of a poly(lactic-co-glycolic acid)-poly-L-lysine 
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(PLGA-PLL) main particle conjugated to polyethylene glycol (PEG) arms with RGD peptide 

ends. It was observed that these synthetic platelets can adhere to platelets, bind to clots and, 

mimic the hemostatic ability of platelets with significantly lower in vivo bleeding time 21. 

Overall, many synthetic platelets are focused around mimicking the binding behaviors of 

platelets and their hemostatic ability. 

Cloaking and active targeting drug delivery strategies have also been developed and consist 

of coupling drug delivery vessels to platelet binding motifs or platelet membranes. This type of 

strategy leads to increased targeting of drug delivery with less severe immune response than drug 

delivery without cloaking as well as improved circulation time 22. However, cloaking strategies 

require the extraction of components from pre-existing platelets, which are not readily available. 

4  

1.3 Ultra-Low Crosslinking (ULC) Microgel Platelet-like Particles 

 

Figure 1.2: Composition of a platelet like particle (PLP). PLPs consist of a highly deformable 

microgel body coupled to a fibrin targeting motif on the acrylic acid co-polymer groups. 

To address the issue of platelet depletion, our group has developed platelet-like particles 

(PLPs). As illustrated in Figure 1.2, PLPs consist of a highly deformable ultra-low crosslinking 

(ULC) microgel coupled to a fibrin-targeting antibody and can mimic platelets’ ability to bind to 

fibrin, deform, and then retract clots. 23 This feature is thanks to the high deformability of the 

ULC and the high fibrin affinity of the fibrin-targeting antibody. To induce clot retraction, PLPs 



   

6 
 

bind to fibrin fibers and then deform and spread between bound fibers. Eventually, the microgel 

body will then return to a more energetically favorable state (its normally spherical morphology) 

and exert strain on the fibers it is bound to in the process. As a result of this strain, a 

microcollapse of the clot occurs. As this process occurs with multiple PLPs within the clot, 

eventually a bulk clot collapse is achieved. 23,24 In order for this process to occur, fibrin binding 

affinity must be high and the particle must highly deformable to achieve particle bridging of 

multiple fibrin fibers within the clot. If particle deformablity is decreased, for example through 

increased microgel crosslinking, or if the particle does not bind fibrin, PLP-mediated clot 

retraction is lost. This clot retraction is similar to natural platelet retraction as natural platelets 

will also bind to fibrin fibers, exert strain on fibers to induce a microcollapse that also results in a 

summative response of bulk clot retraction. 5 Despite these similarities, PLP clot retraction 

operates in a more passive manner relying on the microgel body to return to a base state as 

opposed to actively extending projections from the body like natural platelets. 5-7 Work in our 

group suggests that this clot retraction ability allows the PLPs to stabilize clots, increase clot 

stiffness and enhance cell migration by durotactic mechanisms. 8,10 This design additionally 

allows for PLPs to target sites of injury and enhance hemostasis in vitro and in vivo. While 

promising as a hemostatic and wound healing agent, PLPs still lack the ability to mimic some 

functions that are key to natural platelet function. In particular, PLPs, as is, are unable to fight 

infection or change shape conditionally. Both of these capacities are important functions of 

natural platelets. 3 

1.4 Antimicrobial Biomaterials 

Drug resistant bacteria have become an ever-growing problem in clinics, affecting at least 2.8 

million individuals annually 25. Notable drug resistant strains include Methicillin-resistant 
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Staphylococcus aureus (MRSA) and drug -resistant Streptococcus pneumoniae, which led to 

about 323,000 infections and 900,000 infections in 2019 25. To combat infection by drug 

resistant variants, many material strategies have been investigated, ranging from delivery of 

alternative antimicrobial agents, such as antimicrobial peptides and nanometals, to modifying 

surfaces that known to be antimicrobial, such as insect wing surfaces and shark skin.  

Current antimicrobial strategies include molecularly based strategies, biopolymers, and 

antimicrobial derived substances. Molecular strategies include the use of nanometals, 

antimicrobial peptides (AMPs), and bacteriophages, which are viruses that are directed to target 

bacteria. Biopolymer strategies are focused around modifying polymeric materials to bestow 

antimicrobial activity, including direct modification of molecular structure, incorporation of 

materials to induce migration of immune cells, or even the incorporation of antimicrobial 

substances. Antimicrobial derived substances refer to substances that are derived from naturally 

antimicrobial materials, such as platelet rich plasma (PRP) and essential oils. 26 

While these strategies provide alternatives to commonly used clinical drugs, there are some 

notable problems. Among molecular based strategies, nanometals and AMPs are frequently 

associated with high toxicity, be it toxic effects from direct interaction with these molecules or 

toxic byproducts from production methods. Additionally, AMPs have low in vivo efficacy and 

can be difficult to scale up. While bacteriophages have lower toxicity, bacteria have been 

recorded to develop resistance to them 27,28. Biopolymer strategies can face similar issues as 

nanometals and AMPs due to residue of harsh reagents in synthesis methods. For derived 

substances, acquiring them can come with significant obstacle such as regulatory barriers for 

PRP or requirement of very specific fabrication process setups for Essential oils. Additionally, 

for PRP, antimicrobial efficacy can vary significantly 29. 
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Many biomimetic materials seek to address these issues, including investigating less harsh 

synthesis methods of nanometals, or incorporation of AMPs and nanometals into delivery 

vehicles. However, there are concerns that incorporation into other materials results in masking 

interaction surface area, leading to decreased efficacy compared to molecules alone. For 

bacteriophages, alternative functionalization has been investigated to enhance antimicrobial 

ability or biocompatibility, but the production methods require lots of time with low yields. 

Interestingly, there have also been more macroscale biomimetic approaches that work towards 

patterning materials with surface geometry mimicking those in animals to create antimicrobial 

surfaces, although these materials are not for internal physiological use 26. 

1.5 Incorporation of Antimicrobial Materials into Microgels 

While these antimicrobial materials do indeed affect drug resistant bacteria, it is also 

important to consider the ease of incorporation into pNIPAm microgels for the sake of 

developing an antimicrobial PLP. To make antimicrobial pNIPAm microgels, many methods 

incorporate nanometals or load the microgels with antimicrobial peptides (AMPs). Incorporation 

of nanometal is achieved through several different methods and has been utilized in many 

different constructions as well (e.g.: nanometal distributed throughout microgel, microgel shell 

with nanometal core, etc.). AMP incorporation is primarily achieved through loading. 

Nanometal incorporation into pNIPAm microgels has been well documented in literature, 

with a variety of methods. These methods can be categorized into 3 main process characteristics: 

1) nanometal seeding throughout microgel network, 2) encapsulation around nanometal particles, 

and 3) physical mixing or breathing in of nanometal particles. Nanometal seeding throughout 

microgel network entails allowing a metal ion dispersion to be loaded into microgels (where then 

the metal ions seep into crevices between polymer chains) and then conducting in situ reduction 
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with use of a reducing agent (e.g.: sodium borohydride for nanosilver fabrication) This type of 

method results in covalently bound nanometal particles that are distributed throughout the 

microgel. 30-32 Encapsulation around nanometal particles entails polymerizing microgels in the 

presence of an already prepared solution of nanometal particles, leading to the formation of 

microgel shells around nanometal particles. The composite nanometal microgels that result from 

these synthesis methods are assemblies with a nanometal core and microgel shell. 31-34 Physical 

mixing or breathing in of nanometal entails taking solutions of microgels and nanometals and 

allowing them to mix. This method type results in a composite microgel that has nanometal 

particles distributed throughout the microgel body but are not covalently bound. These 

nanometal composite microgels have also been reported to strongly retain incorporated 

nanometals. 35,36 Outside of these methods, microgels with surface-adhered nanometal rods have 

also been reported. 31,37 However, since nanometal rods physically cover the microgel surface, 

there is great potential for the nanorods to significantly interfere with the antibody targeting 

coupling process that is required for the work described herein. 

Overall, nanometal composite microgels have been reported to retain many of the chemical 

properties of the polymers they have been incorporated into (e.g.: pH sensitivity, temperature 

sensitivity) while also gaining the associated properties of the incorporated nanometal (e.g.: 

antimicrobial activity for silver, optical properties). Applications of these nanometal composite 

microgels have been primarily focused on use for outside of the body such as for antifouling 

coatings, catalytic activity, detection of toxic substances, and optical applications. Additionally, 

it also notable that different microgel morphologies lead to differences in the ability of the 

microgels to serve as microreactors for the general synthesis of nanometal particles (i.e.: hollow 
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particles are considered better microreactors because the hollow morphology allows for larger 

reaction surface area for reduction of silver ions into nanosilver particles). 32,34,37,38 

The majority of incorporation of antimicrobial peptides into microgels consists of loading the 

AMPs into the microgels. 39-45 In these works, the microgel ultimately serves a delivery vehicle 

for AMPs. However, the main limitation of this incorporation is that the antimicrobial activity is 

only present until the loaded AMPs have all been released. In other words, microgels that have 

antimicrobial peptides incorporated by such methods cannot remain antimicrobial for an 

extended period of time. Additionally, work by Nyström et al demonstrated that although there is 

a way to surface conjugate AMPs onto microgels, the mechanism of antimicrobial activity can 

change depending on ionic presence in the environment. It was reported that at lower ionic 

presence, antimicrobial activity is based on contact, but at higher ionic presence the 

antimicrobial activity is based on release of AMPs instead. 46 Although this work was conducted 

in microgel layers, this difference of antimicrobial activity mechanism is still important to 

consider as it indicates that antimicrobial activity will ultimately be lost depending on the point 

of application. Additionally, it has been reported that composite microgels including AMPs still 

retain the associated toxicity. 47It is also notable that outside of AMP delivery, the majority of 

applications for AMP incorporated microgels have been as surfaces/coatings. 47-49 

Thus, an antimicrobial PLP formulation that has nanometal incorporation made the most 

sense for this project. Nanometal incorporation methods are well-documented in literature, 

simple to conduct, and typically lead to highly stable nanometal composite microgels, meaning 

that the nanometal is not easily released and thus antimicrobial activity is retained for longer 

duration. In particular, methods that incorporate the nanometal throughout the microgel body 

were appealing for an antimicrobial PLP since these incorporation methods would not 



   

11 
 

significantly interfere with coupling of fibrin targeting motifs to the AAc groups of the microgel 

body. 

1.6 Previous Work Towards Development of Antimicrobial PLPs 

To develop antimicrobial PLPs, our group has previously developed nanogold composite 

PLPs. Two different types of nanogold composite PLPs were created based on different 

nanogold coupling types: non-covalently attached nanogold and covalently attached nanogold. 

Non-covalently attached nanogold composite microgels (ncNGCs) were created by resuspending 

poly-N-Isopropylacrylamide (pNIPAm) microgels in gold nanosphere solutions and allowing the 

microgels to “breathe in” the nanospheres. Covalently attached nanogold composite microgels 

(cNGCs) were created by tetra(hydroxymethyl)phosphonium chloride (THPC) mediated 

chemistry where nanogold was seeded on the microgels and then grown in size.  

It was determined that the inclusion of nanogold did not significantly affect the PLP 

properties of the ncNGCs and cNGCs, with these composite nanogold microgels showing little 

difference in microgel size and clot retraction ability. Additionally, for the cNGCs an 

antimicrobial effect was detected, but it was not statistically significant 36. Thus, the work of this 

dissertation sought to build up and optimize the antimicrobial activity for development of a 

different formulation of antimicrobial PLP using the results observed with nanogold composite 

PLPs as a foundation. In particular, based on the findings of cNGCs having better antimicrobial 

activity, this dissertation sought to make a formulation based on using a different nanometal that 

is also covalently incorporated. 

1.7 Previous Work Towards Development of Shape Changing PLPs 

Previously, our group has investigated creation of a shape changing PLP using a core-shell 

design. The core consisted of N-isopropylmethacrylamide (NIPMAm) crosslinked with N,N’-
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(1,2-Dihydroxyethylene)bisacrylamide (DHEBA) and the shell consisted of a 2% BIS 

crosslinked shell. NIPMAm was selected as it is known to have little self-crosslinking, which 

means that a degradable NIPMAm particle will fully degrade. The inclusion of DHEBA makes it 

so that the NIPMAm core particle is degradable in the presence of sodium periodate.  

The resulting core/shell (C/S) particle is nondeformable and rounded like an inactive platelet. 

After the core is degraded, a hollow particle is left behind. This hollow particle exhibits similar 

deformability to ULCs and similar morphology to activated platelets. It was also found that C/S-

PLPs did not induce significant clot retraction while hollow-PLPs did. Additionally, following 

exposure to sodium periodate, the degraded C/S-PLPs were found to have retracted clots, 

demonstrating potential for triggered shape change. Furthermore, it was found that when applied 

to a full thickness dermal injury model, the stiff C/S-PLPs did not significantly improve wound 

healing outcomes while the deformable hollow-PLPs did 50. These outcomes demonstrate the 

effect of the changing deformability of C/S-PLPs. The work of this dissertation sought to build 

upon the results of this work and create a shape changing PLP that degrades in the presence of 

thrombin, a more physiologically relevant molecule. 
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CHAPTER 2 

Objectives 

Platelets hold a crucial role in the wound healing process. Normally, platelets circulate 

throughout the body in an in active rounded state. Upon injury, platelets will become activated, 

taking on a stellate shape and displaying fibrin binding cell surface receptors. In this activated 

state, platelets are able to interact and bind with fibrin fibers in developing clots. However, when 

depleted, these functions are diminished. The focus of this work is the development of synthetic 

platelet-like-particles (PLPs) that can be used to replace and/or augment platelet function in 

situations of platelet depletion. 

While previous designs of PLPs can recapitulate important platelet functions of 

hemostasis and clot retraction, many features of native platelets remain to be realized.1 In 

particular, PLPs are not antimicrobial and do not have the ability to change morphology and 

deformability in response to injury stimuli. Thus, the long-term goal of this proposal is to 

develop next generation PLPs that better recapitulate platelet function. In order to bestow 

antimicrobial activity, nanosilver incorporation into PLPs was investigated. Additionally, 1st 

generation PLPs created from deformable ULCs display morphology mimicking activated 

platelets.3,4 However, native platelets conditionally undergo a shape change following exposure 

to coagulation factors. Preliminary data demonstrates that nondeformable particles allow for 

better margination and clotting under high shear. Therefore, having a particle that can change 

deformability in response to injury could be beneficial. To create a PLP that better mimics 

natural platelet morphology, a shape-shifting architecture was designed to allow PLPs to retain a 

rounded morphology that is stiff until they come into contact with thrombin generated at wound 

sites.  
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The overarching hypothesis of this thesis is that the addition of a) nanosilver or b) 

wound-triggered shape change to PLPs will result in more platelet-mimetic particles without 

diminishing previously realized platelet-mimetic functions of hemostatic action, clot retraction, 

and enhanced healing. This thesis is divided into 2 specific aims with 2 subaims each: 1) to 

develop an antimicrobial PLP via nanosilver incorporation and 1a) evaluate its in vitro properties 

and 1b) in vivo performance in both absence and presence of bacterial infection (Chapter 3). 2) 

to develop a PLP with architectures facilitating wound triggered shape change and 2a) evaluate 

its in vitro properties, 2b) its in vivo performance (Chapter 4). Completion of these studies 

represents enhancement of functionality of an already promising platform of hemostatic and 

wound healing materials with wide range of impact for significant clinical issues. 
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CHAPTER 3 

Nanosilver Composite pNIPAm Microgels for the Development of Antimicrobial Platelet-

Like Particles 

 

The goal of the studies outlined in this chapter was to demonstrate the antimicrobial 

capability of modified ULC-PLP technology. While the promise of ULC-based PLPs has been 

previously demonstrated 10, they lack several important of functions of native platelets, including 

the ability to fight off pathogens. In order to bestow antimicrobial capability to ULC-PLPs, 

nanosilver was incorporated into the ULC body by in situ reduction of silver ions. The influence 

of nanosilver incorporation on associated PLP performance was then evaluated. We were able to 

demonstrate that the nanosilver incorporation had little to no effects on previously demonstrated 

PLP hemostatic performance. Additionally, significantly reduced bacterial presence was 

observed in vitro and in vivo, and, thus, demonstrated that the ULC-PLP technology was 

successfully modified to include antimicrobial activity. 

The work described in this chapter has been previously published in Journal of 

Biomedical Materials Research Part B: Applied Biomaterials: Chee E, Nandi S, Nellenbach K, 

Mihalko E, Snider DB, Morrill L, Bond A, Sproul E, Sollinger J, Cruse G, Hoffman M. 

Nanosilver composite pNIPAm microgels for the development of antimicrobial platelet-like 

particles. Journal of Biomedical Materials Research Part B: Applied Biomaterials. 2020 

Aug;108(6):2599-609. 

3.1 Introduction 

Platelets are crucial to the wound healing process but can become depleted in traumatic 

injury or chronic wounds. Under normal conditions, platelets are able to bind to fibrin to promote 
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hemostasis and, over time, platelets engage their actin-myosin machinery to induce clot collapse 

through a process known as clot retraction. Beyond their role in hemostasis, platelets play 

important roles in promoting downstream healing through a variety of mechanisms including clot 

retraction and release of cytokines, growth factors, and antimicrobial agents 4 . Clot retraction 

leads to increased fibrin density, stabilization of the fibrin network, decreased external 

fibrinolysis and encourages cellular migration into wound beds 8. Additionally, platelets fight off 

bacterial infection by both direct and indirect methods. Platelets themselves are capable of 

secreting naturally antimicrobial substances, including antimicrobial peptides, to directly disrupt 

bacterial membranes 3. Platelets also bind to leukocytes and activate them towards infection 

combat 3 . 

To address the issue of platelet depletion following trauma, our group has previously 

developed platelet-like particles (PLPs). PLPs consist of a highly deformable ultralow 

crosslinked microgel (ULC) conjugated to a fibrin targeting antibody. The combination of high 

microgel deformability with the high affinity to fibrin allows PLPs to recapitulate the natural 

platelet ability to enhance fibrin formation and, following clot formation, induce clot retraction. 

PLP fibrin binding enhances clot formation by stabilizing nascent clot formation and acting as 

nucleation sites for further polymer growth, without biochemically producing fibrin or 

coagulation factors themselves 23. Clot retraction results in an increase in fibrin density, a 

decrease in overall clot size, increased clot stiffness, and increased clot stability. While PLP 

enhancement of clot formation is due only to the fibrin binding capability of the particles, PLP-

mediated clot retraction is dependent on both fibrin-binding and a high degree of particle 

deformability 23; while both highly crosslinked and ultralow crosslinked fibrin binding microgels 

enhance fibrin formation, only ultralow crosslinked fibrin binding microgels promote clot 
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retraction. We have previously shown that the unique clot retraction feature of the ultralow 

crosslinked fibrin binding particles enhances wound healing after cessation of bleeding. Previous 

work in our group demonstrates that this increased clot stiffness allows for enhanced healing by 

promoting durotaxis and enhanced cell infiltration into wound sites 10. However, while natural 

platelets have antimicrobial activity, the base PLP design does not. Thus, the objective of this 

project is to incorporate antimicrobial metals into the base PLP design to bestow antimicrobial 

activity. 

Incorporation of silver is a widely-used strategy for bestowing antimicrobial activity to 

biomaterials 51. Most notably, silver is highly regarded for its ability to target a range of 

pathogenic organisms including a wide variety of species of bacteria, fungi and prokaryotes 52. 

However, it is also known for having highly cytotoxic effects in high concentrations, especially 

in the form of ions or in bulk metal 53-55. To circumvent these effects, nanosilver has been 

utilized to reduce the overall amount of silver used while increasing the surface area for 

interaction with bacteria. Therefore, nanosilver is a promising candidate for bestowing 

antimicrobial activity to PLPs as they have both been previously reported in literature as having 

antimicrobial activity without high in vivo toxicity when compared with their bulk metal 

counterparts 56. In addition, nanosilver is able to disrupt bacterial metabolic processes by direct 

contact, which also allows for combat of infection by drug-resistant strains 56-58. Indeed, 

nanosilver has been incorporated into many different materials to ward off infection by drug 

resistant bacteria including catheters and wound coverings for enhanced wound healing 57-59. 

Additionally, incorporation of nanosilver into microgels has been previously investigated. 

However, these previous reports were targeted towards more chemically based applications such 

as catalytic enhancement or sensing of hydrogen peroxide 30,60. Thus, the objective of these 
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studies was to combine PLPs with nanosilver to develop antimicrobial nanosilver microgel 

composites, while maintaining particle deformability to preserve PLP-mediated clot retraction. 

To that end, we fabricated nanosilver composite microgel PLPs and investigated particle 

deformability, clot retraction, antimicrobial activity, hemostasis after trauma, and healing after 

injury. These outcomes were evaluated via atomic force microscopy (AFM), confocal 

microscopy, colony forming unit (CFU) assays, a murine liver trauma model, and a murine full-

thickness injury model in the absence or presence of infection, respectively. 

3.2 Materials and Methods: 

3.2.1 Composite Nanosilver ULC Microgel and PLP Synthesis 

Ultralow crosslinked microgels (ULCs) were synthesized via a precipitation 

polymerization reaction of 100 mL of 140 mM monomer solution with 90% Poly(N-

isopropylacrylamide) (NIPAm) and 10% Acrylic Acid (AAc). ULCs refer to the base microgel 

particle prior to incorporation with nanosilver and conjugation to fibrin-targeting antibody. Prior 

to the reaction, the solution was filtered using a 0.2 m filter. AAc was added 10 min prior to 

initiation with 1 mM ammonium persulfate (APS) and then reacted for 6 hrs with nitrogen flux at 

70C. The end product was cooled overnight. For purification, the product mixture was first 

filtered through glass wool and then dialysis was performed using 1000 kDa tubing for 3 days 

with daily buffer changes. The solution was then lyophilized and resuspended in assay specific 

buffers for individual assays. To covalently attach nanosilver to ULCs, an in situ reduction 

procedure adapted from Liu et al. was used resulting in nanosilver conjugation to the amide 

groups of NIPAm 30. 5 mL of 0.01 M AgNO3 was added to 100 mL of 3.5 mg/mL purified ULCs 

and stirred. Under nitrogen purge, 0.16 M of NaBH4 was added as a reducing agent and reacted 

for 10 min. The suspension was then purified by centrifugation and washed with ultrapure water 
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three times. To create PLPs, a sheep anti-fibrin Fragment E polyclonal antibody was coupled to 

the AAc groups of the ULCs or Ag-ULCs via EDC/NHS chemistry. PLPs refer to the products 

of the coupling of ULCs and fragment E antibody. PLPs were purified via dialysis against diH20 

using 1000 kDa dialysis tubing for 3 days with daily buffer changes. Particles were then 

concentrated via centrifugation. The products of Ag-ULC coupling are referred to as Ag-PLPs. 

3.2.2 Analysis of Nanosilver Incorporation 

Nanosilver incorporation into ULC microgels was analyzed via Transmission Electron 

Microscopy (TEM). Samples were prepared by dipping TEM grids into a 0.02 mg/mL 

suspension of microgel sample (ULC or Ag-ULC). The TEM grid was left in the microgel 

solution overnight and then allowed to air-dry for 24 hrs. All TEM imaging was conducted on a 

JEOL 2000fx TEM at 200 kV and 8000x magnification. Average nanosilver particles per 

microgel were obtained via manual counting. 

3.2.3 Analysis of Microgel Deformability  

Microgel hydrodynamic radius was determined by dynamic light scattering (DLS) and 

then compared to measurements of microgel spreading onto glass surfaces as determined via 

atomic force microscopy (AFM). To prepare microgel samples for DLS, microgel suspensions 

were diluted in 10 mM formate at pH 3.0; size was determined from 5 measurements of 30 sec 

intervals on a Malvern Zetasizer Nano S. For AFM, 100 L of microgel samples were deposited 

onto cleaned cover glass and allowed to air dry overnight. Cover glass was cleaned by sonicating 

for 10 min via sequential cleaning with Alconox, deionized water, acetone, ethanol (200 proof), 

and isopropyl alcohol. Air topography imaging was then conducted on an MFP 3D Bio AFM 

(Asylum). Topography images and height trace data collected from AFM was then analyzed in 

ImageJ for particle height and diameter for 30 microgels per group. 
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3.2.4 Analysis of Antimicrobial Activity  

To evaluate antimicrobial activity, relevant species of gram-positive (Staphylococcus 

aureus) and gram-negative (Escherichia coli) bacteria were cultured in the presence of ULCs, 

Ag-ULCs, or ampicillin. Escherichia coli (E. coli) Penicillin G and oxacillin-resistant FDA strain 

Seattle 1946 and Staphylococcus aureus (S. aureus) methicillin and oxacillin-resistant strain F-

182 were obtained from ATCC. 200 L of treatment (ULCs, Ag ULCs, ampicillin, control 

Mueller-Hinton broth) was added to 200 L of 105 CFU/mL culture and cultured for 24 hrs at 37 

°C with shaking at 180 rpm 36,61. Microgel suspensions were added at 10 mg/mL and ampicillin 

was added at 100 g/mL. Aliquots were taken from the bacteria culture at t = 0, 3, 6, 12, and 24 

hrs. Aliquots were then deposited and spread onto Mueller-Hinton agar plates and incubated for 

12-16 hrs at 37 °C in a humidified incubator. Resulting colonies were counted to quantify the 

number of bacteria present in each time point aliquot. This assay is based on previous work in 

our group with nanogold. 36 

3.2.5 Analysis of Anti-fibrin Fragment E Antibody per Ag-PLP Particle Content 

To determine the amount of anti-fibrin Fragment E antibody coupled to Ag-PLPs, a 

known mass of Fragment E antibody and known particle concentration Ag-PLPs were 

conjugated to a VivoTag-S 750 nm fluorescent dye. Particle/mL concentration for Ag-PLPs was 

determined by NanoSight readings in 10 mM formate at pH 3 at 0.002 mg/mL Ag-PLPs. From 

this reading, a particle/mg concentration was then calculated. To conjugate the dye to free 

Fragment E antibody, 500 L of 10 mg/mL anti-fibrin Fragment E antibody was added to 500 

L of 0.2 M pH 8.3 sodium bicarbonate buffer and 11.83 L of 5 mg/mL 750 nm dye. The 

resulting solution was then shaken at room temperature for 1 hour. To conjugate the dye to the 

antibody components of Ag-PLPs, a similar procedure was used but with Ag-PLPs instead of the 
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antibody only solution. Purification was achieved by dialysis in ultrapure water at 4 °C for 72 

hours. Conjugated antibodies were diluted to a range of 0-10 g and added to a 96 well plate in 

duplicate to construct a fluorescence standard curve. Ag-PLPs were diluted to a range of 0-108 

particles/mL and added to a 96 well plate in duplicate. The plate was then read for fluorescence 

on a Licor CLx. Signal readings from 800 nm channel were collected for each well and then 

divided by the well area. A standard curve for antibody fluorescence was then determined by 

plotting the mass in each well against an average of signal for the respective well. Amount of 

antibody per Ag-PLP particle was then calculated using an average of signal/area fluorescence 

reading of the Ag-PLP wells and the standard curve. 

3.2.6 Analysis of Clot Retraction via Confocal Microscopy 

To analyze the ability of PLPs and Ag-PLPs to include clot retraction, clots were 

polymerized in the presence or absence of PLPs or control non-binding microgel samples 

(ULCs) and then clot microstructure was analyzed via confocal microscopy 62. Imaging by 

confocal microscopy allows for observation of how the clot structure changes in the presence of 

particle treatments. In particular, we focused on the density of the fibrin in the clot. Samples 

were prepared by depositing a 50 L clot onto a microscope slide with two layers of double-

sided tape. A coverslip was then placed on top of the tape. Clots were polymerized for at least 2 

hrs. Clots consisted of 2 mg/mL fibrin (5% Alexa 488 labeled Fibrinogen), 0.1 U/mL thrombin, 

and 0.25 mg/mL of particles (ULC, Ag-ULC, PLP, or Ag-PLP). Clot structure was imaged using 

an LSM 880 Zeiss confocal microscope at 3 different sites of each clot and a minimum of 3 clots 

were analyzed per group. All images were taken using C-apochromat 40x/1.2 W Corr M27 

objective with x3.1 zoom. Structural analysis was conducted by processing images in ImageJ to 

black and white, such that black is fibrin fibers and white is uncovered space. Area occupied by 
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black pixels and area occupied by white pixels were then measured using ImageJ’s measure 

function. A fibrin density ratio was then calculated by dividing the black pixel area by the white 

pixel area as previously described 63. 

3.2.7 Analysis of Bleeding Following Traumatic Injury:  

A murine liver laceration traumatic injury model was used to analyze the ability of PLPs 

and Ag-PLPs to augment hemostasis following intravenous delivery. All studies were performed 

under protocols approved by the NCSU IACUC. 8-week-old male c57bl/6 mice were used for 

these studies. 5% isoflurane was used to anesthetize animals. Treatments were delivered via the 

jugular vein and were allowed to circulate for 5 min before inducing a liver laceration. 

Treatments included vehicle only, ULCs, PLPs, or Ag-PLPs. 10 mg/kg of each treatment was 

injected in 100 L of sterile saline. Liver laceration was induced by creating a 10 mm cut along 

the left lobe to obtain ventral and dorsal laceration. Blood loss was monitored by placing gauze 

immediately adjacent to the laceration over the course of 10 min at the following timepoints: 10 

second intervals for t = 0-30 sec, 30 second intervals for t = 1-3 min, and one-minute intervals 

for t = 3-10 min. Blood loss was determined from taking the difference in mass of gauze before 

and after blood collection at each time point and then normalized to body mass. This model was 

powered to total blood loss based on previous studies in our group. 10  

3.2.8 Analysis of Wound Healing Following Full-thickness Dermal Injury:  

A murine full thickness dermal injury model was used to analyze the ability of PLPs and 

Ag-PLPs to modulate healing responses following topical application. All studies were 

performed under protocols approved by the NCSU IACUC. 8-week-old male c57bl/6 mice were 

used. 5% isofluorane was used to anesthetize animals and then a 4 mm biopsy punch was used to 

create two full dermal thickness wounds on the back of each mouse. Silicone rings were attached 
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with superglue to the skin surrounding the wound to ensure that wound closure was not 

confounded by the contraction of mouse skin 64 . Treatment groups included saline, fibrin-only, 

PLP, Ag-ULC and Ag-PLP. All particle treatments were applied to the wound within a fibrin gel 

based on previous in vivo studies from our group 10 demonstrating that delivery of PLPs via this 

method results in enhanced healing compared to delivery of PLPs alone. 10 L clots were 

created with a composition of 2 mg/mL fibrin, 0.1 U/mL thrombin, and 0.25 mg/mL of particle 

treatments or saline for fibrin-only control. Wounds were imaged and covered using Opsite. 

Opsite was adhered to the silicone ring directly and care was taken to ensure that Opsite did not 

come into contact with the wound. 5 mg/mL Carprofen was administered to all mice for the first 

5 days. Injuries were monitored over the course of 9 days with a daily change of Opsite to ensure 

wound cleanliness. 9 days post injury, mice were euthanized under carbon dioxide. The wound 

areas were then harvested, fixed in 10% formalin, and embedded in paraffin. All wounds were 

sectioned into 5 m thick sections. Hematoxylin & Eosin (H&E) staining and 

immunohistochemistry staining were conducted to evaluate resulting tissue structure, distribution 

of particle treatments, and healing outcomes. Fibrin was labeled by monoclonal UC45 with 

secondary Alexa 594 antibody. PLPs were visualized by staining with a polyclonal anti-sheep 

488 FITC-conjugated antibody to detect the fibrin specific antibody attached to the PLPs. To 

characterize CD31 production, skin sections were fluorescently labeled by DAPI for cell nuclei, 

and by clone SP38 monoclonal antibody to CD31 with secondary Alexa 594. All histology slides 

were imaged on an EVOS Auto FL microscope at 20x magnification. To evaluate wound healing 

outcomes, epidermal thickness was measured from H&E stained sections and total CD31+ area 

was measured from CD31 stained slides in ImageJ. CD31+ area quantification was performed by 

conducting particle analysis on the red channel with threshold of 0-50 following conversion to 8-
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bit image. Gross images of the injuries were also analyzed for wound closure via area 

measurement and then calculating a percent closure normalized by Day 0 area. These images 

were analyzed with blinding for treatment by scrambling the order of images by random list 

generation. This model was powered to epidermal thickness based on previous studies in our 

group. 10  

3.2.9 Analysis of Wound Healing Following Full-thickness Dermal Injury in Presence of 

Infection: 

 To evaluate in vivo healing outcomes in the presence of infection, the same full dermal 

thickness model described above was used, but with an additional application of 25 L of 2.5 x 

107 CFU/mL suspension of F-182 strain Staphylococcus aureus and treatment groups of saline, 

PLP, or Ag-PLP. PLPs and Ag-PLPs were delivered in a clot consisting of 2 mg/mL fibrin, 0.1 

U/mL thrombin, and 0.25 mg/mL particle treatment. As described for the uninfected model, 

wound closure was analyzed by measuring the open area of observed in images of wounds in 

ImageJ with random list generation for blinding to treatment. A percent change of area was then 

calculated. The same histological analysis methods as described for the uninfected full-thickness 

dermal model were conducted to evaluate wound healing outcomes in this infected model. For 

microscopic examination of infection, at least two 5 m full-thickness (i.e. surface to subcutis) 

sections of skin collected at least 50 m apart representing central portions of the wounded site 

were exposed to gram stain. Semi-quantitative scoring of gram stained sections was performed 

by a board-certified veterinary anatomic pathologist (i.e. Diplomate of the American College of 

Veterinary Pathologists) and severity scoring was assigned. Semi-quantitative wound infection 

severity scoring system was based on the criteria given by Schafer et al 65 and included scores of 

1 for minimal, 2 for mild, 3 for moderate, 4 for marked, and 5 for severe. Wound infection score 
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was assigned based primarily upon location, distribution, and depth of bacteria, presence and 

relative number of gram positive-staining, less than 2 m wide, cocci bacteria arranged in 

clusters (consistent with Staphylococcus spp.) or phagocytosed by leukocytes.  

3.2.10 Statistical Analysis:  

All statistical analysis was conducted using GraphPad Prism 8. Analysis of antimicrobial 

assays and wound closure used two-way ANOVA. Semi-quantitative histology severity scoring 

was evaluated by Kruskal-Wallis one-way ANOVA for nonparametric data. All other analyses 

used one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. 

3.3 Results and Discussion 

3.3.1 ULC Microgels Remain Deformable After Covalent Nanosilver Incorporation  

To evaluate nanometal distribution, TEM was conducted. TEM images in Figure 3.1 

show nanosilver was successfully incorporated into the base ULCs and throughout the microgel 

particle. The average nanosilver content per microgel was 55±12 nanosilver particles (mean ± 

standard deviation; n=8). Deformability is a critical property of PLP clot retraction function. For 

this reason, we characterized deformability by comparing microgel hydrodynamic radius 

determined via DLS to spread particle size determined via AFM. In general, we saw indications 

of deformability across both microgel types, which remains consistent with expected behaviors 

for ULC microgels 66,67. Z-average diameters in formate were as follows: 761±43 nm for ULCs 

and 608±9 nm for Ag-ULCs (Table 3.1). 
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Table 3.1 Summary of size data including DLS z-average readings in formate, dry diameter, and 

dry height 

Microgel Type Z-average size (nm) Dry diameter (µm) Dry height (µm) 

ULC 761 ± 43 1.5  ± 2 15  ± 2 

Ag-ULC 608  ± 9 1.6  ± 0.2 15  ± 3 

AFM average dry diameters were 1.5±0.2 m for ULCs and 1.6±0.2 m for Ag-ULCs. 

AFM average dry heights were 15±2 nm for ULCs, 15±3 nm for Ag-ULCs. These results are 

summarized in Figure 3.1. Overall, Ag-ULCs showed deformability similar to unmodified 

ULCs. 

 

Figure 3.1: a) Representative TEM images of ultralow crosslinked microgels (ULCs) and 

covalent nanosilver composites. b) Representative AFM air topography images and height traces. 

3.3.2 Analysis of Antimicrobial Activity 

To evaluate in vitro antimicrobial activity, a colony forming unit assay (CFU) was 

conducted 36. Average CFU/mL at 24 hrs for E. coli assays were: 1.48 x 1011 ± 2.21 x 1011 

CFU/mL for control, 933 ± 902 CFU/mL for ampicillin, 5.27 x 109 ± 1.63 x 109 CFU/mL for 



   

27 
 

ULCs, and 0.00 CFU/mL for Ag-ULCs. Average CFU/mL at 24 hrs for S. aureus assays were: 

1.78 x 1011 ± 1.89 x 1011 CFU/mL for control, 0.00 CFU/mL for ampicillin, 6.33 x 1010 ± 9.10 x 

1010 CFU/mL for ULCs, and 0.00 CFU/mL for Ag-ULCs. For E. coli assays, significant 

differences in bacteria presence were observed at 24 hrs between controls and ampicillin, ULCs, 

and Ag-ULCs (p< 0.01). For S. aureus assays, significant differences in bacteria presence were 

observed at 24 hrs between controls and ampicillin and Ag-ULCs (p<0.01). Overall, results of 

the antimicrobial assay showed that Ag-ULCs completely reduce bacterial growth across all time 

points and in both species, displaying performance akin to that of ampicillin (Figure 3.2). 

 

Figure 3.2: a) Schematic of the colony forming units (CFU) assay. b) Summary of CFU assay 

results. No bar for Ag-ULC is shown due to there being no bacterial presence detected at each 

time point. n = 3 assays. **p<0.01 

3.3.3 Analysis of Anti-fibrin Fragment E Antibody per Ag-PLP Particle Content 

To determine the amount of antibody per Ag-PLP particle, fluorescence of antibodies 

was measured and used to calculate a standard curve. From there, Ag-PLP fluorescence was 

measured and used to calculate an antibody per Ag-PLP particle content. The standard curve 
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calculated for antibody fluorescence is <Signal per Area> = 0.0003*<Antibody mass in ng> - 

0.0108. The antibody per Ag-PLP particle was then determined to be 7.5 g using the standard 

curve. 

3.3.4 Analysis of Clot Retraction  

To evaluate clot retraction, all microgel types were coupled to fibrin-targeting antibody 

by EDC/NHS chemistry to create PLPs. The resulting particles were then incorporated into clots 

and clot structure was analyzed via confocal microscopy 2 hrs after polymerization. All images 

were processed into black and white by ImageJ, with black representing fibrin fibers and white 

representing empty space to quantify fiber density. Average fiber density in clots were 1.95±0.37 

for controls, 1.43±0.31 Ag-ULCs, 1.43±0.22 ULCs, 4.43±1.04 PLPs, and 4.70±0.77 Ag-PLPs. 

Representative images of clots including microgel treatments and corresponding fiber density 

measurements are summarized in Figure 3.3. Overall, PLP and Ag-PLPs had significantly 

higher fiber density than all other groups (p<0.0001 for control, Ag-ULC, and ULC groups 

compared to the PLP groups). No significant difference was observed between PLPs and Ag-

PLPs, indicating that incorporation of nanosilver into the base PLP design does not greatly 

influence the ability of PLPs to induce clot retraction. 

 

Figure 3.3: a) Representative confocal images of clots incorporated with ULCs, Ag-ULCs, 

PLPs, and Ag-PLPs. Images were taken at 63x with x3.1 zoom. b) Summary of fiber density 

data. n = 3 clots, 3 locations per clot ****=p<0.0001 
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3.3.5 Analysis of in vivo Bleeding Following Trauma 

We next evaluated if incorporation of nanosilver into PLPs affected the hemostatic ability 

of the particles using a traumatic liver laceration injury model. In c57bl/6 mice, we measured 

total blood loss following intravenous injection of PLPs and Ag-PLPs. For overall blood loss, we 

saw statistically significant differences between the saline group and the PLP groups (p<0.05 

between saline and PLP and Ag-PLP). The average blood loss (g blood loss/g animal) across 

groups were: saline: 0.015±0.005; ULC: 0.013±0.006; PLP: 0.007±0.002; and Ag-PLP: 

0.007±0.002 (Figure 3.4). It is notable that no statistically significant difference was observed 

between the PLP and Ag-PLP groups. These results indicate that following incorporation of 

nanosilver into the base PLP design, Ag-PLPs retain the ability to decrease bleeding following 

trauma when injected intravenously.  

 

Figure 3.4: Summary of blood loss data. n= 5-7 per group *=p<0.05 

3.3.6 Analysis of Healing Following Topical Application of PLPs in vivo  

We next evaluated how incorporation of nanosilver into PLPs influences healing 

outcomes in a murine full thickness dermal injury model. PLPs, Ag-PLPs, or ULCs were applied 
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topically to full thickness dermal wounds in conjunction with a fibrin clot. 

Immunohistochemistry demonstrated that 9 days post injury, PLPs and Ag-PLPs could be 

observed in the wound site in conjunction with fibrin (Figure 3.9). Wound closure was evaluated 

daily for 9 days by measurement of wound area in ImageJ from gross images of the injuries and 

calculating a percent closure with normalization based around Day 0 wound area. While no 

significant differences were detected in percent wound closure over the course of 9 days (Figure 

3.10), differences were observed in the histological outcomes.  

 

Figure 3.5: a) Representative images of H&E stained skin sections. Epidermis is outlined with 

red dotted lines. b) Summary of epidermal thickness analysis. n=3 wounds per group. 

****=p<0.0001  

9 days post injury, tissue was collected and processed to evaluate average epidermal 

thickness and angiogenesis (via analysis of CD31+ staining). Overall, PLPs and Ag-PLPs 

showed statistically significant differences (p<0.0001) in average epidermal thickness from 

control groups (saline and fibrin), and the non-fibrin binding microgel group (Ag-ULC; Figure 

3.5). Average epidermal thickness was 15±8 m in saline treated animals, 21±4 m in fibrin 

only clot treated animals, 54±11 m in PLP treated animals, 17±6 m in Ag-ULC treated 

animals, and 65±39 m in Ag-PLP treated animals. Overall, PLP groups also showed 

statistically significant differences in CD31+ area in comparison to control groups (saline and 
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fibrin) and the non-fibrin binding microgel group (Ag-ULC); p<0.001 saline vs. PLP and Ag-

PLP; p<0.01 fibrin only vs. PLP and Ag-PLPs; p<0.05 Ag-ULC vs. PLP and Ag-PLP (Figure 

3.6).  

 

Figure 3.6: a) Representative images of wound sections analyzed with immunohistochemistry. 

Cell nuclei were stained blue with DAPI and CD31+ areas were stained red. b) Summary of total 

CD31+ staining 9 days post injury. n = 3 wounds/group *=p<0.05, **p<0.01  

Average area covered by CD31+ tissue was 24,786±8,728 m2 in saline treated animals, 

30,467±13,966 m2 in fibrin only clot treated animals, 55,065±16,448 m2 in PLP treated 

animals, 29,444±6,100 m2 in Ag-ULC treated animals, and 52,560±17,544 m2 in Ag-PLP 

treated animals. These results indicate that following incorporation of nanosilver into the base 

PLP design, Ag-PLPs retain the ability to improve wound healing outcomes, as indicated by 

increased epidermal thickness and angiogenesis compared to controls, following topical 

application to a full thickness wound. 
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Figure 3.7: Infected injury wound healing outcomes. a) H&E images of wound sections from 

injuries infected with a drug resistant strain of Staphylococcus aureus (left) with epidermis 

outlined with a red dotted line. Summary of epidermis thickness measurements (right) shows 

improved re-epithelization in mice treated with PLPs and Ag-PLPs. n=3 wounds/group. 

***=p<0.001 b) IHC images of wound sections from infected injuries (left) with blue staining 

for cell nuclei (DAPI) and red staining for CD31+ tissue. Summary of total CD31+ staining 

(right) shows enhanced CD31 staining only in mice treated with Ag-PLPs. n = 3 wounds/group. 

***=p<0.001 c) Wound closure and wound closure rates. Injuries were imaged over the course 

of 9 days and measured for percent change in wound area. Statistically significant higher wound 

closure was observed starting on Day 5 in wounds treated with Ag-PLPs as well as a statistically 

significantly higher wound closure rate. n = 7-9 wounds/group. *=p<0.05 
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3.3.7 Analysis of Healing Following Topical Application of PLPs in the Presence of Infection in 

vivo 

We next evaluated how incorporation of nanosilver into PLPs influences healing 

outcomes in a murine full thickness dermal injury model in the presence of infection. In these 

studies, the same murine full dermal thickness model described above was utilized in the 

presence of Staphylococcus aureus infection. Overall, Ag-PLPs showed significantly enhanced 

healing outcomes with improved wound closure, epidermal thickness, and CD31+ staining 

compared to control or PLP only groups (Figure 3.7). Wound closure was higher in wounds 

treated with Ag-PLPs, showing statistical significance starting Day 5 (20±6% for saline vs 

27%±21% for PLP vs 43%±20% for Ag-PLP; p<0.05). Additionally, wounds treated with Ag-

PLPs also resulted in significantly increased wound closure rates. Wound closure rates were as 

follows: 3.7±0.4 %/day for saline treatment, 3.8±0.7 %/day for PLP treatment, 6.8±0.8 %/day for 

Ag-PLP treatment (p<0.05).  

Average epidermis thicknesses were 28±17 m in saline treated wounds, 50±20 m in 

PLP treated wounds, and 50±28 m in Ag-PLP treated wounds. Overall, Ag-PLP and PLP 

treated wounds resulted in statistically significantly higher epidermal thickness compared to 

saline treated wounds (p<0.0001). Average total CD31 positive areas were 31,662±14,755 m2 

in saline treated wounds, 35,197±14,844 m2 in PLP treated wounds, and 72,388±17,022 m2 in 

Ag-PLP treated wounds. Overall, wounds treated with Ag-PLPs displayed significantly higher 

CD31+ staining compared to saline or PLP groups (p<0.001). To evaluate persistent of bacteria 

in the tissue 9 days after injury, skin tissue sections were histochemically stained with Gram 

stain. Staphylococcus aureus infection was confined to less than 1 mm penetration to exposed 
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wounds. More specifically, the wound infection scoring was not significantly different for PLP 

and Ag-PLP treatment groups compared to the saline control (Figure 3.8).  

 

Figure 3.8: Gram stain of wound purposely infected with Staphylococcus aureus. Gram positive 

bacteria consistent with Staphylococcus aureus histochemically stained deep blue with 

methylene blue of the gram stain and failed to decolorize. The median score was none to mild 

severity of bacterial infection for all groups. Bacteria were not detected deeper than 1 mm in any 

of the wounded sites. There was no significant difference in the histopathology scoring when 

comparing saline control to PLP and Ag-PLP treatment groups (p>0.05; Krushal-Wallis one-way 

analysis of variance). 

3.4 Conclusions and Greater Impact  

Following trauma, platelets are depleted, and hemorrhage is a major problem in 

emergency medicine situations. Even if hemostasis is achieved, subsequent healing is often 

complicated by infection. Platelets are essential to the wound healing process due to their ability 

to stop bleeding, guide wound healing and fight infection. For this reason, we sought to develop 

a platelet-mimetic material capable of all these functions to stop bleeding and promote healing 

after trauma. We have demonstrated in these studies that fibrin binding covalent nanosilver 

composite PLPs are able to induce clot retraction and inhibit bacterial growth in suspension. 
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Previous studies with ULC-based PLPs demonstrated that microgel deformability and fibrin 

affinity are the contributors to the mimicry of clot retraction.  

These results demonstrate that microgel deformability is retained following nanosilver 

incorporation, as evidenced by the ability to spread extensively on a glass surface (Figure 3.1). 

This deformability was sufficient to induce clot retraction, as evidenced by fibrin networks 

condensation when nanosilver composite microgels were coupled to a fibrin-binding antibody to 

a similar extent as our first generation PLPs (Figure 3.3). Ag-ULCs were also found to 

significantly reduce bacterial growth in suspension when compared to unmodified ULCs and 

nanogold incorporated ULCs in suspension. More specifically, no colony forming units were 

detected at all over the course of 24 hrs of bacterial culture. Previously, our group has explored 

the use of nanogold as an antimicrobial agent incorporated into PLPs. In these previous studies, 

we observed an antimicrobial effect from covalently incorporated nanogold ULC microgel 

composites while noncovalently incorporated nanogold ULC microgels composites had little to 

no antimicrobial effect. However, covalent nanogold composites were still not as effective as 

ampicillin17 . We also have previously investigated the stability of nanometal into ULCs with 

non-covalent nanogold composite ULCs and found that even noncovalent nanometal composite 

ULCs remain stable with no significant differences reported in nanometal per microgel count17 . 

Thus, we conclude that the Ag-ULCs are stable as well and do not release nanosilver. In these 

studies, we demonstrate that nanosilver incorporation into ULC microgels is a highly effective 

method for imparting antimicrobial activity to PLPs. This difference of antimicrobial activity 

aligns with previous findings that silver has higher antimicrobial activity than nanogold 56 . 

We also demonstrated a retention of hemostatic ability and pro-healing activities in vivo 

for Ag-PLPs. Total blood loss observed from the liver laceration model demonstrates that Ag-
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PLPs reduce the amount of blood loss to a similar extent as unmodified PLPs compared to saline 

controls. Additionally, in the uninfected full thickness dermal injury model, enhanced epidermal 

thickness and CD31+ tissue production was observed in wounds treated with Ag-PLPs while 

also demonstrating similar performance as unmodified PLPs. These results suggest that Ag-PLPs 

retained sufficient enough clot retraction ability following nanosilver incorporation to fully 

recapitulate the in vivo function we previously observed with unmodified PLPs. Furthermore, 

when treating wounds infected with Staphylococcus aureus, enhanced epidermal thickness was 

observed in wounds treated with Ag-PLPs and PLPs. However, only the wounds treated with 

Ag-PLPs showed increased rates of wound closure and enhanced CD31+ staining 9 days post-

injury. This is likely the result of the Ag-PLPs reducing the presence of bacteria within the 

wound bed at early time points, thereby minimizing inflammation and promoting earlier 

migration of fibroblasts and other cell types into the wound bed required to rebuild the tissue. 

However, Gram stained images of sections of the wounds 9 days post injury show very little 

bacteria present in the wound itself in all conditions. It is likely that 9 days post-injury is enough 

time for the bacterial infection to be mostly cleared from the wound regardless of treatment. This 

should be analyzed further in future studies by evaluation of bacterial clearance at earlier time 

points and/or healing should be analyzed in the presence of higher levels of bacteria. 

Additionally, comparison to the inclusion of an equivalent amount of free nanosilver in the fibrin 

gel without PLPs would have provided further information regarding in vivo antimicrobial 

activity of Ag-PLPs. Furthermore, PLPs and Ag-PLPs do not degrade. Previous studies have 

shown no indication that they become engulfed by macrophages. We hypothesize that PLPs and 

Ag-PLPs may have sloughed off in the scab, but studies investigating the long-term in vivo 

effects in future studies are needed in order to truly determine clearance of PLPs and Ag-PLPs.  
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None-the-less the enhanced wound closure rates and increased angiogenesis observed in the 

presence of Ag-PLPs compared to PLPs or saline in the infected injury model support that Ag-

PLPs are an effective method for promoting healing in infected wounds.  

In conclusion, we were able to successfully fabricate antimicrobial composite nanosilver 

PLPs with all important PLP properties retained both in vitro and in vivo. In addition, we were 

demonstrated that Ag-PLPs have high levels of antimicrobial activity as evidenced by complete 

inhibition of bacterial growth in vitro in CFU assays and enhanced healing in infected injuries in 

vivo. Ag-PLPs were capable of significantly improving wound healing outcomes and 

outperformed first-generation PLPs with respect to CD31+ tissue staining when applied to 

infected injuries. With demonstrating retained PLP properties following nanosilver 

incorporation, future work will focus on evaluating long-term storage effects, safety, and 

efficacy of Ag-PLPs in larger animal models. Overall, Ag-PLPs show significant promise as an 

antimicrobial and hemostatic material for application to injuries following trauma. 

 

Figure 3.9: Immunohistochemistry conducted on wound sections with fluorescently stained 

fibrin shown in red and sheep fragment IgG on PLPs shown in green. The presence of green 

confirms the incorporation of PLPs and Ag-PLPs into fibrin in the wound site. 
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Figure 3.10: Wound closure and wound closure rates for uninfected dermal injuries. No 

significant differences in wound closure and wound closure rates were detected. 
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CHAPTER 4 

Wound-triggered Shape Change Microgels for the Development of Enhanced Biomimetic 

Function Platelet-like Particles 

The goal of the studies outlined in this chapter was to demonstrate the feasibility of 1) 

creating a wound-triggered shape change microgel and 2) evaluate its associated in vitro and in 

vivo properties. PLPs demonstrate significant potential as a multifunctional hemostatic and 

wound healing material 10. However, the constant deformability of the ULC body mimics only 

active platelet morphology. Thus, a PLP formulation with wound-triggered shape change was 

developed. We were able to demonstrate that thrombin-sensitive PLPs (TS-PLPs) do indeed have 

triggered shape change when exposed to thrombin and that the resulting shape change is 

sufficient enough to induce clot retraction in vitro and significantly stem bleeding and improve 

wound healing outcomes in vivo. Additionally, TS-PLPs did not display apparent off-target 

effects. 

4.1 Introduction: 

Under normal circumstances, platelets circulate in a rounded inactive state in the 

circulatory system. In this state, platelets can easily marginate or move to the vessel wall for 

attachment. When injury occurs, platelets are prompted by molecules, such as thrombin, to shift 

into a stellate shape and increase surface exposure of fibrin-binding surface receptors. In this 

activated state, platelets can mediate the hemostasis process and—following the formation of a 

fibrin clot—are able to utilize actin-myosin machinery to collapse clots, resulting in clot 

retraction. The resulting clot has a higher stiffness which is hypothesized to guide cells into the 

wound bed by durotaxis. As a result, clot retraction is hypothesized to lead to enhanced wound 

healing outcomes.  
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In conditions where platelets are depleted or hyporeactive, such as trauma, surgical 

associated bleeding, or chronic wounds, platelets are unable to carry about their functions, 

leading to inhibited hemostasis and wound healing. These outcomes are prevalent to traumatic 

injury, which remains the leading cause of death for people under age 4512 , and chronic wounds, 

which can affect diabetics who consist of 34.2 million in the United States.68  

To address the consequences of platelet depletion or hyporeactivity, many platelet-

mimetic strategies have already been investigated. Platelet derived strategies are based on using 

derived substances from natural platelets, such as platelet transfusions and lyophilized platelets. 

However, these strategies have extremely short storage lifetime and are frequently associated 

with immunogenicity issues due to coming from allogeneic sources.69 As an alternative, to 

natural platelet transfusions, artificial platelets have been a key area of development in recent 

year. Artificial platelets frequently consist of particles or polymers coupled to bioactive motifs 

such as RGD peptides or antibodies that bind to platelets or coagulation factors.69 While the 

synthetic nature of these strategies allows for longer storage lifetime and easier scale up, 

artificial platelet strategies rarely mimic more than one platelet function.69 Cloaking and active 

delivery strategies have also been investigated. These strategies consist of coupling drug delivery 

vessels to platelet binding motifs or platelet membranes. 69 While this construction allows for 

enhanced targeted delivery and reduced immune response when compared to uncloaked drug 

delivery, it requires the extraction of components from pre-existing platelets, which are not 

easily obtained or transported. 69 

As a treatment of the effects of platelet depletion, our group has developed platelet-like 

particles (PLPs) consisting of a microgel coupled to a fibrin-targeting antibody.23 Previous work 

in our group has demonstrated that a highly deformable microgel is mimetic of active platelet 
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morphology and that when combined with high fibrin targeting affinity—such as what is 

provided by the fibrin-targeting antibody—can recapitulate the clot retraction ability of natural 

platelets. As a result of this particle design, PLPs can hone specifically to injuries and enhance 

subsequent healing. Previous work in our group has demonstrated that treatment by PLPs can 

lead to significantly reduced blood loss in traumatic injury and enhanced wound healing 

outcomes in full thickness dermal injuries. 10,23 

While PLPs are a promising material towards addressing the problems that come with 

platelet depletion, they still lack the ability to mimic platelet shape change in response to injury 

cues. Previously, we have investigated a shape changing PLP design consisting of a CoreShell 

architecture.50 The core particle consists of N-isopropylmethacrylamide (NIPMAM) crosslinked 

with N,N-(1,2-Dihydroxyethylene)bisacrylamide (DHEBA). The shell particle consists of 

poly(N ‐isopropylacrylamide) (pNIPAm) crosslinked with 2% N,N’ - methylenebisacrylamide 

(BIS). Due to the DHEBA, the core degrades in the presence of sodium periodate. Additionally, 

NIPMAM is known to have little self-crosslinking, meaning that degradation of NIPMAM cores 

is complete degradation. 70-73 When the core of a CoreShell particle is degraded, it leaves behind 

a deformable hollow particle. Findings from this work has shown that the CoreShell particle 

greatly resembles inactive platelet morphology and the hollow particle greatly resembles active 

platelet morphology. 50 When coupled to fibrin-targeting antibody and incorporated into clots, it 

was found that CoreShell particles do not induce significant changes in clot structure while 

hollow particles do induce a condensed clot, much like our base PLP technology. Additionally, 

when sodium periodate is added after incorporation of CoreShell particles into fibrin clots, the 

resulting clot structure was significantly more collapsed than control clot structure, 

demonstrating the potential for triggered shape change. 50 When applied to a full thickness 
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dermal injury murine model, hollow particles were found to significantly improve wound healing 

outcomes while CoreShell did not. This difference is consistent with the difference in 

deformability between the CoreShell and hollow particles. 50 

In this work, we built upon these findings and developed a thrombin-sensitive nanogel 

(TSN) from NIPMAM crosslinked with a thrombin-cleavable peptide sequence, enabling the 

particle to change shape in the presence of thrombin. (Figure 1A) In particular, we used the 

custom peptide sequence methacrylate-Gly-dPHe-Pro-Arg-Fly-Phe-Pro-Ala-Gly-Gly-Lys-

methacrylate as it has seen previous use as part of a thrombin-cleavable bulk hydrogel already 74. 

We then evaluated morphology and size of the thrombin-sensitive nanogels in the absence or 

presence of thrombin using AFM (Atomic Force Microscopy), Nanosight, and cryoSEM 

(cryogenic Scanning Electron Microscopy). To evaluate clot retraction, all particle treatments 

were coupled to a polyclonal Fragment E anti-fibrin antibody and incorporated into clots. The 

resulting clots were then imaged by confocal microscopy and analyzed for percent porosity. 

Finally, to evaluate in vivo hemostasis and wound healing, a murine liver laceration survival 

model was used. In the studies presented here, thrombin-sensitive PLPs (TS-PLPs) exposed to 

thrombin showed differences in morphology and clot retraction compared to non-exposed TS-

PLPs. In addition, TS-PLPs demonstrated the ability to significantly stem bleeding in a traumatic 

injury model and significantly improve wound healing outcomes 1 week after injury. 

4.2 Materials and Methods: 

4.2.1 Thrombin-sensitive Nanogel (TSN) Synthesis 

 In order to add thrombin sensitivity to nanogels, the custom peptide sequence 

methacrylate-Gly-dPHe-Pro-Arg-Fly-Phe-Pro-Ala-Gly-Gly-Lys-methacrylate (ordered from 

GenScript at >95% purity) was incorporated. While stirred at 450 rpm, 85% NIPMAM and 5% 



   

43 
 

thrombin-cleavable peptide were incubated in 95 mM TEMED and put under nitrogen purge for 

1 hr at room temperature. At 50 minutes into the purge, 10% Acrylic Acid was then added. The 

reaction was then initiated at room temperature with 125 mM ammonium persulfate (APS) and 

allowed to react for 24 hours at room temperature. The resulting reaction mixture was then 

purified by dialysis in ultrapure water in 1000 kDa dialysis tubing for 72 hours with water 

changes every 24 hours. The particle solution was then lyophilized and resuspended at desired 

concentrations with ultrapure water and stored at 4o C. 

4.2.2 Size-matched Control Microgel Synthesis 

To control for particle size effects, control microgels, size-matched to thrombin-sensitive 

nanogels, were synthesized. Ultralow crosslinking microgels (ULCs) and 7% crosslinked BIS 

(7% BIS) were selected as fully deformable and fully nondeformable controls, respectively. 

ULCs consisted of 90% Poly(N-isopropylacrylamide) (NIPAm) and 10% Acrylic Acid (AAc) 

and 7% BIS particles consisted of 83% NIPAm, 10% AAc, and 7% N,N’ - 

methylenebisacrylamide (BIS). A100 mL precipitation synthesis of 140 mM monomer solutions 

and varying amounts of SDS (4 mM for ULCs, 2 mM SDS for 7% BIS) were filtered through a 

0.2 um filter with AAc added 10 minutes prior to the addition of 1 mM ammonium persulfate 

(APS). The mixture was then allowed to react for 6 hours at 70o C flux with nitrogen purge. 

Resulting product solutions were then allowed to cool to room temperature and filtered against 

glass wool. Dialysis in 1000 kDa tubing against water was then conducted for 48 hours with 2 

hour water changes for the latter 24 hours. The purified particle solutions were then frozen, 

lyophilized and resuspended at desired concentrations. Size-matched ULCs are sometimes 

referred to as small ULCs and size-matched 7% BIS microgels are sometimes referred to as 

small 7% BIS throughout this work. 
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4.2.3 Particle Size Characterization 

Dilutions of particle solutions were analyzed on a Malvern NanoSight NS300 for 

hydrodynamic radius characterization with size and distribution determined from 10 

measurements of 30 seconds or 5 measurements of 60 sec. Particle size and morphology was also 

analyzed via atomic force microscopy (AFM) imaging. For AFM imaging, cover glass was 

cleaned by sonication in a sequence of solutions for 10 minutes per solution. The sequence of 

solutions is as follows: Alconox, deionized water, acetone, ethanol (200 proof), and isopropyl 

alcohol. 50 μL of particle suspension was then deposited onto cleaned cover glass and allowed to 

air-dry overnight. The cover glass is then mounted onto a microscope slide using epoxy. Air 

topography imaging was then conducted on a MFP 3D Bio AFM (Asylum). Topography and 

height trace images were then analyzed in ImageJ for particle diameter and height for at least 30 

microgels per group. 

4.2.4 Particle Morphology 

Particle morphology was analyzed by cryogenic scanning electron microscopy 

(cryoSEM) on a JEOL 7600F with Gatan Alto and Horiba CL Detector at 5 kV acceleration 

beam. 10 uL of particle solutions were deposited into the sample holder and plunged into 

nitrogen slush. Samples were then fractured and sputtered with gold. 

4.2.5 Analysis of Thrombin-induced Degradation 

 Nanogel solutions were incubated with thrombin solutions for final thrombin 

concentrations of 50 U/mL or 75 U/ml and a final 0.5 mg/mL particle concentration for a total of 

1 mL of solution. 100 µL time point aliquots were and analyzed for deformability, size and 

distribution, and morphology using AFM, Nanosight, and cryoSEM respectively. For AFM and 

Nanosight, aliquots were diluted 1:10 and analyzed as described in particle size characterization 



   

45 
 

methods. For cryoSEM, a 1:4 dilution of TSNs in water to 100 U/mL thrombin was created with 

50 µL timepoint aliquots collected for total volume 400 µL for a final particle concentration of 

~1.2 mg/mL. Timepoints were as follows for AFM and Nanosight: t = 0, 2 hr, 4 hr, 24 hr, 48 hr, 

96 hr, 1 wk. For cryoSEM, the timepoints were t = 0, 2 hr, 6 hr, 24 hr, 48 hr, 96 hr, 1 wk. 

4.2.6 Analysis of Thrombin-sensitive Nanogel Penetration 

To model the potential for thrombin to fully penetrate the thrombin-sensitive nanogels, 

nanogel solutions were lyophilized and then resuspended at 10 mg/mL in 5 uM 70 kDa FITC 

labeled dextran. 70 kDa dextran was selected as a model molecule, because 70 kDa is close to 

the molecular size of thrombin (72 kDa). After 24 hours, 10 μL of the suspension was deposited 

onto cleaned cover glass, allowed to dry, mounted to a microscope slide and then imaged on a 

LSM 880 confocal microscope. The resulting images were then analyzed by fluorescent trace on 

ImageJ. This procedure was also repeated on nanogels that have been exposed to thrombin for 24 

hours and 48 hours. 

4.2.7 Coupling of Anti-fibrin Antibody to Particles to Create Platelet-like-Particles (PLPs) 

 To create PLPs, a sheep anti‐fibrin Fragment E polyclonal antibody was coupled to the 

AAc groups by EDC/NHS chemistry. PLPs refer to the products of the coupling of particles and 

fragment E antibody. PLPs were purified by dialysis against diH20 using 1,000 kDa dialysis 

tubing for 24 hours. The product was then lyophilized for 24-48 hours. PLP particles were then 

weighed and resuspended at 10 mg/mL. Products of anti-fibrin antibody coupling to particles are 

referred to as <particle type>-PLPs (e.g.: thrombin-sensitive nanogels conjugated to anti-fibrin 

Fragment E = thrombin-sensitive PLP ). 
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4.2.8 Clot Retraction Analysis 

Treatment clots were made of 2 mg/ml fibrin, 0.1 U/ml thrombin, 0.25 mg/ml of 

particles (TS-PLP, small ULC-PLP, small 7% BIS-PLP, or ULC-PLP) and 10% volume 10X 

HEPES buffer and allowed to polymerize for 48 hours. Control clots were created similarly 

without the presence of particles. To control for any clot retraction due to additional thrombin, 

+thrombin counterparts were included. All clots were made with total of 150 μL volume. 2 hours 

into the polymerization an overlay of 50 μL of 100 U/mL thrombin was added to +thrombin 

counterparts. Clots were then imaged on a JEOL 7600F with Gatan Alto and Horiba CL Detector 

at 5 kV acceleration beam. Each group had 3 clots with multiple sites imaged for analysis. 

Images were then cropped to a 30 μm by 30 μm area with a percent porosity calculated by a ratio 

of black pixel area to total image pixel area. Black pixel area was measured in ImageJ. 

4.2.9 In vivo Hemostatic Performance and Wound Healing Outcome Evaluation 

To evaluate in vivo hemostatic performance and wound healing outcomes, C57/bl6 mice 

were anesthetized with 2% isofluorane. All studies were conducted under approval by NCSU 

IACUC protocol. Treatments were administered by tail vein injection and allowed to circulate 

for 5 minutes. Treatment groups for this study were Saline, ULC-PLP, TS-PLP and 7% BIS-

PLP. All PLP-based groups were administered intravenously at 100 L of 5 mg PLPs/kg animal 

suspended in sterile saline. The liver of each mouse was then exposed. A liver laceration of 0.5 

cm length was then made extending from the apex of the exposed liver lobe (Figure 4A) and 

blood was collected onto pre-weighed filter paper and parafilm. Bleeding over time was imaged 

at t=0, 30 s, 1 min, 2 min, 3 min, 4 min, and 5 min. At t=5 min, the filter paper and parafilm 

assembly was then measured. The liver was then returned to the abdomen and mice were 

aseptically sutured closed. Mice were then monitored daily for 1 week for body weight and signs 
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of pain. After 1 week, mice were then sacrificed, and organs (wound site, healthy liver lobe, 

kidney, spleen, and heart) were harvested for histology. Blood loss was evaluated by determining 

the weight of blood collected onto the filter paper and parafilm assembly and normalizing the 

resulting mass by the respective animal’s body weight. Filter paper area covered in blood 

(referred to as a bleeding area) was measured from each image taken during the bleeding assay 

using ImageJ. This model was powered to blood loss based on previous studies in our group. 

4.2.10 Histological Analysis of Wound Healing Outcomes Following Liver Laceration 

Histological analysis was conducted with hematoxylin & eosin (H&E) staining and 

immunofluorescent labeling for platelets, fibrin, particle treatments, and cell nuclei. To label 

platelets, monoclonal anti-integrin beta 3/CD61 SJ19-09 antibody from Novus Biologicals was 

used as primary antibody with secondary Alexa 594 antibody. To label fibrin, monoclonal UC45 

was used as primary antibody with secondary Alexa 594 antibody. To label particle treatments, a 

polyclonal anti-sheep 488 FITC-conjugated secondary antibody was used, tagging the fibrin 

specific antibody attached to particles. Cell nuclei were labeled by DAPI. Images were captured 

on an EVOS Auto FL microscope at 4x magnification for H&E stained wounds and 10x 

magnification for all other organs and fluorescently labeled wounds. For each fluorescently 

labeled wound, 3 images at different sites were taken. 

To quantify wound healing outcomes, wound area and fluorescence thresholding area 

were measured on ImageJ. Wound area was measured from H&E stained sections. Total areas 

for fibrin, particle presence, and CD61+ expression were measured by conducting particle 

analysis on 8-bit images with a threshold of 0-10 for fibrin (red channel), 0-30 for particle 

treatments (green channel), and 0-6 for CD61+ area (red channel). 
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4.2.11 Histological Analysis of Off-target Effects 

To quantify off-target effects and clotting, peripheral organ (healthy liver lobe, heart, 

lung, kidney, spleen) sections were fluorescently labeled for fibrin and particles using the same 

methods described for fluorescent labeling for wounds. Fibrin and particle presence were also 

quantified using the same methods. 

4.2.12 Statistical Analysis 

 All statistical analysis was conducted in GraphPad Prism 9. Bleeding area vs. time data 

was analyzed by two-way ANOVA. All other data was analyzed by one-way ANOVA with 

Tukey’s post hoc test for multiple comparisons. 

4.3 Results and Discussion 

4.3.1 Size Evaluation of Thrombin-sensitive Nanogels 

 Unmodified thrombin-sensitive nanogels were determined to have average dry diameter 

of 0.33±0.05 μm and average dry height of 33±10 nm. When imaged for morphology on 

cryoSEM, the thrombin-sensitive nanogels displayed a rounded morphology. (Figure 4.1)  

 

Figure 4.1: A) Schematic of TS-PLP Function. B) Representative cryoSEM image. When 

unmodified, TSNs exhibit rounded morphology C) Representative AFM image and height trace 
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When exposed to 50 U/mL and 75 U/mL thrombin, population distribution markers on 

Nanosight show significantly decreased size starting from t = 2 hr. However, size increased after 

24 hours for 75 U/mL thrombin, potentially due to decreased crosslinks leading to increased 

swelling. AFM data with 50 U/mL thrombin shows no significant changes in particle diameter 

until t=4 hr and t-96 hr. In the presence of 50 U/ml thrombin, particle height also significantly 

decreased starting from t=2 hr. (Figure 4.7) Size increases at later time points, in combination 

with decreasing particle height may indicate swelling and increased deformability. This change 

in particle behavior was further confirmed with imaging of aliquots on cryoSEM for 

morphology. At later time points, the thrombin-sensitive nanogels displayed more stellate like 

morphology, much like active platelet morphology and ULCs. (Figure 4.2) 

 

Figure 4.2: A) Representative cryoSEM images of inactive platelet, activated platelets, and size-

matched control 7% BIS crosslinked and ultralow crosslinked (ULC) microgels. Scale bar = 1 

µm B) Representative cryoSEM images of thrombin-sensitive nanogels (TSNs) at various time 

points following exposure to 75 U/mL thrombin. 
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4.3.2 Thrombin-sensitive Nanogel Loading Behavior 

Because NIPMAM does not undergo self-crosslinking, complete degradation of particles 

was expected 70-73. However, thrombin degradation assays showed that particles did not fully 

degrade. Thus, loading behavior was investigated to determine thrombin penetration. Fluorescent 

levels were observed to be higher at the edges of nanogels and lower in the center. (Figure 4.8) 

This observation indicates that there may be limited penetration into the center of the nanogel, 

explaining why complete degradation was not observed. 

4.3.3 Clot Retraction Analysis 

With confirming that the nanogels can change deformability in the presence of thrombin, 

we then sought to evaluate if this was sufficient to induce clot retraction. Clots including no 

particles (control), TS-PLPs, size-matched ULC-PLPs (small ULC-PLPs), size-matched 7% BIS-

PLPs (small 7 BIS-PLPs) and ULC-PLPS were created, with +thrombin counterparts receiving a 

100 U/mL thrombin overlay. All clots were then imaged on cryoSEM for clot structure. (Figure 

4.3) The resulting images were then analyzed for % porosity, which is defined as black pixel 

area/total image pixels.  
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Figure 4.3: A) Representative cryoSEM images of fibrin clots polymerized in the presence of 

TS-PLPs, small ULC-PLPs, small 7 BIS-PLPs, and ULC-PLPs. Each image is 30 µm x 30 µm. 

Scale bar = 10 µm B) Mean percent porosity for each group of clots. Notably, significantly lower 

percent porosity was observed in small ULC-PLP and ULC-PLP groups in clots with no 

thrombin overlay but not in clots incorporated with TS-PLPs. After a thrombin overlay, 

significantly lower percent porosity was also observed in clots with TS-PLPs incorporated in 

addition to the ULC-PLP groups. n=9 images per group (3 images per clot, 3 clots per group). * 

= p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 

For clots without a thrombin overlay, average % porosity was determined to be 0.73 ± 

0.04 for control, 0.68 ± 0.03 for TS-PLPs, 0.59 ± 0.09 for small ULC-PLPs, 0.74 ± 0.06 for 

small 7 BIS-PLPs, and 0.62 ± 0.07 for ULC-PLPs. For clots with a thrombin overlay, average % 

porosity was determined to be 0.76 ± 0.07 for control, 0.63 ± 0.04 for TS-PLPs, 0.64 ± 0.05 for 
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small ULC-PLPs, 0.76 ± 0.04 for small 7 BIS-PLPs, and 0.63 ± 0.08 for ULC-PLPs. Without the 

addition of a thrombin overlay, it was found that clots with TS-PLPs incorporated do not have 

significantly lower % porosity whereas clots with small ULC-PLPs (p ≤ 0.001) and ULC-PLPs 

have significantly lower % porosity (p ≤ 0.01). Thus, the ULC-PLP particle types perform as we 

expect. With the addition of a thrombin overlay, in contrast, clots with TS-PLPs demonstrate a 

significantly lower % porosity (p ≤ 0.001), on par with lower % porosity observed in clots with 

small ULC-PLPs (p ≤ 0.001) and ULC-PLPs (p ≤ 0.001). 

4.3.4 Analysis of in vivo Hemostasis Following Traumatic Liver Laceration 

We next evaluated the hemostatic ability of the TS-PLPs in a survival traumatic liver 

laceration model. Average blood loss (g blood loss/g animal) was 5.2 x 10-3 ± 3.1 x 10-3 for 

saline treated animals, 1.3 x 10-3 ± 0.78 x 10-3 for TS-PLP treated animals, 2.0 x 10-3 ± 0.96 x 10-

3 for size-matched ULC-PLP treated animals, and 2.8 x 10-3 ± 1.1 x 10-3 for size-matched 7% 

BIS-PLP treated animals. Average bleeding area was 6.7 ± 2.9 cm2 for saline treated animals, 1.8 

± 0.7 cm2 for TS-PLP treated animals, 2.7 ± 1.8 cm2 for size-matched ULC-PLP treated animals, 

and 4.0 ± 1.2 cm2 for size-matched 7% BIS-PLP treated animals. 
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Figure 4.4: A) Schematic of survival liver laceration model B) Summary of blood loss data. 

Mice treated with TS-PLPs displayed significantly lower blood loss and bleeding area. Mice 

treated with TS-PLPs and size-matched ULC-PLPs displayed significant decreases in bleeding 

compared to control animals. n=6-8 animals per group. C) H&E stained wound sections with 

summary of wound area measurements. Scale bar = 1000 µm. Mice treated with all hemostatic 

particles had significantly lower average wound area when compared to saline mice, though the 

standard deviation was lowest in the TS-PLP group. n=3-6 mice per group. * = p ≤ 0.05, ** = p 

≤ 0.01, *** = p ≤ 0.001 

In mice treated with TS-PLPs, significantly lower blood loss and bleeding area were observed, 

when compared to saline. Additionally, TS-PLPs reduce bleeding to similar extent as ULC-

PLPs. (Figure 4.4) 
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4.3.5 Analysis of in vivo Wound Healing Outcomes Following Traumatic Liver Laceration 

To evaluate wound healing outcomes, wound area was measured from H&E stained 

sections, fibrin positive area, CD61+ area, and particle presence were measured from 

immunofluorescent stained sections. Average wound area was 6.9 x 106 ± 3.9 x 106 μm2 for 

saline treated animals, 0.5 x 106 ± 0.3 x 106 μm2 for TS-PLP treated animals, 0.8 x 106 ± 0.7 x 

106 μm2 for size-matched ULC-PLP treated animals, and 1.8 x 106 ± 1.6 x 106 μm2 for size-

matched 7% BIS-PLP treated animals. Average fibrin area was 4585 ± 1417 μm2 for saline 

treated animals, 16458 ± 11202 μm2 for TS-PLP treated animals, 3725 ± 2058 μm2 for size-

matched ULC-PLP treated animals, and 3414 ± 3140 μm2 for size-matched 7% BIS-PLP treated 

animals. Average CD61+ area was 4762 ± 3353 μm2 for saline treated animals, 2545 ± 2585 μm2 

for TS-PLP treated animals, 3945 ± 1739 μm2 for size-matched ULC-PLP treated animals, and 

5668 ± 5305 μm2 for size-matched 7% BIS-PLP treated animals. Average particle presence area 

was 0 μm2 for all treatment groups. 
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Figure 4.5: A) Representative IHC wound sections where cell nuclei, fibrin and particles were 

fluorescently labeled (top row) and where cell nuclei and platelets were fluorescently labeled 

(bottom row). Scale bar = 400 µm B) Summary of total area of fibrin, particles, and platelet 

presence (CD61+). Mice treated with TS-PLPs were observed to have both significantly higher 

fibrin presence while there were no significant differences observed in platelet presence and 

particle presence. n=3 images per wound and 3-5 animals per group. * = p ≤ 0.05, *** = p ≤ 

0.001 

 Overall, significantly lower wound areas and CD61+ expression were observed in 

animals treated with TS-PLPs, size-matched ULC-PLPs, and size-matched 7% BIS-PLPs. 

However, fibrin presence was significantly higher only in animals treated with TS-PLPs and 

size-matched ULC-PLPs. The higher presence of fibrin one week after injury indicates that 
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animals treated with this therapy exhibit in vivo clot stability. Additionally, no significant 

differences were observed in particle presence across all groups, indicating that any particles 

administered to mice have left the injury site 1 week post-injury (Figure 4.5). 

4.3.6 Analysis of Safety and Potential Off-target Effects 

To evaluate potential off-target effects, peripheral organs were stained by H&E for tissue 

morphology and fluorescently labeled for fibrin and particles and measured for fibrin-positive 

and particle presence areas. Across all organs, tissue morphology looked normal and no 

significant differences in fibrin and particle presence were detected between treatment groups 

(Figure 4.6). 
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Figure 4.6: Summary of off-target effects studies. A) Representative images of both H&E to 

characterize gross tissue morphology and fluorescently labeled peripheral organs for fibrin and 

particle presence. Images are 400 µm x 400 µm. Scale bar = 100 µm B) Summary of total area for 

fibrin and particle presence, separated by organ type. Fibrin and particle presence were measured 

by converting individual channel images to 8-bit grayscale and then thresholding with a 

minimum of 0-16. The resulting image was then converted to binary and analyzed by particle 

analysis in ImageJ. For each organ type, n=3-5 animals per group. Overall, no significant 

differences in both fibrin and particle presence were observed with relatively low total area 

detected (compared to total area detected in wounds). 
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4.4 Conclusions and Greater Impact 

PLPs are a promising material that seek to address the issues associated with platelet 

depletion in conditions such as traumatic injury and are capable of homing specifically to injuries 

while being able to mimic natural platelet clot retraction. However, PLPs lack the natural platelet 

ability to conditionally change shape after activation of the coagulation cascade. To address this 

shortcoming, we developed a thrombin-sensitive formulation capable of mimicking this 

conditional change shape based on the presence of thrombin. In these studies, we were able to 

demonstrate that these thrombin-sensitive PLPs (TS-PLPs) can induce clot retraction in the 

presence of thrombin and to similar extent as our current PLP technology while also 

demonstrating triggered shape change. 

Prior to exposure to thrombin, TS-PLPs have a rounded shape and does not have 

significant deformability as indicated by the relatively high particle height, compared to previous 

findings with ULC-PLPs 10,36,67 (Figure 4.1). After exposure to thrombin, TS-PLPs then change 

shape, displaying morphology most like activated platelets and small ULC-PLPs at t=48 hrs. 

(Figure 4.2) Only in this morphology were TS-PLPs capable of significantly retracting the clot 

structure like ULC-PLPs (Figure 4.3). 

Additionally, TS-PLPs demonstrated significant hemostatic ability and wound healing 

enhancement in vivo. TS-PLPs and ULC-PLPs decreased bleeding significantly compared to 

control animals treated with saline. Interesting, 7% BIS-PLPs had a lower mean bleeding time 

than control animals, but bleeding was not significantly different between the two groups. Other 

studies by our group using larger 7% BIS-PLPs and ULC-PLPs did not demonstrate differences 

in bleeding outcomes between these groups, but did show differences in clot retraction. These 

results suggest that both particle size and deformability synergistically can influence hemostatic 
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outcomes, and this relationship should be studied in more detail in future studies. Additionally, 

TS-PLPs demonstrated hemostatic ability to greater statistical significance than size-matched 

ULC-PLPs when compared to blood loss in mice treated with saline, although direct comparison 

between TS-PLPs and size-matched ULC-PLPs is not statistically significant. 7 days after injury, 

significantly lower wound area was observed in injury sites of mice treated with all PLP groups, 

However, only mice treated with TS-PLPs were observed to have significantly enhanced fibrin 

presence, potentially indicating greater in vivo fibrin stability.  

While these studies describe a platelet-mimetic particle that conditionally changes shape 

in response to wound triggers, to create a more “platelet-like” particle, there are still aspects that 

could be further optimized. For example, while TS-PLPs do indeed change shape as a result of 

thrombin exposure, high concentrations of thrombin are required, and the degradation of 

crosslinks occur over long time scales. However, it is also possible that thrombin levels within 

clots may be at even higher levels and thus lead to more immediate TS-PLP shape change. 

Potential future studies to address this issue could involve further investigation of thrombin-

degradation and interaction with TS-PLPs at more physiologically relevant concentrations and 

potentially coupling TS-PLPs to thrombin delivery systems 75. Furthermore, the minimum 

thrombin concentration needed to induce TS-PLP shape change is currently unknown. 

Additionally, it is unknown if the current design allows for retention of thrombin within the 

microgel for extended periods of time. If this is the case, the microgel may act as a source of 

thrombin within the wound site for some time after injury. Thus, some other potential directions 

for future work could entail evaluating these parameters. Additionally, in vivo studies with more 

immediate end point could potentially enlighten the exact mechanisms as to why TS-PLPs were 

able to stem bleeding immediately. 
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In conclusion, we were able to successfully fabricate a wound-triggered shape changing 

PLP with TS-PLPs. As demonstrated in this work, TS-PLPs will remain in a rounded 

morphology, similar to inactive platelets. Following exposure to thrombin, TS-PLPs then change 

into a stellate morphology, like inactive platelets. In this degraded state, TS-PLPs can induce clot 

retraction and stem bleeding to similar extent as ULC-PLPs. Additionally, TS-PLPs were 

demonstrated to have improved wound healing outcomes in a survival liver laceration mouse 

model. Although further optimization of some aspects is still needed, TS-PLPs, nonetheless, 

demonstrated promising qualities as a hemostatic and wound healing material. Future work will 

focus on optimizing the thrombin-based degradation of TS-PLPs either by determining a 

formulation that will work at more physiologically relevant thrombin concentrations or coupling 

to a thrombin delivery system, evaluating long-term storage effects, safety and efficacy of TS-

PLPs. 
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Figure 4.7: Summary of TSN particle size changes over time. A) Average dry diameter and 

height for TSNs exposed to 50 U/mL thrombin. As time since thrombin exposure increases, 

particle diameter increases and particle height decreases. For dry diameter, significantly higher 

diameter is observed at both t=24 hrs and t=96 hrs with an overall trend of increasing particle 

diameter. For dry height, significantly lower particle height is detected as early as t=2 hr. B) 

Average median wet diameter (D50). With 50 U/mL thrombin, a significant difference in particle 

size change was detected with a general trend of increasing median particle size. With 75 U/mL 

thrombin exposure, a much more noticeable increase in average TSN size was observed at later 

timepoints (t=96 hr, 1 wk) * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001 
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Figure 4.8: Representative confocal image of unmodified TSN loaded with 70 kDa FITC labeled 

dextran (left). Fluorescent profile of 70 kDa loaded TSN indicates that there is lower signal in 

the middle of the particle compared to the edges, indicating that the 70 kDa dextran does not 

fully penetrate the particle. Since 70 kDa is close to the molecular size of thrombin, these 

observations may indicate that thrombin does not fully penetrate the nanogels, potentially 

explaining why full particle degradation is not observed. 
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CHAPTER 5 

Conclusions and Future Directions 

5.1 Summary of Findings 

This dissertation was dedicated to creating enhanced function formulations of PLPs to 

allow for great biomimetic capability. In particular, these studies were focused on adding the 

ability to fight infections and the ability to conditionally change shape. The objective of the 

studies conducted were divided into two specific aims, presented in Chapters 3-4. Aim 1 was 

focused on developing a PLP with antimicrobial activity and achieved this through the 

incorporation of nanosilver into the ULC microgel body. Aim 1 was divided into further sub-

aims, with Aim 1A being focused on the fabrication of nanosilver composite ULCs and 

evaluation of their associated in vitro performance and Aim 1B being focused on the evaluation 

of the associated in vivo performance and properties both in the absence and presence of 

bacterial infection. Aim 2 was focused on developing a PLP formulation with triggered chape 

change and achieved this through the incorporation of a thrombin-cleavable peptide as a 

crosslinker into the nanogel body. Aim 2 was divided into similar sub-aims with Aim 2A 

focusing on the fabrication of a thrombin-sensitive PLP and associated in vitro properties and 

Aim 2B focusing on the evaluation of the TS-PLPs in vivo. 

The studies conducted for Chapter 3 focused on first fabricating an antimicrobial 

nanosilver composite ULC (Ag-ULC), then evaluating its associated in vitro properties including 

particle size, deformability and clot retraction ability, and then finally evaluating in vivo 

performance in a mouse dermal injury model without bacterial infection and a model with 

bacterial infection. Because the combination of particle deformability and fibrin binding affinity 

of the fibrin-targeting antibody was found in first generation PLPs to both be required for clot 
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retraction, it was crucial to determine what effects the incorporation of nanosilver might have on 

particle deformability. To incorporate nanosilver into ULCs, an in situ reduction of silver ions by 

sodium borohydride was conducted. The resulting Ag-ULCs were found to share similar 

diameter, height and hydrodynamic diameter measured via DLS at pH 3 compared with 

unmodified ULCs, averaging about 1.6 µm in diameter, 15 nm in height, and 500 nm pH 3 

diameter. Nanosilver presence was confirmed by TEM, shown as black dots. To evaluate clot 

retraction ability, Ag-ULCs were conjugated to fibrin targeting fragment E antibody and 

incorporated into clots. It was observed that clots with Ag-ULCs had significantly denser clot 

structure compared to control clots and that the fibrin density was similar to clots with ULC-

PLPs. To evaluate in vitro antimicrobial activity, a colony forming assay was conducted using 

drug resistant strains of Escherichia choli and Staphylococcus aureus. These bacteria were 

cultured in the presence of Ag-ULCs over the course of 24 hours at 37oC and it was observed 

that no colonies grew from any of the timepoint aliquots where Ag-ULCs were present across 

both species of bacteria cultured. These findings in combination with similarities in particle size 

properties, demonstrate that Ag-ULCs retain the properties and performance of ULCs following 

the nanosilver incorporation while demonstrating significant antimicrobial properties. 

To evaluate in vivo hemostatic ability, a liver laceration mouse model was used, with 

treatments administered intravenously and particle treatments being administered at 10 mg 

particle/kg animal. It was observed that mice treated with Ag-PLPs had significantly less blood 

loss than mice treated with saline. The reduced blood loss is also similar to the blood loss 

observed in mice treated with ULC-PLPs. To evaluate effects of Ag-PLPs on wound healing 

outcomes, a full thickness dermal injury mouse model was used, with treatments delivered in a 

fibrin clot. 9 days after surgery, significantly thicker epidermal thickness and higher CD31 
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expression was observed in wounds treated with Ag-PLPs, compared to wounds treated with 

fibrin. Additionally, the enhanced wound healing outcomes in wounds treated with Ag-PLPs 

were observed to be similar to wound healing outcomes in wounds treated with ULC-PLPs. 

Across these two animal models, Ag-PLPs demonstrated similar performance as ULC-PLPs, 

indicating that Ag-PLPs also retain base ULC-PLP performance in vivo. To evaluate in vivo 

wound healing outcomes in the presence of bacterial infection, the same mouse dermal injury 

model was used with an additional application of 2.5 x 107 CFU/mL suspension of S. aureus 

prior to application of treatment clots. 9 days after surgery, it was observed that wounds treated 

with Ag-PLPs and ULC-PLPs both had enhanced epidermal thicknesses. However, only wounds 

treated with Ag-PLPs had enhanced CD31 expression in addition. Furthermore, significantly 

higher wound closure was observed in wounds treated with Ag-PLPs, starting from t=5 days 

onwards. Overall, Ag-PLPs significantly enhance wound healing outcomes in the presence of 

infection, indicating that Ag-PLPs can significantly fight off infection in vivo. In Chapter 3, a 

PLP formulation with antimicrobial activity was successfully fabricated and evaluated to have 

similar properties as ULC-PLPs while also demonstrating significant ability to combat infection 

both in vitro and in vivo. Thus, Ag-PLPs are more mimetic of actual platelets than ULC-PLPs 

due to the added antimicrobial capacity, which allows Ag-PLPs to assist in the host response to 

bacterial infection. 

With the findings of Chapter 3 establishing a PLP formulation with the ability to fight 

infection, the studies conducted for Chapter 4 focused on the development of thrombin-sensitive 

PLPs as a PLP formulation with triggered shape change. Thrombin-sensitive nanogels (TSNs) 

were fabricated by a precipitation synthesis of NIPMAM, Acrylic Acid as a copolymer and a 

thrombin-cleavable peptide as a crosslinker. TSNs were then evaluated for morphology on 
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cryoSEM and dry particle size on AFM in the presence or absence of thrombin. When 

unmodified (i.e. not exposed to thrombin), TSNs were found to have a rounded morphology with 

an average particle diameter of about 330 nm and average particle height of 33 nm measured via 

AFM. To determine morphology changes over time in the presence of thrombin, TSNs were 

exposed to 75 U/mL thrombin and then imaged on cryoSEM at various time points over the 

course of 1 week. It was observed that the morphology of TSNs changes from rounded like 

inactive platelets to stellate and network-like, similar to the morphology of active platelets and 

ULCs, especially at t= 48 hours. To evaluate if the observed shape change can induce clot 

retraction when formulated into PLPs, TSNs were conjugated to a fibrin targeting fragment E 

antibody to create TS-PLPs and then incorporated into clots. To test thrombin-triggered shape 

change, TS-PLP containing clots with a thrombin overlay were characterized as well. Without a 

thrombin overlay, it was observed that clots with TS-PLPs did not have significantly different 

clot structure than control clots. As expected based on previous results, clots with size-matched 

ULC-PLPs and regular ULC-PLPs did exhibit significantly more condensed clot structure. 

However, with a thrombin overlay, clots with TS-PLPs displayed significantly lower % porosity 

and thus more condensed clot structure than control clots, with similar % porosity as the ULC-

PLP groups. With a thrombin overlay, the clot retraction induced by TS-PLPs was similar to that 

observed in clots with ULC-PLPs. These findings demonstrate that TS-PLPs do indeed have 

triggered shape change and that this shape change is sufficient enough to induce significant clot 

retraction. 

To evaluate in vivo performance and properties of TS-PLPs, a survival liver laceration mouse 

model was used. Particle treatments were administered intravenously at 5 mg/kg and allowed to 

circulate for 5 minutes prior to inducing laceration. Blood was then collected onto a pre-weighed 
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assembly of filter paper and parafilm with photos taken over the course of 5 minutes. The area 

covered in blood was then measured for a bleeding area in ImageJ. It was observed that TS-PLPs 

and size-matched ULC-PLPs significantly reduced blood loss compared to saline controls. To 

evaluate wound healing outcomes and potential off-target effects, organs and wounds were 

harvested from the mice 1 week after the initial liver laceration and histologically analyzed. 

Wound healing outcomes were evaluated by wound area measurement on H&E stained sections, 

fluorescently labeled fibrin and CD61 (to evaluate platelets). Particle presence was also 

evaluated by fluorescently labeling the fibrin targeting antibody. It was observed that mice 

treated with TS-PLPs and size-matched ULC-PLPs had significantly lower blood loss and 

bleeding area compared to mice treated with saline. Additionally, although comparison between 

blood loss in TS-PLP and size-matched ULC-PLP treated mice is not statistically significant, it is 

still noteworthy that mice treated with TS-PLPs exhibited greater statistical significance in blood 

loss and bleeding area when compared to mice treated with saline. For wound healing outcomes, 

wound area was statistically significantly lower in all particle treated mice compared to saline 

treated animals. However, fibrin was statistically significantly higher only in mice treated with 

TS-PLPs, indicating that animals treated with this therapy exhibit better clot stability in vivo. 

These findings indicate that TS-PLPs are capable of significant hemostatic ability and enhanced 

wound healing outcomes. For off targeting effects, no significant differences were detected for 

either fibrin or particle presence across all groups for each organ, indicating no noticeable off 

target effects. Overall, these findings indicate that TS-PLPs do indeed exhibit triggered shape 

change and that the shape change can significantly retract clots. Additionally, TS-PLPs 

demonstrated significant hemostatic ability and enhanced wound healing outcomes with minimal 

off target effects. In Chapter 4, a PLP formulation with wound-triggered shape change was 
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successfully fabricated with the development of thrombin-sensitive PLPs and evaluated to have 

triggered-shape change when exposed to thrombin. It was also found that this shape change was 

sufficient enough to induce significant clot retraction in vitro and sufficient enough to lead to 

enhanced hemostasis and wound healing outcomes in vivo without off target effects. These 

findings demonstrate that TS-PLPs are indeed a PLP formulation that can conditionally change 

shape in the presence of injury markers (specifically thrombin in this case) and thus more closely 

mimic platelet wound-triggered shape change. 

5.2 Limitations and Challenges 

These enhanced function PLP formulations have been demonstrated to not only perform 

similarly as their base ULC-PLP counterparts, but also demonstrate the ability to achieve their 

intended secondary function. For Ag-PLPs, it was determined that the nanosilver incorporation 

did not affect the associated ULC-PLP performance while being able to significantly fight off 

infection. For TS-PLPs, it was determined that they do not change shape until exposed to 

thrombin, and when they are exposed to thrombin, the resulting shape change is enough to 

induce similar in vitro clot retraction and in vivo hemostasis and enhanced wound healing 

outcomes. However, there are limitations to consider in both current PLP and study designs. 

Although Ag-PLPs were observed to be able to fight off in vivo infection, it is worth 

noting that the injury model they were used in was one of acute infection, where bacteria were 

applied at the same time as with treatments. Furthermore, due to the length of the experiment, we 

were unable to detect bacteria by Gram stain, as shown by the lack of purple bacteria in Figure 

3.8 and hypothesize that bacteria may have sloughed off in the scab or may have even cleared by 

host animal immune response. Additionally, although nanometals are well-recorded as an 

antimicrobial agent, some studies have found that bacteria are capable of developing resistance 
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to nanometals 76. Long-term and/or multiple doses of Ag-PLPs need to be evaluated in future 

studies. These studies also did not evaluate any off-target effects that Ag-PLPs may induce, 

which is important to evaluate for safety and eventual clinical translation. 

For TS-PLPs, although the ability for thrombin-triggered shape change was observed, 

the time scale required to achieve sufficient shape change particle deformability is on the scale of 

days. While the shape change is not needed for hemostasis it is expected to contribute to 

enhanced healing outcomes, since our previous work has shown that deformable PLPs enhance 

dermal healing to a greater extent than non-deformable particles. Overall, the healing outcomes 

between TS-PLPs and ULC-PLPs were similar in our model, indicating that this design was 

sufficient to at least match our previous design. However, it should be noted that these prior 

studies did use larger ULC-PLPs (~1µm instead of ~300nm in diameter), and it is likely that size 

plays a role in the observed responses as well. Having faster shape change could potentially 

enhance the wound healing kinetics of the TS-PLPs. Additionally, the production of larger TS-

PLPs should be explored in the future as well. Furthermore, the thrombin concentrations needed 

to induce the shape change in TS-PLPs are higher than physiological concentrations in 

circulation. However, at the wound site the thrombin concentrations would be expected to be 

much higher. Also, there has not been significant investigation of potential cytotoxicity or 

immune response in the presence of TS-PLPs, which are crucial evaluation points for safety. 

Across both particle formulations, long-term effects remain mostly unevaluated at this 

time. For Ag-PLPs, some storage effects have been evaluated as shown in Appendix B.3, but 

there is still a need to evaluate if the nanosilver content, antimicrobial activity, and clot retraction 

ability are all retained. For both PLP types it is important to evaluate long-term effects to ensure 

that the performance observed in the studies for Chapters 3 and 4 are retained. 



   

70 
 

5.3 Clinical and Engineering Significance 

Although nanosilver composite pNIPAm microgels have been fabricated and 

investigated in literature before, the majority of these applications have been more focused on 

chemical applications, particularly as catalytic materials where the microgel is used as a 

stabilizing agent for the nanosilver 77-80. Thus, Ag-PLPs presents innovation in the field by 

expanding the potential applications of nanosilver composite microgels to a wound healing and 

biomedical space. Additionally, because PLPs can be applied both topically and intravenously, 

Ag-PLPs, with their ability to fight infection, could potentially be used to treat infections in 

many different injury sites, ranging from surface injuries such as chronic wounds or burns to 

more internal infections, or even as emergency hemostatic use that comes with built in infection 

prevention. 

Many platelet-mimetic materials are focused on only recapitulating the hemostatic 

ability of platelets. As previously discussed, however, platelets achieve some of their important 

functions in the hemostatic and wound healing process by their ability to conditionally change 

shape and retract clots. PLPs in general have been highly innovative in this field with being a 

material that can retract clots. Thus, TS-PLPs are an innovative material in this field by not only 

being able to mimic clot retraction but also to mimic the conditional shape of platelets. It is also 

worth noting that current TS-PLPs do not require delivery of external coagulation or chemical 

signals to achieve the enhanced wound healing outcomes observed in Chapter 4. An additional 

innovation in this work is that the in vivo studies associated with Chapter 4 used a survival liver 

laceration model in mice, which is notable as most survival liver laceration rodent models in 

literature typically use rats 81-85. One mouse survival liver laceration model has been found in 

literature, but it entailed cutting off 75% of a liver lobe and re-sealing mice with absorbent 
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material inside, which can be incredibly stressful or uncomfortable for the animals 86. Thus, what 

makes the survival liver laceration model used for Chapter 4 innovative is its less harsh 

requirements to detect significant differences in bleeding and that it is conducted in an animal 

that is not usually used for this type of injury model. As a result, the studies for Chapter 4 have 

added a potential animal model for other investigators in the field to use. 

5.4 Future Directions 

Although the materials developed as part of this dissertation demonstrated significant 

promise in their hemostatic and wound healing applications, and expand the applications of their 

material types, there remain many aspects to be further optimized and explored. Ag-PLPs have 

demonstrated significant ability to fight off infection in vivo, but the infected injury model they 

were tested in was only for a model of acute infection, which is not necessarily reflective of 

clinically treated cases of bacterial infection. As such, a potential direction that can be taken for 

future work with Ag-PLPs is study of Ag-PLPs in animal models of long-term infection. 

Additionally, it has been recorded that some bacteria can indeed develop resistance to 

antimicrobial nanometals, nanosilver included, which lends to a need to investigate potential 

resistance to Ag-PLPs 76.  

As mentioned previously in this dissertation, the conditions needed for significant shape 

change in TS-PLPs could be further optimized. Because of this limitation, future work can be 

dedicated to exploring alternative formulations, such as changing the amount of thrombin-

cleavable peptide crosslinker or coupling TS-PLPs to previously described delivery systems 

loaded with thrombin75. Additionally, there is also a need to determine a minimum thrombin 

concentration to induce TSN shape change and to better understand if TSNs promote thrombin 

retention and/or prolonged activity. To that end, further directions for future work could entail 
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evaluating these parameters through conducted thrombin degradation assays at differing 

thrombin concentrations or evaluating behavior of TSNs in the presence of fluorescently labeled 

thrombin or a fluorescently labeled thrombin substrate. Furthermore, the current iteration of 

TSNs are smaller than platelets or first generation ULC-PLPs. The effect of these particle size 

discrepancies on TSN performance is unknown. Thus, another direction for future work is to 

determine particle size-related effects by exploring alternative formulations such as readjusting 

reagent concentrations or changing the main polymer from pNIPMAM to pNIPAm, the latter of 

which is used in our current ULC-PLP formulation. 

Finally, across both PLP formulations, future work can also be focused on more 

thoroughly evaluating the long-term storage effects as well as safety and efficacy. For Ag-PLPs, 

preliminary study indicates that particle size remains relatively stable over the course of 1 month, 

but further investigation is needed to determine if associated nanometal content, antimicrobial 

activity and clot retraction ability are affected by the differing storage conditions. For TS-PLPs, 

future work on this front would entail determining what effects different storage conditions could 

have on the shape change ability as well as associated clot retraction performance. There is also 

potential to explore loading of these PLP formulations with other chemical markers as multi-

functional delivery platforms to better imitate the ability of platelets to provide additional 

coagulation factors. Overall, there are still many aspects to explore to further enhance the 

biomimetic function of PLPs as well as many formulations to further develop.  

In conclusion, the work presented in this dissertation has developed new platelet-like 

particle formulations that add additional functions to create multifunctional PLPs that are even 

more mimetic of natural platelets and not only achieve enhanced hemostasis and wound healing 

outcomes but also mimic platelets’ ability to fight infection and conditionally change shape. 
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Because of these multifunctional aspects, the PLPs developed in this work have added platelet-

mimetic materials that can mimic several functions in a field where most work focuses on only 

one: the hemostatic ability of platelets. 
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APPENDIX A 

Detailed Experimental Protocols 

A.1 Synthesis of Nanosilver Composite Ultralow Crosslinking Microgels (Ag-ULCs) 

This protocol was developed in collaboration with Erin Sproul, PhD and modified from Liu 

et al (2012) 30. The objective of this protocol is to combine ultralow crosslinked pNIPAm 

microgels (ULCs) with antimicrobial nanosilver in a covalent reaction to create nanosilver 

composite ULCs (Ag-ULCs). 

A.1.1 Materials 

Materials needed to successfully conduct this synthesis are as follows: 

 Purified pNIPAm ULCs (3.5 mg/mL) 

 Silver Nitrate (AgNO3), MW 196.87 g/mol, purity 99.8% 

 Sodium borohydride (NaBH4), MW 37.83 g/mol, purity 95% 

 Ultrapure water 

A.1.2 Procedure Details 

1. Stir 100 mL of 3.5 mg/mL ULCs in ultrapure water in a clean and dry Erlenmeyer 

flask at 450 rpm and purge with nitrogen 

2. Add 0.05 g AgNO3 and continue to stir under nitrogen for at least 30 minutes at room 

temperature. 

a. Volume needed calculated from 100 mM stock of AgNO3 

3. Measure 0.15 g NaBH4 and suspend in water 

a. Note: NaBH4: 0.16 M Solution Prep 

i. Prepare IMMEDIATELY before use - NaBH4 has very low lifetime in 

H2O 
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ii. Scaling calculation: x mg*(5 mL H2O/30 mg) = x/6 mL H2O 

iii. To measure: 

1. Pre-weigh holding tube 

2. Inside glove box, obtain NaBH4 and place into holding tube 

3. Weigh tube afterwards and determine NABH4 weight and 

scale H2O as needed 

4. Add the NaBH4 to the reaction mixture and stir 10 minutes. 

a. The reaction should occur immediately and change the solution color to 

brown 

5. Split the resulting brown dispersion into centrifuge tubes and add an equal amount of 

ultrapure water to each 

6. Centrifuge at 3700x g for 20 minutes. 

7. Remove supernatant and wash 

8. Repeat steps 6-7 for 3 total washes 

9. Resuspend in 70 mL of 2 mM sodium citrate to create 5 mg/mL solution 

A.2 Synthesis of Thrombin-sensitive Nanogels (TSNs) 

This objective of this protocol is to fabricate TSNs, which consist of NIPMAM crosslinked with 

a thrombin-cleavable peptide sequence. This protocol was adapted from a combination of 

established microgel synthesis methods and work by Du et. al 74  

A.2.1 Materials: 

Reagents needed to successfully conduct this synthesis are as follows: 

 NIPMAM, 85% of 140 mM monomer concentration 

 Thrombin-cleavable Peptide (>95% purity), 5% of 140 mM monomer concentration 
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 TEMED, 95 mM final concentration 

 APS, 125 mM final concentration 

 Acrylic Acid (AAc), 10% of 140 mM monomer concentration 

 Note: Reagent amounts are variable depending on total reaction volume. 

A.2.2 Detailed Procedure: 

1. Dissolve NIPMAM into ultrapure water and incubate with TEMED. Dissolve thrombin-

cleavable peptide into ultrapure water. 

a. Note: Make sure to reconstitute thrombin-cleavable peptide in DMSO beforehand 

2. Add enough water to desired total reaction volume 

3. Add to reaction vessel with stirbar and allow to stir at 450 rpm under nitrogen purge for 1 

hour at room temperature 

4. 10 minutes before initiation, add AAc. 

5. Add APS and allow to react for 24 hours at room temperature. 

6. Purification achieved by dialysis in 1000 kDa tubing over 72 hours in ultrapure water 

followed by lyophilization. 

7. Resuspend at desired working concentration in ultrapure water. 
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APPENDIX B 

Supplemental Nanosilver Composite Platelet-like Particle (Ag-PLP) Studies 

B.1 In vitro Optimization of Ag-PLP Dose 

In these studies, an optimal dosage of Ag-PLPs was assayed. To achieve this, cell 

spheroids were seeded into a clot sandwich and allowed to proliferate and migrate. After 3 days, 

area of cell spread was measured. 

B.1.1 Methods and Materials 

This experiment was conducted as described by Nandi et al with clot compositions of 2 

mg/mL fibrin, 10% volume HEPES, 0.1 U/mL thrombin and differing concentrations of particle 

treatments (0.25 mg/ml and 0.5 mg/mL). 87 Particle treatments used for this study are ULCs, Ag-

ULCs (Ag), 7% BIS microgels (7% BIS) and their PLP counterparts ULC-PLP (ULC + AB), 

Ag-PLP (Ag + AB), and 7% BIS-PLP (7% BIS + AB). HDFn cells were used at passages 10-12 

and groups were cultured in triplicate. Cell spread area was measured using ImageJ., with a % 

change of area calculated with using day 0 as comparison reference. Statistical analysis was 

conducted in GraphPad Prism with 2-way ANOVA. 

B.1.2. Results 

Overall, an inhibitory effect on cell migration is observed with ULC-PLPs (ULC + AB) 

and Ag-PLP (Ag + AB) groups when particle treatment concentration is 0.5 mg/mL and an 

enhanced effect on cell migration is observed for ULC-PLPs and Ag-PLPs when particle 

treatment concentration is 0.25 mg/mL. For 0.5 mg/mL data, the only statistical differences 

observed were at t=24 hrs when comparing ULCs to 7% BIS and Ag-ULCs (Ag) to 7% BIS. For 

0.25 mg/mL data, no statistically significant differences are detected until t = 24 hrs when 

comparing ULC-PLPs to Ag-ULCs. At t= 48 hrs, statistically significant differences were 
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observed when comparing ULC-PLPs to ULCs, Ag-ULCs and 7% BIS and when comparing Ag-

PLPs to Ag-ULCs. At t=72 hrs, statistically significant differences are observed when comparing 

ULC-PLPs to ULCs,7% BIS, Ag-ULCs, and Ag-PLPs, and Ag-PLPs to ULCs, Ag-ULCs, 7% 

BIS and 7% BIS-PLPs. (Figure B.1) 

 

Figure B.1: Average % Change over the course of 72 hours since spheroid seeding. When 

particle concentration is 0.5 mg/mL, an inhibitory effect is observed with ULC-PLP (ULC + AB) 

and Ag-PLP (Ag + AB) groups, although this is concentration we have determined as optimal in 

previous studies. When the particle concentration is 0.25 mg/mL, instead, we observe the 

expected enhanced cell migration area increase in ULC-PLP (ULC + AB) and Ag-PLP (Ag + 

AB) groups. n=3-5 spheroids per group. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 

0.0001 

B.2 Evaluation of Cytotoxicity of Ag-ULCs 

Although nanosilver is known to be well-tolerated by eukaryotic cells 56, the production 

methods are considered harsh on eukaryotic cells and may leave residual harsh reagents 26. Thus, 

these studies were conducted to determine in vitro cytotoxicity of Ag-ULCs on human dermal 
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fibroblasts (HdFn). Because the antimicrobial mechanism of nanometal is contact based, cells 

were cultured on top of films made of Ag-ULCs. 

B.2.1 Methods and Materials 

15 mm circle cover glass was cleaned by sonication in a series of solution for 10 minutes 

per solution. The solution order is as follows: alconox, de-ionized water, acetone, 200 proof 

ethanol, isopropanol. The cover glass was then allowed to air dry. To create microgel films, each 

cover glass is functionalized by 1% APTMS in EtOH and shaken for 2 hours in a 12 well plate. 

Then, the cover glass is washed 3 times. From there, 0.1 mg/mL microgel solutions are deposited 

into the plate and then centrifuged at 3700 rpm at 4o C for 10 minutes with a final wash. The 

films are then allowed to air dry until use. 

Prior to use with cells, the films are rehydrated and then soaked in 20% ethanol for 30 

minutes and then washed and immediately aspirated 3 times with water. The films are then 

allowed to soak in water once more to extract any residual ethanol. To promote cell adhesion, the 

films are then collagen coated at a density of 10 µg/cm2 and allowed to sit at 37o C in an 

incubator for 3-4 hours or overnight at 4o C. The following day, HdFn is then seeded at 20k cells/ 

mL into each well, incubated for 24 hours and then live/dead stained. A negative control group 

was included and consisted of cells incubated in the presence of 70% ethanol in the media. 

Images were taken on an EVOS Auto FL at 10x magnification. Cells were counted manually and 

each group was cultured in triplicate. Statistical analysis was conducted in GraphPad Prism with 

2-way ANOVA and Tukey’s multiple comparisons test. 

B.2.2 Results 

No statistically significant differences were detected between the positive control, ULC 

and Ag-ULC groups. Additionally, no statistically significant difference between ULCs and Ag-
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ULCs were detected. Statistically significant differences were detected in comparisons between 

the negative control and all other groups. These results indicate that Ag-ULCs do not result in 

significant cytotoxicity. 

 

Figure B.2: Summary of Average Live/Dead % of cells. No statistically significant differences 

were detected between the positive control, ULCs, and Ag-ULCs. n=3 images per well, 3 wells 

per group 

B.3 Preliminary Studies of Ag-ULC Storage Stability 

Ag-PLPs have been demonstrated to be a promising material with hemostatic and wound 

healing enhancement properties. However, there remains a need to determine storage effects on 

the stability of the Ag-ULC body. This section presents the preliminary findings of these studies. 

B.3.1 Materials and Methods 

Ag-ULCs were stored at varying temperatures (4o C and 25o C) and in different forms 

(lyophilized and fluid) over the course of 1 month and aliquoted at the following time points: t= 

0, 2 weeks, and 1 month. Aliquots were then analyzed for particle deformability by AFM. 
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To prepare samples for AFM imaging, cover glass was first cleaned by sonication and 

then functionalized by APTMS as described in Appendix B.2.1. Ag-ULC solution concentrations 

were 0.01 mg/mL, 0.004 mg/mL, and 0.002 mg/mL. The samples were then allowed to air dry. 

Air topography imaging was conducted on a MFP 3D Bio AFM (Asylum). Particle diameter and 

height were then measured by height trace on ImageJ for at least 27 particles per sample. 

Statistical analysis was conducted on GraphPad Prism with one-way ANOVA comparisons and 

Tukey’s multiple comparisons test. 

B.3.2 Results 

Statistically significant differences were detected in particle diameter between Ag-ULCs 

stored in fluid at t=1 mo compared with all other time points. No statistically significant 

differences in average particle height were detected. Although a statistically significant 

difference is detected at =1 mo for Ag-ULCs stored in fluid, it is notable that it is for an 

increased diameter, indicating increased particle deformability. 
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Figure B.3: Average particle dry diameter and heights. No statistically significant differences 

were detected for heights. Statistically significantly higher diameter was detected for Ag-ULCs 

stored as a fluid at room temperature compared to all other samples. n= 27-30 microgels. * = p ≤ 

0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001 
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APPENDIX C 

Biomimetic Antimicrobial Material Strategies for Combating Antibiotic Resistant Bacteria 

This appendix is a literature review published on biomimetic antimicrobial material 

strategies used to combat antibiotic resistant bacteria. The work described in this appendix is 

already published in Biomaterials Science: Chee, E., & Brown, A. C. (2020). Biomimetic 

antimicrobial material strategies for combating antibiotic resistant bacteria. Biomaterials 

Science, 8(4), 1089-1100. 

C.1 Introduction 

The discovery of the antibiotic penicillin by Alexander Fleming in 1928 has long 

revolutionized the field of medicine 88 . However, continued use of penicillin, and similar 

antibiotic drugs, have led to the rise of strains of antibiotic resistant bacteria, which has 

since motivated the need for alternative treatments. According to the Centers for Disease 

Control (CDC), antibiotic resistant bacteria affect at least 2 million individuals annually 

in total2. In particular, high threat antibiotic strains exist across several species. Most 

notably, there exists Methicillin-resistant Staphylococcus aureus (also known as MRSA), 

leading to approximately 80,000 infections annually, and drug-resistant Streptococcus 

pneumoniae, leading to approximately 1.2 million infections annually 25. These antibiotic 

resistant bacteria can greatly worsen prognosis for patients for whom bacterial infection is 

a high-risk factor, such as those with chronic injuries, burns, or compromised immune 

systems. 

In the human body, bacterial infections are fought off by the immune system. In 

particular, neutrophils, monocytes and macrophages are key in fighting off bacterial 
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pathogens as these three cell types are those most involved in phagocytosis and ultimately 

clearing the body of said pathogens 89. Additionally, immune cell responses can be 

augmented by platelets. During the immune response, platelets will change expression of 

signaling molecules that direct neutrophil and monocyte behavior to form aggregates 

consisting of platelets, neutrophils, and monocytes. In turn, this process activates the 

neutrophils and monocytes towards responding to invasion by bacteria. Furthermore, 

platelets themselves are able to bind to bacteria and release antimicrobial substances 3. 

Because these mechanisms are already functional under in vivo conditions, biomimetic 

methods for recapitulating such behavior has been very attractive as a means of designing 

new strategies for fighting off antibiotic resistant bacteria. Thus, researchers have 

explored incorporation of these antimicrobial mechanisms in order to combat antibiotic 

resistant bacteria for a multitude of applications. 

Commonly used strategies to combat antibiotic resistant bacteria include molecular 

based strategies, biopolymers, micro-organisms and materials derived from naturally 

antimicrobial substances such as platelet-rich plasma (PRP) 56,90-92. These strategies are 

summarized in Table C.1. Molecular based strategies are focused around functionalizing 

materials with molecular substances that are antimicrobial. Notable materials within this 

field include antimicrobial peptides (AMP) and nanometal particles (including gold, 

silver, and zinc oxide) 56. Biopolymer strategies are based around functionalizing 

polymeric materials towards antimicrobial activity. Notable antimicrobial strategies 

include molecular structure modifications, incorporation of leukocyte migration inducing 

materials, and incorporation of antimicrobial substances 92. Antimicrobial derived 

substances are based around incorporating the use of biologically natural antimicrobial 
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substances. Notable within this field are platelet rich plasma (PRP) and essential oil-

incorporated materials. 29,93 Bacteriophages are also a notable strategy for combatting 

bacterial infection due to their high efficiency in killing bacteria 28 . 

While these strategies have shown great potential for antimicrobial efficacy, 

modifications of synthesis methods, molecular structure, or antimicrobial range could 

potentially improve efficacy, delivery profiles, and associated toxicity. Some molecular 

strategies are often associated with difficult or time-intensive synthesis means and, in the 

case of nanometals, harmful components that may still remain in residual amounts. 

Strategies based around antimicrobial peptides also face issues with ensuring that peptides 

are not broken down until delivery to intended treatment sites 94. Polymeric-based 

strategies can face similar issues depending on the synthesis methods (e.g.: residual 

presence of harsh organic solvents). For derived substances, there are issues with means 

of supply of raw materials and consistent processing. For example, PRP relies on a patient 

source, which can face regulatory barriers and donor shortages. Furthermore, while PRP 

has shown potential for antimicrobial applications, Fernandez-Moure has reported that 

clinical trials utilizing PRP have reported varying levels of antimicrobial efficacy and 

even recurrence of infections in certain applications (e.g: chronic injury treatment) 1,95,96. 

Additionally, essential oils, while reported to have components that are antimicrobial 

against bacteria strains like MRSA, also require some fabrication precautions to prevent 

essential oil droplets from forming masses during incorporation into other materials 92 . 

In this review, we discuss current biomimetic antimicrobial strategies including 

surface mimicry, biomimetic functionalization of existing strategies, and biomimetic 

assemblies. The strategies discussed in this review are summarized in Table C.2. Surface 
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mimicry consists of strategies based around mimicking the structure of known naturally 

antimicrobial surfaces such as cicada wing and crab carapace. Biomimetic 

functionalization of existing strategies consists of the use of biomimetic materials to 

enhance existing antimicrobial strategies. In particular, these strategies seek to modify 

existing approaches in order to reduce cytotoxicity, improve delivery profile, and to 

improve antimicrobial efficacy. As an example, nanometal cytotoxicity can be reduced by 

using reduction reactions mimetic of chemical processes in microorganisms and plants. 

Biomimetic assemblies consist of antimicrobial materials that have been constructed into 

assemblies with other components, such as leukocyte mimetic materials that consist of 

polymeric particles enclosed with leukocyte membranes. Due to this structure, the 

resulting assembly can result in better targeted delivery towards sites of infection by 

mimicking leukocyte targeting mechanisms. These biomimetic methods present potential 

for versatile solutions for combatting infection by antibiotic resistant bacteria across a 

wide range of applications and treatment delivery means. 
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Table C.1 Overview of Current Antimicrobial Material Strategies 

Category Strategy Description Pros Cons References 
Molecular Nanometal Creation of nanosized particles of 

metal and metal oxides. 
-Wide range of affected bacteria 
-Less toxic than bulk 
antimicrobial metal 

-Has varying dose-
dependent cytotoxic effects. 
-Synthesis process can 
result in toxic byproducts. 

56 

 Antimicrobial peptides 
(AMPs) 

Creation of AMPs for combat against 
drug resistant bacteria 

-Capable of targeting drug 
resistant bacteria 
-Based on peptides naturally 
produced in animals  

-High toxicity 
-Low in vivo efficacy 
-Difficult to scale up 

56, 91 

 Bacteriophages Viruses capable of selectively killing 
bacteria 

-Low toxicity 
-Targeting does not overlap with 
antibiotic drugs  

-Can become resisted by 
bacteria 
-Narrow range of effect 

27, 28, 133, 134 

Biopolymers Molecular structure 
modification 

Polymers designed with molecular 
structure that is mimetic of AMPs 

-Allows for tunable polymer 
with antimicrobial activity 
-Has potential for efficient scale-
up of peptides 

-Heterogeneity of chain 
length and 
copolymerization 
-Antimicrobial capability 
and toxicity dependent on 
amphiphilic balance 

90 

 Inclusion of pro-
leukocyte migratory 
materials 

Polymers including materials that 
encourage the migration of 
leukocytes at implantation sites. 

-Directs local immune system 
cells towards sites of infection 

-Requires specific 
molecular structure or 
substances 

92 

 Inclusion of 
antimicrobial materials 

Polymeric materials incorporated 
with antimicrobial materials such as 
AMPs and nanometals 

-Allows for delivery of 
antimicrobial materials on both 
macro- and micro-scales 
-Allows for tunable construction 
with nanofiber production 
methods 

-Associated disadvantages 
of incorporated materials 
(e.g.: cytotoxicity of 
nanometals, solvent 
residues) 
-May reduce antimicrobial 
activity (e.g.: AMP 
nanofiber production) 

56, 92 

Antimicrobial 
Derived 

Substances 

Platelet rich plasma 
(PRP) 

The use of PRP towards treating 
infected sites while enhancing tissue 
regeneration 

-Autologous treatment 
-Has seen use in clinical trials 

-Varying efficacy 
-Potential regulatory 
barriers 

1, 29, 95, 96 

 Essential oils Incorporation of extracts from plants 
into materials for antimicrobial 
function 

-Easy to obtain synthesis 
materials 

-Requires specific 
fabrication set up to prevent 
oil aggregation during 
incorporation into materials 

93 
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Table C.2 Overview of Antimicrobial Biomimetic Strategies 

Category Strategy Description Pros Cons References 
Surface Mimicry Nanopillars Patterning of surfaces with nanopillars; 

mimicking the surface geometry of 
insect wings 

-Mechanical mechanism 
-Translatable across materials 

-Requires optimization of surface geometry 
with regards to pillar length and density. 
-Cannot be used for applications inside the 
body 

97, 100, 155 

 Nanogrooves/w
rinkles 

Patterning of surfaces with 
nanogrooves or nanowrinkles, 
mimicking the surface of shark skin and 
crab carapace 

-Mechanical mechanism 
-Translatable across materials 

- Requires optimization of depth for 
nanogrooves as bacteria can settle at the 
bottom of grooves. 
-Cannot be used for applications inside the 
body 

99, 58,102-104 

Biomimetic 
Functionalization 

Optimization of 
nanometal 
synthesis to 
reduce toxicity 

Enhanced biocompatibility 
functionalization of nanometal-based 
strategies by use of organism mimetic 
molecules to reduce cytotoxicity 

-Can circumvent the need for 
synthetic synthesis of nanometals 
-Dopamine based catechol structure 
allows for chemical versatility for in 
situ production  

-Effectiveness of reduced cytotoxic effects 
dependent on incorporation means (e.g.: 
surface adhesion vs. copolymerization) 
-Does not remove inherent cytotoxicity of 
nanometal 

57, 59, 105-119 

 Antimicrobial 
peptide 
modification 
for improved 
delivery 

Modification of AMP function by 
alternate structures (e.g.: as fibers in 
materials or the molecular structure 
itself)  

-Provides alternatives to purely 
nanometal-based strategies  
-Improves stability and delivery of 
antimicrobial molecules such as 
AMPs or enzymes 

-Time-intensive fabrication methods 
-Harsh components involved in fabrication 
(e.g.: solvents, radiation) 

120-131 

Bacteriophages Functionalization of bacteriophage 
function by genetic engineering to 
enhance antimicrobial ability or 
biocompatibility 

-Can improve antimicrobial efficacy 
of bacteriophages 
-Tunable to desired functions. (e.g.: 
longer circulation time) 

-Time-intensive production methods 
-Standard production methods have low yields 
of modified bacteriophages 

27, 132-135, 
137 

Biomimetic 
Assemblies 

Biomimetic 
assembled 
particles 

Creation of materials by methods that 
mimic natural assembly of lipids into 
membranes, including polymers and 
nanometals 

-Versatile in material components 
-Addresses issues with existing 
strategies such as nanometal and 
polymer cytotoxicity 

-May not be as effective on bacteria species 
with thicker or less negatively charged cell 
walls 
-Antimicrobial activity may be compromised 
due to decreased contact area 

138-144 

 Antimicrobial 
peptide-based 
particles 

Creation of antimicrobial peptide-based 
particles by assembly with membranes 
surrounding AMP core. 

-Allows for enhanced delivery of 
AMP by reducing potential contact 
with proteases 
-Reduced cytotoxicity 

-Antimicrobial activity limited to surface-
based interactions 
-Reduced antimicrobial activity in comparison 
to free form AMP 

145-147 

 Cell mimetic 
materials 

Materials designed around mimicking 
the function of cells capable of 
combating infections 

-Compatible with physiological 
environment 
-Can allow for improved delivery of 
existing antimicrobial material 
strategies 

-Requires significant continued investigation 
of function as antimicrobial delivery or 
efficacy of antimicrobial activity 
-Some methods require extraction of 
membranes from pre-existing cells. 

36, 148-154 
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Figure C.1: A visual overview of nanopillar and nanowrinkle surface geometry. Section A &C) 

Comparison of SEM images of natural nanopillar geometry of cicada wing to biomimetic 

nanopillar surface geometry of varying density and pillar length. All scale bars are for 1 μm. 

Reproduced with permission 1,2. Sections B & D) Comparison of natural crab carapace 

nanowrinkle geometry to SEM image of biomimetic patterned nanowrinkles. Reproduced with 

permission101. 

C.2 Surface Mimicry 

Surface mimicry consists of modifying surfaces to mimic naturally antimicrobial 

surfaces. Most commonly utilized in this field is mimicry of insect wings (particularly of 

cicadae, damselflies, and dragonflies), shark skin, and the carapace of Cancer pagurus 2,97-

99. The surface geometry of insect wing, Cancer pagurus, and their respective biomimetic 

materials are summarized in Figure D.1. These surfaces are known to be self-cleaning due 

to naturally high hydrophobicity. In addition, these surfaces also kill bacteria by 

disrupting physical attachment, which prevents the formation of biofilms 2,100. In insect 
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wings, disruption of physical attachment is achieved by nanopillar structures present on 

the wings. In the shark skin and Cancer pagurus carapace, the surface structure is instead 

nanogrooves and nanowrinkles, respectively. Biomimetic strategies using nanopillar 

geometry, nanogrooves, or nanowrinkles are summarized in this section. 

C.2.1 Nanopillar Geometry 

The nanopillar geometry of insect wings more specifically consists of thick and blunt 

geometry in high density on the surface. Bacteria will attach to the nanopillars in the space in 

between nanopillars and remain suspended, which induces mechanical stresses on the cell 

membrane and wall that will eventually result in membrane rupture 101. However, Ivanova et al. 

has reported that cicada wing surface does not prevent attachment of pathological bacteria, 

though it was able to prevent the formation of biofilms 2. Thus, current work with nanopillar 

surfaces focuses on better optimizing the geometry for higher antimicrobial activity. Michalska 

et al. utilized mimicry of this nanopillar geometry of insect wings by patterning on black silicon, 

but with a modification of the nanopillar geometry such that the nanopillars themselves will 

instead penetrate the bacteria directly 98. Different lengths and density of nanopillars and their 

effects on resulting antimicrobial activity were investigated. Antimicrobial activity was reported 

as dependent on nanopillar length and somewhat density dependent, with no significant 

antimicrobial activity in surfaces with nanopillars shorter than 0.4 μm, an increasing density 

dependence of antimicrobial activity with 0.7-2.5 μm nanopillars, and density-independent 

enhanced antimicrobial activity with 3.6-6.7 μm nanopillars 98. Overall, these results demonstrate 

that nanopillar geometry and density are important factors for enhancing antimicrobial activity 

and that the nanopillar geometry can have sufficient antimicrobial activity needed to deal with 
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antibiotic resistant bacteria once the geometry is modified from the normal geometry observed 

on actual insect wing. 

C.2.2 Nanogrooves and Nanowrinkles 

While nanopillar surface geometry has been frequently investigated as a means of 

mimicking the antimicrobial behaviour of insert wings, there remains an issue of optimization 

towards antimicrobial efficacy, with base nanopillar geometry still allowing for attachment of 

bacteria and findings showing dependence on nanopillar dimension parameters. Thus, other 

biomimetic geometries such as the nanogroove geometry of shark skin and nanowrinkle 

geometry of crab carapace have also been investigated in the literature 58,97,99,102.  

The nanogroove geometry of shark skin consists of a ridged surface with 2 μm width and 

spacing and 3 μm heights 99. Unlike nanopillars, this surface structure disrupts any attachment of 

cells and bacteria entirely. However, an accumulation of bacteria in the bottom of grooves has 

been reported. Sakamoto et al. have observed a decrease in bacteria presence when cultured on 

top of shark skin mimetic surfaces when the depth of the nanogrooves is shallow (0.4 μm) 99,103. 

These findings imply that the nanopillar mimetic geometry may also require further optimization 

for enhanced antimicrobial activity. 

Similarly, crab carapace geometry consists of a surface with protrusions much like ridges. 

However, these nanowrinkles originate from a hierarchical geometry, in which there are smaller 

winkles along the fold of larger wrinkles, with wrinkle frequency ranging from 50 nm to 500 μm 

104. Work by Efimenko et al. has demonstrated that surfaces with this geometry are capable of an 

antibiofouling capability that prevents attachment of microorganisms, which includes bacteria 

104. Papi et al. created a graphene-oxide based hydrogel material that was patterned with this 

geometry by laser printing and demonstrated enhanced antimicrobial capability against several 
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species of relevant bacteria (e.g.: S. aureus and E. Coli) when the hydrogel is printed with the 

crab carapace surface geometry 58. Overall, antimicrobial results for surfaces using nanogrooves 

and nanowrinkles show potential as antimicrobial materials.  

 

Figure C.2: Overview of biomimetic functionalization of existing antimicrobial 

strategies. 

C.3 Biomimetic Functionalization of Existing Antimicrobial Strategies 

Beyond surface mimicry, another major strategy for creating novel antimicrobial materials 

is to utilize biomimetic functionalization approaches to address limitations of existing 

antimicrobial strategies. In particular, this section will discuss improvement of nanometals, 

antimicrobial peptides, and bacteriophages. These strategies, while promising as means for 

combatting antimicrobial resistant strains of bacteria, have issues with cytotoxicity or effective 

delivery. Thus, the strategies in this section will discuss means to overcome these shortcomings. 

For this section, we will discuss the functionalization of naturally antimicrobial substances 

including nanometal, antimicrobial peptides, and bacteriophages. For nanometals, we focus on 
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methods of synthesis that reduce the cytotoxicity associated with the reactions. These strategies 

include the use of dopamine and green methods of synthesis and all focus on reducing the 

toxicity of nanometals by reducing the amount of residue reactants. For antimicrobial peptides, 

modifications in peptide structure have been investigated to enhance delivery. These alternate 

structures can entail either the form of delivery (e.g: molecules vs. as a material) or modification 

of the molecular structure itself. For bacteriophages, genetic engineering has been the primary 

means of enhancing function. These modifications can range from expanding targeting capacity 

to enhancing selectivity of the bacteriophages. 56,57,59,105-110 Figure C.2 summarizes the types of 

strategies that are described in this section. 

C.3.1 Optimization of Nanometal Synthesis to Reduce Toxicity: 

Metals such as silver and gold have been known to exhibit broad antimicrobial activity for 

some time by targeting multiple cellular processes in bacteria cells. However, bulk metals can 

cause cytotoxicity, therefore, nanometals have been widely investigated as an alternative to bulk 

metals due to decreased cytotoxicity. This effect is achieved by the nanoscale particle size, which 

vastly decreases the overall metal content as well as increases the total surface area that can 

come into contact with bacteria 56. However, syntheses of nanometals typically entail the 

chemical reduction of metal ions, which can be left in residue after production and are harmful to 

the physiological environment if they remain during delivery to the body 56. Therefore, there is a 

need to optimize nanometal synthesis to decrease toxic byproduct production. Mussel mimetic 

materials, which are naturally nontoxic and have the ability to serve as a reduction agent, have 

been used frequently to reduce the cytotoxicity of nanometals by providing an alternative 

synthesis method. The reductive property of mussel inspired materials is due to the content of 

dopamine in their adhesive proteins and dopamine’s catechol structure, which consists of a 
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benzene ring with two hydroxyl side groups 57,59,105-108. Because of this reductive capacity, 

dopamine and dopamine-inspired materials are a popular choice for less harmful production of 

nanosilver nanoparticles (NPs). Additionally, dopamine-based synthesis strategies have seen use 

for improving other existing antimicrobial strategies, such as serving as a selective delivery 

vessel for peroxides 108. Other methods of nanometal synthesis with reduced cytotoxicity include 

green methods of nanometal synthesis. Dopamine and other green synthesis based methods for 

reducing cytotoxicity are discussed in subsequent sections. 

C.3.2 Dopamine-based Methods for Reducing Cytotoxicity: 

Dopamine has frequently been used as a means of less harmful production of 

antimicrobial nanometals, particularly nanosilver. Under artificial synthetic means, the 

production of nanosilver entails the use of silver ions and harsh solvents. Residual ions or 

solvents can have damaging effects on nonpathogenic cells 57,59,105,106. However, because silver is 

known to be antibiotic against many pathogenic species, the material still has great appeal and 

has thus led to great interest in seeking means to synthesize nanosilver by less toxic means 56. 

Many investigators have utilized the reductive property of dopamine to create composite 

materials with antimicrobial nanosilver with reduced cytotoxicity. 

Methods of incorporation of dopamine into materials vary from direct surface 

functionalization by dopamine 57,59,105 to hydrogels that have been conjugated with dopamine 

proteins 107 or copolymerized with dopamine-incorporated monomers, particularly dopamine 

methacrylamide (DMA). 106,108,109 For fabrication of antimicrobial functionalized surfaces, base 

materials are treated with a solution of dopamine for many hours and then immersed in silver 

nitrate solution 57,59,105. Kung et al., Liu et al., and Wu et al., show that the manufacturing process 

can be applied across different materials and report significant antimicrobial activity 57,59,105. When 
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incorporated into hydrogels, DMA is typically produced and then included as a copolymer 

component. Once the dopamine composite hydrogel is complete, nanosilver is then incorporated 

by contact with silver nitrate solution 106. GhavamiNejad et al. created such a composite hydrogel 

for wound healing applications using a zwitterionic hydrogel incorporated with silver 

nanoparticles. The composite material was reported to have significant antimicrobial activity for 

bacterial culture over the course of 24 hours 106. 

Though silver is the main focus of functionalization, dopamine has been used to reduce 

cytotoxicty of other antimicrobial materials as well. Cheng et al. used dopamine to deposit zinc-

oxide nanoparticles onto Poly(ethylene terepthlate) (PET) films and has reported significant 

antimicrobial activity 109. Additionally, dopamine’s biochemical properties can also be used as a 

means of delivery of other antimicrobial substances. Wang et al., fabricated peptide composite 

hydrogels by conjugating ε-poly-L-lysine (EPL) to polyethylene glycol (PEG) using dopamine 

107. Additionally, dopamine has been used to engineer a delivery system of hydrogen peroxide to 

address the issue of hydrogen peroxide transportation and stabilization. While known to be 

antimicrobial, hydrogen peroxide is relatively volatile, which can make transportation of viable 

solutions over long distances difficult. Additionally, hydrogen peroxide is very strong as an 

antimicrobial agent and is typically diluted to 3%, which can further contribute to problems with 

storing large volumes of ready to use solutions. 110 To address these issues, Meng et al. fabricated 

dopamine inspired hydrogels that can be repeatedly activated to produce hydrogen peroxide 

depending on environment pH. These dopamine-mimetic hydrogels utilize the catechol groups of 

dopamine to generate hydrogen peroxide by autoxidation and were reported to completely reduce 

bacteria colony formation after 24 hours at concentrations significantly lower than the market 

3% hydrogen peroxide solutions 108. Overall, dopamine-based materials allow for chemically 



   

119 
 

versatile means of including antimicrobial function using known antimicrobial materials, 

particularly nanometals. 

C.3.3 Additional Green Synthesis Methods: 

Due to residue of harmful reagents and involvement of ions that come from synthetic 

synthesis of metal nanoparticles, there has been much interest in the investigation of alternate 

methods of nanometal synthesis, including dopamine based strategies as discussed above. 

Beyond dopamine based strategies, other green synthesis schemes have also been explored, 

including the use of naturally derived reduction agents or the direct use of microorganisms. In 

nature, there exist several components and microorganisms capable of reducing ions into 

nanoparticles. Examples include compounds derived from plant matter essence, such as citrus 

fruit peels, coffee, tea, lemon verbena, and sorghum bran, which contain organic molecular 

structures capable of contributing to reduction reactions 111-116. Production of nanoparticles by 

these methods produce no known toxic material 112. 

Microorganisms capable of contributing to reduction reactions include bacteria, fungi, and 

algae 117-119. However, the synthesis of nanometal particles by use of microorganisms is difficult to 

scale up, with algae seeing some greater appeal as the culture conditions are not as demanding as 

bacteria or fungi. Ebrahiminezhad et al. achieved a synthesis of silver nanoparticles by use of 

supernatant fluid from Chloerlla vulgaris algae culture. Increasing concentrations of these silver 

particles was directly correlated to increasing antimicrobial activity and increasing cytotoxicity 

112,119. Overall, green syntheses show potential towards improving production of antimicrobial 

material strategies by providing an alternate means to producing nanometals via more 

ecologically favourable and less cytotoxic methods. 
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C.3.4 Antimicrobial Peptide Modifications for Improved Delivery 

Antimicrobial peptides have been seen as a promising potential platform for combatting 

antimicrobial resistant strains of bacteria due to killing bacteria by disrupting necessary lipid 

components instead of metabolic mechanisms 120-123 . However, they can be difficult to deliver due 

to their sensitivity to amphiphilic balance and difficult to administer due to in vivo toxicity at 

high doses. 124-126 Xi et al. investigated the use of antimicrobial peptides with enhanced 

functionalization for better biocompatibility. This functionalization was achieved by focusing on 

making the material biomimetic of the application environment, in this case, skin in wound 

healing applications, by creating a peptide composite polymer and then electrospinning the 

composite material into a matrix mimetic of skin extracellular matrix. The peptide composite 

material created was reported to significantly inhibit bacterial growth with incorporation of as 

little as 10% antimicrobial peptides. Notably, lower cytotoxic effects were also observed in the 

presence of 10% antimicrobial peptide incorporated material, which indicates potential 

antimicrobial efficacy with reduced cytotoxicity due to lower antimicrobial peptide content 127. 

Also notable is the conjugation of antimicrobial peptides to carrier materials for stabilization and 

modulation of potential cytotoxic effects 56,91. To diminish the harsh effects of antimicrobial 

peptides, Chen et al. investigated inducing self-assembly of the antimicrobial peptide SFT onto 

the surface of nanogold particles, using the nanogold as a stabilizing agent. These gold-peptide 

composites were reported to effectively inhibit growth of multi drug resistant strains and disrupt 

bacterial membrane structure 128 

In addition, direct modification of antimicrobial peptide structure has been investigated. 

As an example, Xiong et al. created antimicrobial peptide mimics that relied on radial 

amphiphilicity as opposed to facial amphiphilicity. This structural difference allows for a 
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reduction in self aggregation and was reported to have better stability in physiologically relevant 

buffers (e.g.: human serum, fetal bovine serum). The peptide mimetics were also found to have 

significant antimicrobial activity against drug resistant strains of E. Coli, S. aureus, and Bacillus 

cereus 129. Helix-coil structure has also been investigated as a means of allowing antimicrobial 

peptides to gain pH activated antimicrobial ability. This structural modification reduces the 

toxicity of antimicrobial peptides by increasing selectivity towards bacteria of interest (e.g.: only 

in active form when in pH 2 for treating Helicobacter pylori in the stomach). 130,131  

C.3.5 Bacteriophages: 

Bacteriophages are viruses that target bacteria and kill them. They have previously seen 

use as a strategy towards combatting bacterial infection due to their ability to dose automatically, 

low inherent toxicity, and high efficacy 28. However, without modification bacteriophage are 

limited by a narrow range of effect and can be resisted by bacteria via evolution of resistance 

27,132,133. To better enhance the antimicrobial capability of bacteriophages, a range of genetic 

modifications and engineering have been utilized, including expansion of effect range and 

targeting of bacteria by mechanisms different from antimicrobial drugs 132,133. Lu et al have 

developed recombinant genetic engineering techniques to achieve these modifications in 

bacteriophages 134. These genetic modifications can allow bacteriophages to directly infiltrate 

bacteria and disrupt bacterial function, such as DNA repair in E. coli 132,133,135. Other modifications 

have been investigated including gene functionalization towards longer circulation time, reduced 

toxin release of lysed bacteria, and suppression of bacterial resistance to antimicrobial drugs 135-

137.  
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Overall, functionalization of existing strategies present alternative methods of enhancing 

the performance of nanometals, antimicrobial molecules, and bacteriophages in a wide range of 

aspects including biocompatibility, delivery efficiency, and efficacy. 

 

Figure C.3: Schematic of biomimetic assemblies 

C.4 Biomimetic Assemblies 

In this section, we will discuss antimicrobial biomimetic assemblies, which we define as 

antimicrobial materials that consist of an assembly of components, frequently including use of a 

cell-membrane like structure or cell-mimetic morphologies and function. In particular, 

biomimetic assembled particles, such as bioactive supramolecular assemblies, antimicrobial 

peptide-based particles, and cell mimetic particles will be discussed. A schematic summarizing 

the types of strategies discussed in this section is shown in Figure C.3. 
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C.4.1 Biomimetic Assembled Particles 

Like surface mimicry discussed in earlier sections, biomimetic assembled materials can 

disrupt bacteria structure by mechanical means. This method of antimicrobial activity results 

from a charge on the material causing attachment to bacterial cell walls, which results in lysis of 

the bacteria 138. Examples of such materials include the use of charged lipid layers and polymeric 

coatings on nanoparticles. Xavier et al. investigated the use of a cationic bilayer with polystyrene 

core, which has been reported to mimic histones with DNA compaction 139, with incorporation of 

the antimicrobial peptide gramicidin. The particles were reported to have higher positive charge 

when including gramicidin and had enhanced antimicrobial effects against S. aureus but no 

significant effects against E. coli. The authors hypothesized that this difference in efficacy may 

be the result of steric hindrance by the inclusion of the peptide 140. Similar principles has been 

applied to assembled particles based around polymer cores by utilizing cationic polymers to 

provide antimicrobial function, such as Polydiallyldimethylammonium chloride (PDDA) and 

Poly(methyl methacrylate) (PMMA). These materials were found to be a capable of reducing 

bacterial cell viability to 0%, but did require higher dosage when combatting hardier species of 

bacteria, such as S. aureus. 136,141 

This type of membrane-enclosed particle can also be used with antimicrobial nanometals, 

antimicrobial peptides, and polymers by changing the core to which the coating materials adsorb 

138,139,142. For nanometals, incorporation is achieved by loading a porous core and then enclosing it 

with a biomolecular layer. This construction achieves a means to control the amount of exposure 

to nanometal contact and, in combination with chitosan, has been reported to achieve 

antimicrobial activity while improving cytotoxicity for zinc oxide and silver with a membrane 

structure mimetic of organisms like yeast 143-145.  
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C.4.2 Antimicrobial Peptide-based Particles 

Antimicrobial peptide-based particles represent another class of biomimetic assemblies 

utilized for antimicrobial purposes. Antimicrobial peptide based particles include approaches 

which create particles that mimic the structure of antimicrobial peptides themselves or deliver 

antimicrobial peptides via particles as a means for improving delivery 126,129. Particles based on 

directly mimicking the antimicrobial peptide structure are focused on altering structures in ways 

that can still retain antimicrobial activity while allowing the molecules to undergo less 

degradation and off-target interactions in the physiological environment before reaching target 

sites 130. Commonly investigated designs seeking to reduce premature degradation and off-target 

interactions include peptide-peptoid composites and α-peptide/β-peptoids 126,146-148. 

Particles can also be used to entrap antimicrobial peptides to improve their delivery and 

decrease systemic toxicity. By enclosing antimicrobial peptides with a membrane, peptides are 

allowed a means of delivery for difficult to reach targets, such as sites beyond the blood-brain 

barrier, and can be protected from premature degradation. Enclosed peptides have also been 

reported to still retain the antimicrobial efficacy of the peptide alone. Such approaches have been 

discussed in detail in previous sections. Overall, biomimetic assembled materials show great 

potential for attaining improved delivery means for a variety of antimicrobial materials. 

C.4.3 Cell Mimetic Materials 

An additional class of biomimetic assemblies includes cell mimetic materials, including 

particles which mimic various immune cell function. Native immune cells have intricate 

mechanisms for fighting bacterial infection. For this reason, there has been appeal in 

investigation towards the creation of mimetics of cells involved in infection combat, including 

the investigation of leukocyte-mimetic materials 149. Molinaro et al. produced lipid nanoparticles 
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incorporated with leukocyte membrane proteins, which have been termed leukosomes. The 

leukosomes are capable of drug delivery and targeting inflamed vasculature 150. Hammer et al. 

produced a hybrid particle termed as “leuko-polymersome” that consists of polymeric vesicles 

coated with binding motifs mimicking leukocyte interactions in the physiological environment 

151. Parodi et al. investigated the construction of porous silicone coated with leukocyte 

membranes, which are termed as leuko-like vectors (LLV) 152. Both leukopolymersomes and 

LLVs were reported as capable of targeting inflamed endothelium, which presents potential for 

targeted drug delivery to infected tissue 151,152. In general, these materials show high potential 

towards targeted delivery of antimicrobial agents towards sites of infection to drug resistant 

bacteria. 

In a similar vein, cell mimetics have also been used to combat infection by reducing 

bacterial toxin presence. Zhang et al have developed nanosponges consisting of polymeric 

nanoparticles enclosed by membranes of red blood cells. This construction allows the 

nanosponges to mimic nonspecific binding of cell membrane components to toxins produced by 

the likes of MRSA and neutralize toxins. Membranes of other cells, such as white blood cells, 

were also found to ward against sepsis as well, presenting potential for tunability to a variety of 

applications. 153,154 

Platelets are also known to contribute to the infection combat process, which gives 

promise to the investigation of platelet-mimetic materials as an antimicrobial platform. Sproul et 

al. produced a platelet-mimetic particle capable of antimicrobial activity by creating nanogold 

composite deformable hydrogels 36. These composites were found to have significant inhibition 

of bacterial growth after 24 hours but were not as effective at controlling bacterial growth as 

ampicillin, a clinically used antimicrobial drug 36. While cell mimetic antimicrobial strategies 
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show promise in mimicry of leukocyte, red blood cell, and platelet function, further investigation 

is needed to more thoroughly investigate function and optimize antimicrobial capacity. For 

leukocyte mimetic materials, behaviour of the materials in combination with delivery of 

antimicrobial substances needs to be further investigated. For platelet-mimetics, further 

investigation is needed to optimize the antimicrobial activity. 

C.5 Conclusions 

Biomimetic antimicrobial strategies show great potential and versatility in 

addressing the rise of antibiotic resistant bacteria. These strategies can produce 

biocompatible means of dealing with antibiotic resistant bacteria by physical disruption, 

as observed with surface mimicry, biomimetic functionalization of existing antimicrobial 

strategies, and biomimetic assemblies. However, there remains much room for 

optimization. 

Surface mimicry allows for disruption of bacteria by mechanical means without the 

need for inclusion of additional antimicrobial substances, which can allow for safer 

methods of combating bacterial contamination. However, there remains an issue of 

geometry optimization as completely mimicking natural surface geometry may not result 

in the desired antimicrobial capability. Additionally, there may also be dependence on the 

type of material used as the works involving surface mimicry all use different materials, 

with some utilizing materials with already reported antimicrobial properties, such as black 

silicone and graphene-oxide based gels 58,98,155. 

Functionalization of existing strategies seeks to improve on previously investigated 

antimicrobial strategies. Nanosilver, though a popular choice for its antimicrobial efficacy 

range, is known to be cytotoxic at certain concentrations 56,91. Similar concerns have also 
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been reported for substances like antimicrobial peptides and peroxides 91,110. Despite 

efforts to reduce these negative effects, the concerns associated with the base 

antimicrobial material still linger. For silver composite surfaces produced by dopamine, it 

is hypothesized that this may be the result of harmful silver ions leaching off from the 

nanoparticles despite the less harsh synthesis provided by dopamine’s reductive 

properties 57,59,105,106. 

In a similar vein, although biomimetic syntheses can reduce the harmful aspects of 

the nanometal production process, the cytotoxicity problems of the ultimate nanometal 

product still remains. Furthermore, green syntheses have dependence on the substance 

used to facilitate nanoparticle production. Synthesis focused around microorganisms may 

demand very specific culture conditions or even present potential pathogenic effects, 

particularly in production by bacteria or fungi 119,156. In addition, it has been reported that 

plant essence based syntheses can be significantly faster than microorganism strategies 

due to microorganisms requiring separate culture with varying degrees of specificity (i.e.: 

culture conditions for algae are less specific than those for fungi and bacteria) 112,114,117,119,156. 

Biomimetic assembled particles also present potential in controlling some of the 

harmful effects associated with antimicrobial strategies. However, they too require further 

optimization. For strategies including nanometal particles, the cytotoxicity concerns are 

also still a major point of consideration. Additionally, the creation of these types of 

particles can be rigorous in the specific chemistry required to produce complex peptide 

structures or to produce membranes. Cell mimetic materials demonstrate the feasibility of 

the creation of materials mimicking cells involved in combat of infection. However, much 

of the investigation conducted in this field requires further study for both the 
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determination of potential inherent antimicrobial activity, its optimization, and potential 

changes in particle behaviour when loaded. For platelet mimetic materials in particular, 

there remains a need to investigate the incorporation of other antimicrobial materials for 

higher antimicrobial activity, such as stronger nanometals like nanosilver. 

While versatile in potential for application, these biomimetic antimicrobial 

strategies may also call for further optimization for cytotoxicity depending on application. 

For applications focused at applying these antimicrobial materials towards use in the 

clinical field, the consideration of cytotoxicity is substantially more important than in 

other applications. Nanosilver-based strategies in particular had reported cytotoxicity 

concerns in this regard 56,57,59,105-107,111,112,114-119,127,157,158. In contrast, when the application is 

focused around keeping substances such as medical tools and biosensors from bacterial 

contamination, the cytotoxicity concern may not be as relevant 157. 


