
Nanofibrous Peptide Hydrogel Elicits Angiogenesis and 
Neurogenesis without Drugs, Proteins, or Cells

Amanda N. Moore†, Tania L. Lopez Silva†, Nicole C. Carrejo†, Carlos A. Origel Marmolejo‡, 
I-Che Li†, and Jeffrey D. Hartgerink†,¶,*

†Dept. Chemistry, Rice University, Houston, TX 77005

‡Dept. Biochemistry and Cell Biology, Rice University, Houston, TX 77005

¶Dept. Bioengineering Rice University, Houston, TX 77005

Abstract

The design of materials for regenerative medicine has focused on delivery of small molecule 

drugs, proteins, and cells to help accelerate healing. Additionally, biomaterials have been designed 

with covalently attached mimics of growth factors, cytokines, or key extracellular matrix 

components allowing the biomaterial itself to drive biological response. While the approach may 

vary, the goal of biomaterial design has often centered on promoting either cellular infiltration, 

degradation, vascularization, or innervation of the scaffold. Numerous successful studies have 

utilized this complex, multicomponent approach; however, we demonstrate here that a simple 

nanofibrous peptide hydrogel unexpectedly and innately promotes all of these regenerative 

responses when subcutaneously implanted into the dorsal tissue of healthy rats. Despite containing 

no small molecule drugs, cells, proteins or protein mimics, the innate response to this material 

results in rapid cellular infiltration, production of a wide range of cytokines and growth factors by 

the infiltrating cells, and remodeling of the synthetic material to a natural collagen-containing 

ECM. During the remodeling process, a strong angiogenic response and an unprecedented degree 

of innervation is observed. Collectively, this simple peptide-based material provides an ideal 

foundational system for a variety of bioregenerative approaches.
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Introduction

Biomaterials for regenerative medicine are designed to effectively integrate into the host 

tissue and accelerate or augment the body’s natural healing ability while evoking a minimal 

inflammatory response. In order to achieve the necessary bioactivity to promote healing, 
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these materials are frequently designed to deliver small molecule drugs, cells, or proteins. 

Serving as a delivery agent, the biomaterial provides controlled release and/or localization of 

bioactive components in order to drive a specific biological response. Commonly delivered 

small molecules include antibiotic (1, 2), anti-inflammatory (3), and anti-cancer drugs (4), 

while a variety of cell types have been delivered to regenerate tissues such as skin and bone 

(5). Proteins such as vascular endothelial growth factor (VEGF), β-nerve growth factor (β-

NGF), and bone morphogenetic protein-2 (BMP-2) are frequently incorporated to promote 

angiogenesis, axon sprouting, and bone mineralization respectively (6). Developed as an 

alternative approach to exogenous protein loading, many materials are covalently modified 

with short biomimetic peptides. These peptides are typically derived from growth factors or 

critical components of the extracellular matrix (ECM), and they are specifically designed to 

activate important regulation cascades by binding the same receptor as their natural 

counterpart. The most commonly utilized biomimetic peptide, “RGD”, is a simple tripeptide 

which promotes cell attachment, spreading, and proliferation by mimicking a binding site on 

fibronectin (7). More recently, “QK,” a short peptide mimic of VEGF, has been shown to 

drive angiogenesis and improve material vascularization (8, 9). In order to achieve the 

desired biological response, many tissue regeneration strategies require the incorporation of 

multiple bioactive components. Collectively, these design methodologies have resulted in a 

wide range of impressive results in tissue regeneration (10–12).

However, multicomponent systems are complex, often leading to challenges in both design 

and synthesis. Additionally, the multiplicity of components makes it difficult to predict the 

biological response to the material, and, further, raises regulatory barriers for translation to 

the clinic. Thus, an ideal material for tissue regeneration exerts the necessary bioactive 

effects without depending upon the delivery of exogenous bioactive components. In this 

report we describe a simple, single component multidomain peptide (MDP) hydrogel with 

the amino acid sequence K2(SL)6K2 which does not contain small molecule drugs, cells, nor 

proteins and does not present any known bioactive sequence. Despite its simplicity, we will 

show that this syringe deliverable peptide hydrogel 1) is rapidly infiltrated by host cells, 2) 

provokes an inflammatory response which resolves over a few days, 3) does not undergo 

fibrous encapsulation, thereby allowing communication between the implant and the host 

body, 4) results in a dense, mature vascular network, 5) recruits neural fascicles, and 6) 

predictably degrades over approximately six weeks. Analysis of the cellular infiltrate and its 

secretome shows the production of critical cytokines and growth factors such as monocyte 

chemoattractant protein-1 (MCP-1) and interleukin-4 (IL-4) to recruit and convert 

monocytes to a “prohealing” phenotype; VEGF and platelet-derived growth factor (PDGF) 

to drive angiogenesis; ciliary neurotropic factor (CNTF) and β-NGF to recruit Schwann cells 

and neural fascicles; and matrix metalloproteinase-8 (MMP-8) and tissue inhibitor of matrix 

metalloproteinase-1 (TIMP-1) to mediate material remodeling. These results suggest that the 

nanofibrous MDP hydrogel creates an optimal healing environment for a wide variety of 

applications through the use of the simple peptide hydrogel alone.

With the amino acid sequence K2(SL)6K2, the simple peptide described in this study is a 

member of the broader class of self-assembling amphiphilic peptides termed MDPs (Fig. 

1A) (13). MDPs consist of an alternating sequence of hydrophilic and hydrophobic amino 

acids flanked by charged residues at each peptide termini (Fig. 1B). As a consequence of 
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this design, MDPs exhibit a β-sheet secondary structure, high solubility, and supramolecular 

assembly in aqueous solution to form nanofibers with structural similarity to the native ECM 

(Fig. 1C&D) (14, 15). Previously, we have demonstrated that MDP hydrogels can be loaded 

to effectively deliver bioactive molecules including drug molecules (16–18), growth factors 

(19–22), and cytokines (19, 23). The robust mechanism governing self-assembly and 

hydrogelation of MDPs allows for significant customization of the peptide sequence. Taking 

advantage of this, we have incorporated bioactive sequences into the MDP to create a tissue 

engineering scaffold capable of driving specific cellular processes. These sequences include 

the RGD motif to support cell adhesion (20, 24–26), LRG to accelerate enzymatic 

degradation of the peptide by matrix metalloproteinase 2 (MMP-2) (20, 24–26), and the 

“QK” sequence derived from VEGF to drive angiogenesis (22, 27).

Previous studies performed by our laboratory have used the MDP K2(SL)6K2 as a baseline 

self-assembling system and in vitro studies showed no special bioactivity yielding modest 

results in cell viability, spreading, and morphology when compared to related hydrogels with 

designed bioactivity (24, 25). This had led us to focus on delivering biologically active 

molecules using MDP hydrogels, or modifying the MDP hydrogel with biomimetic peptide 

sequences to gain bioactivity. Those hydrogels which were deemed to be successful in in 

vitro experiments progressed to more complex in vivo experiments, while peptides showing 

less success in vitro were eliminated from consideration for further studies. Therefore, 

before the current study we had not tested K2(SL)6K2 in vivo. However, there is a wide and 

growing consensus in the scientific community that in vitro results often fail to accurately 

predict the in vivo effect of a material, largely due to the absence of systemic processes (28). 

In this report, we show that the MDP K2(SL)6K2 supports this hypothesis, as in vivo results 

described here contrast sharply with predictions based on our in vitro work.

In this study, we use a subcutaneous injection model to examine the physiological response 

to the MDP K2(SL)6K2. This in vivo model has many advantages in determining the 

interaction between a biomaterial and a living system. First, it is a relatively simple and 

inexpensive experiment to carry out. Second, this system allows interpretation of 

biomaterials properties outside of the complicating influences of injury or disease (Fig. 1E). 

Despite its simplicity, this model offers valuable insight into the interaction of the MDP with 

systemic processes such as the immune, vascular, and nervous systems which are impossible 

in in vitro systems. As with any biomaterial, the inflammatory response triggered by the 

MDP is critical in defining its success or failure, and this response can be determined 

through examination of the response to subcutaneous injection. Because this model is 

performed on healthy tissue, the ideal result is ultimately degradation of the MDP and 

remodeling into native tissue. Until complete degradation is achieved, the physiological 

response to the MDP can be evaluated.

Materials and Methods

Peptide Synthesis

K2(SL)6K2 was synthesized using a Focus XC Automated Peptide Synthesizer with N-

terminus acetylation and C-terminus amidation, by methods previously reported by our 

laboratory (14). Successful synthesis was confirmed through MALDI-TOF MS (SI Figure 
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1). After cleavage of the peptide from the synthesis resin, the peptide was dialyzed against 

H2O for one week to remove any remaining cleavage scavengers. Tubing with a MWCO of 

100–500 Da was used for dialysis, and daily exchanges of the dialysis bath were performed. 

The peptide solution was then sterilized using a 0.2 μm filter, and lyophilized to yield a 

peptide powder. The peptide powder was redissolved to a concentration of 20 mg/ml in 

sterile H2O containing 300 mM sucrose, and hydrogelation was induced by mixing this 

solution 50:50 with 1X HBSS. The final concentration of peptide in the hydrogel used for 

experimentation was therefore 1 wt%.

Subcutaneous Injection

All experiments were performed in accordance with an IACUC protocol approved by Rice 

University. Wistar rats weighing 226–249 g (Charles River Laboratories) were given 200 μl 

subcutaneous injections on the dorsal aspect. The animals were anesthetized using isoflurane 

(3% carried by oxygen) and maintained on a nose cone (2% isoflurane). Prior to injection, 

hair was clipped with a power trimmer, and the injection sites were sterilized with an alcohol 

swab. After 3, 7, 14, 21, or 42 days, the animals were euthanized by CO2 overdose, and the 

dorsal tissue was harvested and fixed in 4% paraformaldehyde for histological analysis.

Histology & Immunohistochemistry

All samples were processed, embedded, and sectioned at Baylor College of Medicine’s 

Breast Cancer Pathology core, and all staining was performed on 5 μm thick tissue sections. 

Hematoxylin and eosin and Masson’s trichrome staining were performed according to 

manufacturer’s instructions. For immunostaining, tissue sections were deparaffinized and 

rehydrated through xylene and ethanol washes. Slides were boiled in sodium citrate buffer 

(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 20 minutes for antigen retrieval. Slides 

were allowed to cool to room temperature, and 0.5% Triton-X in HBSS was applied for 5 

minutes to permeabilize cells. Slides were rinsed with HBSS and blocked with 1% BSA in 

HBSS for 30 minutes. Antibodies were diluted as shown in SI Table 1 in 1% BSA in HBSS 

and applied overnight at 4 °C. After rinsing with HBSS, secondary antibodies were applied 

at a 1:500 dilution for 1 hour followed by mounting with a DAPI-based mountant.

Quantification of Histology

Implants from each animal were harvested and quantified for cellular infiltration, hydrogel 

degradation, neural density, and blood vessel density. The data shown in Figures 2–5 uses an 

n=8 animals and 2 implants per rat. Values obtained for implants harvested from the same 

animal were averaged to avoid bias.

Quantification of Cellular Infiltration

Images of H&E stained tissue sections were taken at 20X magnification at the center of the 

hydrogel and processed for cell counting using ImageJ (29). Images were converted to 

greyscale (16-bit), and threshold adjusted to highlight only the cell nuclei. To avoid merged 

nuclei, the Watershed ImageJ plugin was used and cells were counted using the Particle 

Analyzer option. The number of nuclei was divided by the area of the implant to yield cells 

per mm2.
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Hydrogel Degradation

Panorama images were obtained of each tissue section containing MDP hydrogel. The total 

area of the hydrogel was calculated in ImageJ to approximate a degradation profile of the 

material.

Blood Vessel Density

Using tissue sections immunostained for αSMA, the number of blood vessels clearly located 

within the K2(SL)6K2 hydrogel was counted manually. Only blood vessels showing a 

complete ring of αSMA staining were counted in order to avoid counting non-specific 

staining or undeveloped vasculature. The total area of the K2(SL)6K2 hydrogel was 

calculated using ImageJ for each tissue section, and the number of blood vessels counted 

was divided by this area. The value shown for control tissue was calculated from dorsal 

fascia tissue of untreated rats, where the number of blood vessels counted was divided by the 

total area of the tissue harvested.

Neural Density

In H&E stained tissue sections, both the hydrogel and remodeled tissue immediately 

surrounding the hydrogel are easily identifiable. Using ImageJ, this area was calculated, and 

the number of neural fascicles located within the implant and remodeled tissue was counted. 

The total number of neural fascicles was divided by the area determined using ImageJ to 

give neural fascicle density per mm2 of tissue. The value shown for control tissue was 

calculated from dorsal fascia tissue of untreated rats, where the number of neural fascicles 

counted was divided by the total area of the tissue harvested.

Statistical analysis

All error bars indicate the standard error of the mean. Differences between groups were 

determined using a one-way analysis of variance (ANOVA) and a Tukey’s multiple 

comparisons test using GraphPad Prism v7.0A. P-values < 0.05 were considered significant. 

Values that are not significantly different from one another are indicated with the same 

Greek letter(s). Statistically significant differences are shown with different Greek letters.

Cytokine Array

Cytokine array experiments used an n of 3 rats per time point with 1 implant per rat. 

Subcutaneous implants were recovered from the dorsal tissue of the rats, added to 1X cell 

lysis buffer with protease inhibitors, and vortexed to extract proteins. The supernatant was 

collected and centrifuged at 15,000 rpm at 4 °C for 5 min. After centrifugation, the 

supernatant was collected and the total protein concentration of each sample was determined 

using the Bradford Assay. Final protein concentration was adjusted to 650 μg/mL using 1X 

blocking buffer. Cytokine array membranes were processed according to the supplied kit 

instructions. Briefly, each membrane was blocked with 1X blocking buffer for 30 min. 1 mL 

of 650 μg/mL extracted protein sample was added to the membranes and rocked overnight at 

4 °C. The membranes were incubated with 1X Biotin-Conjugated Anti-Cytokines for 2 h at 

room temperature followed by HRP-Conjugated Streptavidin for 2 h at room temperature. A 

chemiluminescent detection buffer was added to the membrane, followed by imaging of the 
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membrane using an LAS 4000 Imager. Quantification of cytokine array results was 

performed using ImageJ software following manufacturer’s guidelines. Results were semi-

quantitative and allowed for comparison of signal intensity to a positive control rather than 

numerical determination of protein concentration. For each membrane, all cytokine signals 

were normalized to the signal intensity of the positive control.

Results

Cellular Infiltration

In comparison to several other biomaterials of both natural and synthetic sources including 

cellulose (30), gelatin (31), urea based bolaamphiphiles (32), and methacrylic acid beads 

(33), the K2(SL)6K2 hydrogel shows rapid and dense infiltration by host cells without 

necessitating the incorporation of bioactive molecules to drive this response. At the earliest 

time point examined, 3 days post-injection, the MDP hydrogel is observed by histology to be 

completely infiltrated by cells, with cells present in both the periphery and core of the 

hydrogel (Fig. 2A). H&E staining shows a non-uniform distribution of cells at day 3, with 

outer areas of the hydrogel densely populated and the inner region more sparsely populated. 

By week 1, cells appear more homogenously distributed throughout the hydrogel, and this 

remains true for the remainder of the time points examined (Fig. 2A, Fig. S2 & S3). The 

number of cell nuclei counted per mm2 consistently remains near 10,000 (Fig. 2B).

Histological analysis of K2(SL)6K2 implant sections stained with H&E revealed that mainly 

inflammatory cells infiltrate the material (Fig. S4). Three days after implantation, 

polymorphonuclear cells, particularly neutrophils and monocytes, are present in the material. 

In addition to their main role of phagocytosis, these cells initiate the acute inflammatory 

response and are responsible for the release of cytokines and signaling molecules to regulate 

the immune response (34). One week after implantation, macrophages arrive and fewer 

neutrophils are observed, which implies the progression of the immune response. At 2 weeks 

and 3 weeks after implantation, lymphocytes and macrophages are the main cell populations 

within the implant. By week 6, lymphoid cells are not easily observed by histology and 

mostly mononuclear cells (which are expected to be primarily macrophages) are observed.

Although no chemoattractant cytokines were loaded into the K2(SL)6K2 hydrogel prior to 

implantation, a cytokine array experiment confirmed the presence of multiple chemokines 

within the hydrogel implant at day 3, 1 week, and 2 weeks post-injection (Fig. 2C). The 

detection of these chemokines mechanistically explains the infiltration shown in Fig. 2A, 

where cells are recruited from the host tissue into the hydrogel. The two families of 

chemokines identified, CC and CXC chemokines, are mainly implicated in immune and 

inflammatory cell trafficking and recruitment (35). CC chemokines examined include 

MCP-1 and macrophage inflammatory protein 3alpha (MIP-3α), while CXC chemokines 

include cytokine induced neutrophil chemoattractant 1 (CINC-1), cytokine induced 

neutrophil chemoattractant 2alpha (CINC-2α), cytokine induced neutrophil chemoattractant 

3 (CINC-3), LIX, and CXCL7. These chemokines are present at all time points, with 

MCP-1, CINC-2α, and CXCL7 showing comparatively higher signal intensities. From 3 

days to 1 week post-injection, the relative signal intensity of all chemokines increases, while 
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trends from 1 week to 2 weeks post-injection depend on the identity of the chemokine 

examined.

Scaffold Degradation and Remodeling

Histological tissue sections were examined to obtain a degradation profile of the implants 

(Fig. 3A&B, Fig. S5). Weeks 3 and 6 show a statistically significant decrease in hydrogel 

area from the area calculated at day 3. A slight and statistically insignificant swelling of the 

hydrogel is apparent at week 1, which we attribute to general inflammation at the injection 

site. This swelling resolves by week 2, and a continual decline in average hydrogel area 

occurs over the remaining time points (Fig. 3D). Despite substantial degradation, all 

implants were identifiable at the 6 week time point. This is in notable contrast to a previous 

study of ours which examined MDP hydrogels containing an MMP susceptible degradation 

site which are nearly entirely degraded within two weeks (22).

To ensure scaffold remodeling was occurring without fibrous encapsulation, Masson’s 

trichrome staining allowed visualization of the collagen extracellular matrix surrounding and 

within the hydrogel implant. As evidenced by the lack of dark blue staining at the periphery 

of the implants, fibrous encapsulation of the hydrogel is not seen at any time point (Fig. 3C, 

Fig S5). However, beginning at week 1, light blue staining can be detected within the 

implant, indicating collagen deposition and scaffold remodeling. By the final time point, 6 

weeks post-injection, extensive collagen deposition and hydrogel remodeling are evident 

both within the remaining hydrogel as well as in its immediate vicinity where the hydrogel 

has already degraded and been remodeled into native ECM. Fibrous encapsulation of the 

K2(SL)6K2 hydrogel was not seen in any of the samples, regardless of time point.

Analysis of the protein content of the K2(SL)6K2 implants confirms endogenous expression 

of two cytokines specifically involved in ECM remodeling by 3 days post-injection. MMP-8 

is a matrix metalloprotease enzyme responsible for proteolytic degradation, while TIMP-1 

functions as an inhibitor of matrix metalloproteases. A high signal intensity for MMP-8 is 

detected at all time points, with the highest signal intensity occurring at week 1. TIMP-1 is 

also detected within the implant, although there is no significant difference in intensity 

between time points (Fig. 3E). Histological results suggest that these cytokines are present at 

concentrations appropriate to avoid fibrous encapsulation as an inappropriate balance of 

MMP and TIMP enzymes has been reported to cause fibrous encapsulation when an excess 

of TIMP is present, or degradation of healthy native tissue when an excess of MMP is 

present, neither of which were evident histologically (36).

Angiogenesis and Vascularization

Although the K2(SL)6K2 hydrogel is not designed to induce angiogenesis, the hydrogel 

quickly becomes highly vascularized after subcutaneous injection (Fig. 4). At 3 days post-

injection, the implant is surrounded by a high density of blood vessels (Fig. S7). At this 

early time point, blood vessels are occasionally identifiable in the periphery of the implant, 

while few to no blood vessels are seen in the center of the hydrogel (Fig. 4C). However, the 

density of vascularization continually increases over time, and many blood vessels are 

identifiable at the center of the hydrogel implant by 2 weeks post-injection (Fig. 4D, Fig. 
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S8). Quantification of blood vessels identified by α-SMA immunostaining produces the 

graph shown in Fig. 4E and Fig. S9. Although the subcutaneous space is not a highly 

vascularized tissue, the MDP hydrogel becomes densely vascularized. At day 3 the hydrogel 

is observed to have lower vascular density compared to the native tissue, but this density 

increases at every time point assessed with the maximal density at six weeks.

Two key growth factors associated with angiogenesis, VEGF and PDGF-aa, are detectable 

within the implants at all time points (Fig. 4F). Both growth factors show a statistically 

significant increase in signal from the 3 day to 1 week time point, and this correlates with 

the histological appearance of blood vessels within the hydrogel implant. Additionally, the 

CXC chemokines identified within the implant (Fig. 2C) have also been linked to 

angiogenesis (37, 38).

Innervation

The identification of neural fascicles within subcutaneously implanted materials has rarely 

been reported in the literature; nevertheless, neural fascicles are easily identifiable within the 

K2(SL)6K2 hydrogel as early as 3 days post-injection. Fig. 5A provides a cartoon depiction 

of nerve structure, while Fig. 5B and Figs. S10 & S11 show the histological appearance of 

neural fascicles identified within the hydrogel implant when stained with H&E. 

Immunohistochemistry for positive expression of neurofilament protein (NFP) and β-III 

tubulin confirms the identity of neural fascicles within the implant, and positive staining for 

myelin basic protein (MBP) and S100 demonstrates that the neural axons are myelinated and 

supported by Schwann cells (Fig. 5C&D). Fig. 5E shows the number of neural fascicles 

identified per mm2 of implant at each experimental time point. Although the hydrogel is not 

loaded with any neurotrophic factors, the implant has reached the neural density of native 

subcutaneous tissue by 3 days post-injection. At the 2 and 3 week time points, the hydrogel 

contains a statistically higher density of neural fascicles than native tissue. By 6 weeks post-

injection the implant is resolving, and the density of neural fascicles decreases to a value 

similar to native tissue.

Cytokine array results demonstrate that cells recruited to the MDP hydrogel secrete two 

neurotrophic factors in response to the material. Both β-NGF and CNTF are detectable 

within K2(SL)6K2 implants at all time points (Fig. 5F). The detection of β-NGF and CNTF 

corresponds with the increasing average density of fascicles through week 3, and together 

these data suggest that neural fascicles are being recruited to the hydrogel.

Inflammatory Cytokine Profile

Because the K2(SL)6K2 implants are not loaded with exogenous bioactive components, the 

biological responses reported here must be due to the host system’s response to the material 

alone. Implantation of most foreign materials results in inflammation, and it is well known 

that inflammatory cells are capable of secreting the chemokines, cytokines, and growth 

factors involved in cellular infiltration, scaffold degradation, vascularization, and innervation 

(39).

Characterization of the inflammatory responses to the K2(SL)6K2 hydrogel was achieved by 

evaluating the expression of multiple pro-inflammatory cytokines and two anti-inflammatory 
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cytokines (Fig. 6). The pro-inflammatory cytokines, including TNF-α, IL-1α, IL-1β, IL-6, 

and IFN-γ, all show similar trends in expression over time. Comparing the day 3 and 2 week 

time points, a statistically significant increase in signal is seen for all pro-inflammatory 

cytokines which illustrates that the hydrogel provokes an inflammatory response. However, 

none of the pro-inflammatory cytokines show a statistically significant increase from week 1 

to week 2, suggesting that the pro-inflammatory response is not escalating over time. To 

support this, IL-10 and IL-4, two common anti-inflammatory cytokines associated with 

resolution of the inflammatory response and wound healing, also increase from day 3 to 

week 2. Overall, the host response to the K2(SL)6K2 hydrogel appears to progress from a 

pro-inflammatory environment to a pro-wound healing response by week 2.

Discussion

The MDP K2(SL)6K2 hydrogel harnesses the body’s innate capacity to heal. Because this 

peptide hydrogel is recognized as a foreign material, injection leads to an acute 

inflammatory response that subsequently drives a highly orchestrated healing process. Key 

to executing this healing process are the many inflammatory host cells that infiltrate the 

hydrogel rapidly after implantation (Fig. S4). Unlike the K2(SL)6K2 hydrogel, many 

different biomaterials including polyethylene glycol hydrogels (40) and gelatin cryogels 

(41), either entirely lack or provoke minimal infiltration by innate cells although infiltration 

can sometimes be achieved through loading with exogenous chemoattractant cytokines (41, 

42). The contrast seen in cellular infiltration between the K2(SL)6K2 hydrogel and these 

materials is likely due to the physical nature of the hydrogel. As a soft material composed of 

supramolecular nanofibers, host cells can easily infiltrate the K2(SL)6K2 hydrogel allowing 

for the extremely high degree of cellular infiltration seen here. Cellular infiltration is critical 

in defining the degradation profile of the hydrogel in addition to driving the bioactive 

processes of scaffold vascularization and innervation.

Once the K2(SL)6K2 hydrogel has been infiltrated by cells, the resident cells of the hydrogel 

begin secreting growth factors and cytokines. The physical structure of the hydrogel again 

plays a key role in the utility of these soluble factors allowing them to easily diffuse out of 

the hydrogel where they are able to initiate a cascade which recruits additional cells, drives 

biodegradation of the scaffold, initiates vascularization, and attracts innervation. Additional 

cells are recruited to the material through secretion of CC and CXC chemoattractant 

cytokines within the hydrogel matrix (Fig. 2C). As additional cells arrive to the hydrogel 

matrix, the high density of cell infiltration triggers host cells to secrete angiogenic signals 

that bring additional nutrients to the area through the development of vasculature. The 

secretion of two key angiogenic growth factors, VEGF and PDGF-aa mechanistically 

explains the development of extensive vasculature within the hydrogel matrix. In comparable 

studies, the use of bioactive molecules or short peptide mimics of these molecules have been 

required to promote angiogenesis (43–46). However, with the K2(SL)6K2 hydrogel, these 

cytokines are secreted by the innate infiltrating cells rather than exogenously loaded into the 

hydrogel. Also, innately secreted are the neurotrophic factors β-NGF and CNTF which 

result in peripheral neural fascicles being recruited to the implant. In the few studies we 

found where peripheral nerves infiltrate a biomaterial, significantly more complex systems 

were required, for example using stem cell delivery (47, 48).
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Previously we have shown that MDP hydrogel not loaded with growth factors such as VEGF 

or PDGF or not containing a biomimetic signal for vascularization did not result in 

significant vascularization (22). However, the peptide used in that case, K(SL)3RG(SL)3K, 

contains an MMP susceptible cleavage sequence which results in its comparatively rapid 

degradation. The difference between that case and the current MDP K2(SL)6K2 can be 

attributed to this difference in degradation rate in which the K2(SL)6K2 hydrogel persists 

long enough to result in a robust biological response.

Successful scaffold remodeling and tissue regeneration requires the coordinated activity of 

numerous cell types and biological signaling molecules. Without cell infiltration of a 

biomaterial, interaction between host cells and the material can only occur at the surface of 

the material. In the case of the K2(SL)6K2 hydrogel, however, interaction between the 

infiltrating host cells and the material occurs throughout the entire implant. This allows for a 

much larger number of cells to interact with the biomaterial and consequently a greater 

magnitude of cell signaling to occur which in turn drives the exceptional healing responses 

observed here without requiring loading of additional signaling molecules or cells. Equally 

important to the increased interaction, is the aqueous and porous nature of the hydrogel (and 

lack of fibrous encapsulation) which allows for cell, protein, and nutrient trafficking 

throughout the K2(SL)6K2 hydrogel. Rapid diffusion of signaling molecules enables 

communication between cells and coordination of corresponding biological responses, all of 

which are consistent with the initiation and resolution of an acute inflammatory response 

(Figs. 2–5).

While the inflammatory response can be beneficial for tissue healing and regeneration, it 

also requires careful monitoring to ensure that it does not escalate to a detrimental level. 

Persistent escalation of the inflammatory response is associated with chronic inflammation, 

resulting in deleterious effects on healthy native tissue. In the case of the K2(SL)6K2 

hydrogel, the inflammatory response to the material allows for the regenerative effects 

highlighted here without resulting in detrimental effects on the surrounding tissue. 

Furthermore, the body is able to effectively resolve the inflammatory response invoked by 

the hydrogel when the material is implanted into a healthy tissue environment. Future 

studies will be necessary to examine whether a diseased-state will negatively impact the 

regenerative capacity and properties of this hydrogel. Additionally, the extent to which 

peptide sequence impacts the healing inflammatory response remains to be seen. In order to 

understand the crucial aspects of chemical scaffold design, the impact of features such as 

amino acid identity, scaffold charge, and self-assembly characteristics on these key 

regenerative properties will be investigated.

Conclusion

As a syringe injectable, nanofibrous hydrogel, the MDP K2(SL)6K2 is capable of driving 

specific biological processes crucial for most tissue engineering strategies without the 

delivery of exogenous bioactive components. Upon introduction to the biological 

environment, the hydrogel provokes an inflammatory response and is rapidly infiltrated by a 

large number of host cells. Upon arrival, these cells begin secreting a wide range of 

cytokines and growth factors which sets in motion further cell recruitment, angiogenesis, 
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innervation, degradation, and scaffold remodeling. Many of the detected proteins, especially 

VEGF and β-NGF, are regularly included in tissue regeneration strategies to specifically 

drive angiogenesis and innervation respectively. Yet, in the case of K2(SL)6K2, these growth 

factors are innately produced by the host system’s cellular infiltrate and provide the same 

functional responses. We ascribe the surprisingly robust biological response to this relatively 

simple hydrogel to an inflammatory response coupled with a nanostructure and hydrogel 

density that is highly conducive to cell infiltration. Collectively, these features make the 

K2(SL)6K2 hydrogel an excellent candidate material for a wide variety of tissue engineering 

and regeneration applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported in part by funding from the NIH (R01 DE021798) and the Welch Foundation (C1557). 
NCC was supported by the NSF Graduate Research Fellowship Program under Grant No. 1450681, TLLS was 
supported by the Mexican National Council for Science and Technology (CONACyT) Ph.D. Scholarship Program, 
and IL was supported by the Stauffer-Rothrock Fellowship.

References

1. Pritchard EM, Valentin T, Panilaitis B, Omenetto F, Kaplan DL. Antibiotic-Releasing Silk 
Biomaterials for Infection Prevention and Treatment. Adv Funct Mater. 2013; 23:854–861. 
[PubMed: 23483738] 

2. Zilberman M, Egozi D, Shemesh M, Keren A, Mazor E, Baranes-Zeevi M, Goldstein N, 
Berdicevsky I, Gilhar A, Ullmann Y. Hybrid wound dressings with controlled release of antibiotics: 
Structure-release profile effects and in vivo study in a guinea pig burn model. Acta Biomater. 2015; 
22:155–163. [PubMed: 25922303] 

3. Zhang S, Ermann J, Succi MD, Zhou A, Hamilton MJ, Cao B, Korzenik JR, Glickman JN, Vermula 
PK, Glimcher LH, Traverso G, Langer R, Karp JM. An inflammation-targeting hydrogel for local 
drug delivery in inflammatory bowel disease. Sci Transl Med. 2015; 7

4. Allen TM, Cullis PR. Drug Delivery Systems: Entering the Mainstream. Science. 2004; 303:1818–
1822. [PubMed: 15031496] 

5. Bianco P, Gehron Robey P. Stem cells in tissue engineering. Nature. 2001; 414:118–121. [PubMed: 
11689957] 

6. Chen FM, Zhang M, Wu ZF. Toward delivery of multiple growth factors in tissue engineering. 
Biomaterials. 2010; 31:6279–6308. [PubMed: 20493521] 

7. Yamada KM. Adhesive recognition sequences. J Biol Chem. 1991; 226:12809–12812.

8. D’Andrea LD, Iaccarino G, Fattorusso R, Sorriento D, Carannante C, Capasso D, Trimarco B, 
Pedone C. Targeting angiogenesis: Structural characterization and biological properties of a de novo 
engineered VEGF mimicking peptide. Proc Natl Acad Sci USA. 2005; 102:14215–14220. 
[PubMed: 16186493] 

9. Santulli G, Ciccarelli M, Palumbo G, Campanile A, Galasso G, Ziaco B, Altobelli GG, Cimini V, 
Piscione F, D’Andrea LD, Pedone C, Trimarco B, Iaccarino G. In vivo properties of the 
proangiogenic peptide QK. J Transl Med. 2009; 7

10. Howard D, Buttery LD, Shakesheff KM, Roberts SJ. Tissue engineering: strategies, stem cells and 
scaffolds. J Anat. 2008; 213:66–72. [PubMed: 18422523] 

11. Lee K, Silva EA, Mooney DJ. Growth factor delivery-based tissue engineering: general approaches 
and a review of recent developments. J R Soc Interface. 2011; 8:153–170. [PubMed: 20719768] 

Moore et al. Page 11

Biomaterials. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Shin H, Jo S, Mikos AG. Biomimetic materials for tissue engineering. Biomaterials. 2003; 
24:4353–4364. [PubMed: 12922148] 

13. Moore AN, Hartgerink JD. Self-Assembling Multidomain Peptide Nanofibers for Delivery of 
Bioactive Molecules and Tissue Regeneration. Acc Chem Res. 2017; 50:714–722. [PubMed: 
28191928] 

14. Dong H, Paramonov SE, Aulisa L, Bakota EL, Hartgerink JD. Self-Assembly of Multidomain 
Peptides: Balancing Molecular Frustration Controls Conformation and Nanostructure. J Am Chem 
Soc. 2007; 129:12468–12472. [PubMed: 17894489] 

15. Aulisa L, Dong H, Hartgerink JD. Self-Assembly of Multidomain Peptides: Sequence Variation 
Allows Control over Cross-Linking and Viscoelasticity. Biomacromolecules. 2009; 10:2694–2698. 
[PubMed: 19705838] 

16. Kumar VA, Shi S, Wang BK, Li IC, Jalan AA, Sarkar B, Wickremasinghe NC, Hartgerink JD. 
Drug-Triggered and Cross-Linked Self-Assembling Nanofibrous Hydrogels. J Am Chem Soc. 
2015; 137:4823–4830. [PubMed: 25831137] 

17. Wahl EA, Schenck TL, Machens HG, Balmayor ER. VEGF released by deferoxamine 
preconditioned mesenchymal stem cells seeded on collagen-GAG substrates enhances 
neovascularization. Sci Rep. 2016; 6

18. Kumar VA, Wickremasinghe NC, Shi S, Hartgerink JD. Nanofibrous Snake Venom Hemostat. ACS 
Biomater Sci Eng. 2015; 1:1300–1305. [PubMed: 26753175] 

19. Wickremasinghe NC, Kumar VA, Hartgerink JD. Two-Step Self-Assembly of Liposome-
Multidomain Peptide Nanofiber Hydrogel for Time-Controlled Release. Biomacromolecules. 
2014; 15:3587–3595. [PubMed: 25308335] 

20. Galler KM, Hartgerink JD, Cavender AC, Schmalz G, D’Souza RN. A Customized Self-
Assembling Peptide Hydrogel for Dental Pulp Tissue Engineering. Tissue Eng Part A. 2012; 
18:176–184. [PubMed: 21827280] 

21. Wickremasinghe NC, Kumar VA, Shi S, Hartgerink JD. Controlled Angiogenesis in Peptide 
Nanofiber Composite Hydrogels. ACS Biomater Sci Eng. 2015; 1:845–854. [PubMed: 26925462] 

22. Kumar VA, Taylor NL, Shi S, Wang BK, Jalan AA, Kang MK, Wickremasinghe NC, Hartgerink 
JD. Highly Angiogenic Peptide Nanofibers. ACS Nano. 2015; 9:860–868. [PubMed: 25584521] 

23. Kumar VA, Taylor NL, Wickremasinghe NC, D’Souza RN, Hartgerink JD. Self-assembling 
multidomain peptides tailor biological responses through biphasic release. Biomaterials. 2015; 
52:71–78. [PubMed: 25818414] 

24. Galler KM, Aulisa L, Regan KR, D’Souza RN, Hartgerink JD. Self-Assembling Multidomain 
Peptide Hydrogels: Designed Susceptibility to Enzymatic Cleavage Allows Enhanced Cell 
Migration and Spreading. J Am Chem Soc. 2010; 132:3217–3223. [PubMed: 20158218] 

25. Kang MK, Colombo JS, D’Souza RN, Hartgerink JD. Sequence Effects of Self-Assembling 
MultiDomain Peptide Hydrogels on Encapsulated SHED Cells. Biomacromolecules. 2014; 
15:2004–2011. [PubMed: 24813237] 

26. Moore AN, Perez SC, Hartgerink JD, D’Souza RN, Colombo JS. Ex Vivo Modeling of 
Multidomain Peptide Hydrogels with Intact Dental Pulp. J Dent Res. 2015; 94:1773–1781. 
[PubMed: 26285809] 

27. Kumar VA, Liu Q, Wickremasinghe NC, Shi S, Cornwright TT, Deng Y, Azares A, Moore AN, 
Acevedo-Jake AM, Agudo NR, Pan S, Woodside DG, Vanderslice P, Willerson JT, Dixon RA, 
Hartgerink JD. Treatment of hind limb ischemia using angiogenic peptide nanofibers. 
Biomaterials. 2016; 98:113–119. [PubMed: 27182813] 

28. Artzi N, Oliva N, Puron C, Shitreet S, Artzi S, bon Ramos A, Groothuis A, Sahagian G, Edelman 
ER. In vivo and in vitro tracking of erosion in biodegradable materials using non-invasive 
fluorescent imaging. Nat Mater. 2011; 10:704–709. [PubMed: 21857678] 

29. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat 
Methods. 2012; 9:671–675. [PubMed: 22930834] 

30. Modulevsky DJ, Cuerrier CM, Pelling AE. Biocompatibility of Subcutaneously Implanted Plant-
Derived Cellulose Biomaterials. PLoS One. 2016; 11:e0157894. [PubMed: 27328066] 

31. Koshy ST, Ferrante TC, Lewin SA, Mooney DJ. Injectable, porous, and cell-responsive gelatin 
cryogels. Biomaterials. 2014; 35:2477–2487. [PubMed: 24345735] 

Moore et al. Page 12

Biomaterials. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Ramin MA, Latxague L, Sindhu KR, Chassande O, Barthélémy P. Low molecular weight 
hydrogels derived from urea based-bolaamphiphiles as new injectable biomaterials. Biomaterials. 
2017; 145:72–80. [PubMed: 28850933] 

33. Lisovsky A, Zhang DKY, Sefton MV. Effect of methacrylic acid beads on the sonic hedgehog 
signaling pathway and macrophage polarization in a subcutaneous injection mouse model. 
Biomaterials. 2016; 98:203–214. [PubMed: 27264502] 

34. Tecchio C, Micheletti A, Cassatella MA. Neutrophil-derived cytokines: facts beyond expression. 
Front Immunol. 2014; 5

35. Esche C, Stellato C, Beck LA. Chemokines: key players in innate and adaptive immunity. J Invest 
Dermatol. 2005; 125:615–628. [PubMed: 16185259] 

36. Arpino V, Brock M, Gill SE. The role of TIMPs in regulation of extracellular matrix proteolysis. 
Matrix Biology. 2015; 44–46:247–254.

37. Strieter RM, Polverini PJ, Arenberg DA, Kunkel SL. The role of CXC chemokines as regulators of 
angiogenesis. Shock. 1995; 4:155–160. [PubMed: 8574748] 

38. Strieter RM, Burdick MD, Gomperts BN, Belperio JA, Keane MP. CXC chemokines in 
angiogenesis. Cytokine Growth Factor Rev. 2005; 16:593–609. [PubMed: 16046180] 

39. Anderson JM. Biological Responses to Materials. Annu Rev Mater Res. 2001; 31:81–110.

40. Strehin I, Nahas Z, Arora K, Nguyen T, Elisseeff J. A versatile pH sensitive chondroitin sulfate-
PEG tissue adhesive and hydrogel. Biomaterials. 2010; 31:2788–2797. [PubMed: 20047758] 

41. Koshy ST, Ferrante TC, Lewin SA, Mooney DJ. Injectable, porous, and cell-responsive gelatin 
cryogels. Biomaterials. 2014; 35:2477–2487. [PubMed: 24345735] 

42. Bencherif SA, Warren Sands R, Ali OA, Li WA, Lewin SA, Braschler TM, Shih T-Y, Verbeke CS, 
Bhatta D, Dranoff G, Mooney DJ. Injectable cryogel-based whole-cell cancer vaccines. Nat 
Commun. 2015; 6

43. Ghanaati S, Webber MJ, Unger RE, Orth C, Hulvat JF, Kiehna SE, Barbeck M, Rasic A, Stupp SI, 
Kirkpatrick CJ. Dynamic in vivo biocompatibility of angiogenic peptide amphiphile nanofibers. 
Biomaterials. 2009; 30:6202–6212. [PubMed: 19683342] 

44. Hosseinkhani H, Hosseinkhani M, Khademhosseini A, Kobayashi H, Tabata Y. Enhanced 
angiogenesis through controlled release of basic fibroblast growth factor from peptide amphiphile 
for tissue regeneration. Biomaterials. 2006; 27:5836–5844. [PubMed: 16930687] 

45. Li Z, Qu T, Ding C, Ma C, Sun H, Li S, Liu X. Injectable gelatin derivative hydrogels with 
sustained vascular endothelial growth factor release for induced angiogenesis. Acta Biomater. 
2015; 13:88–100. [PubMed: 25462840] 

46. Patel ZS, Mikos AG. Angiogenesis with biomaterial-based drug- and cell-delivery systems. J 
Biomater Sci Polym Ed. 2004; 15:701–726. [PubMed: 15255521] 

47. Gurlin RE, Keating MT, Li S, Lakey JR, de Feraudy S, Shergill BS, Botvinick EL. Vascularization 
and innervation of slits within polydimethylsiloxane sheets in the subcutaneous space of athymic 
nude mice. J Tissue Eng. 2017; 8

48. Liu G, Wang X, Sun X, Deng C, Atala A, Zhang Y. The Effect of Urine-Derived Stem Cells 
Expressing VEGF Loaded in Collagen Hydrogels on Myogenesis and Innervation Following after 
Subcutaneous Implantation in Nude Mice. Biomaterials. 2013; 34:8617–8629. [PubMed: 
23932297] 

Moore et al. Page 13

Biomaterials. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
(A) Chemical structure of MDP, K2(SL)6K2 (B) A “hydrophobic sandwich” composed of a 

dimer of K2(SL)6K2 peptides (C) The bilayered nanofiber formation resulting from self-

assembly of K2(SL)6K2 peptides (D) SEM image of the K2(SL)6K2 hydrogel, scale bar is 

equal to 200 nm. Inset shows the clear hydrogel. (E) Cartoon showing subcutaneous 

injection of hydrogel into the dorsal tissue of rats. (F-I) Illustration of the time course of 

hydrogel remodeling beginning with cell infiltration followed by vascularization and 

innervation and slow degradation. (F) At day 0 the K2(SL)6K2 hydrogel contains no cells, 
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blood vessels, or neural fascicles present. (G) At Day 3 the implant becomes infiltrated by 

cells. (H) Weeks 1–3 the implant begins to degrade and is infiltrated by cells, blood vessels, 

and neural fascicles. (I) By week 6 neural fascicles recede and the implant further degrades.
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Fig. 2. 
Cellular infiltration of the K2(SL)6K2 hydrogel. (A) Hematoxylin and eosin stained tissue 

sections with images taken near the center of the hydrogel implant. The image for day 3 is 

taken slightly off center to show the uneven distribution of cells within the hydrogel at this 

time point. Exact location of each image within the tissue section and week 2 and 3 time 

points are available in supporting information figures S2 and S3. Scale bars are equal to 50 

μm. (B) Quantification of cell nuclei counted per mm2 of hydrogel area. (C) Cytokine array 

analysis of chemokines identified within the hydrogel implant. For (B) and (C), data with the 

same Greek letter are not statistically different from one another, while data with different 

Greek letters are statistically different from one another. Error bars indicate the standard 

error of the mean.
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Fig. 3. 
Degradation of K2(SL)6K2 subcutaneous implants. (A&B) Masson’s trichrome staining of 

an implant at 3 days (A) and 6 weeks (B) post-injection. Hydrogel implants are demarcated 

by a dotted line, and scale bars are equal to 500 μm. C) Masson’s trichrome staining of 

implants and surrounding native tissue at 3 days and 1, 2, 3, or 6 weeks post-injection. 

Images are taken at the edge of the implant with the implant demarcated by the dotted black 

line. Scale bars are equal to 50 μm. (D) Hydrogel area measured from histological sections 

at each experimental time point. (E) Detection of MMP-8 and TIMP-1 proteins within the 

hydrogel implant. For (D) and (E), data with the same Greek letter are not statistically 

different from one another, while data with different Greek letters are statistically different 

from one another. Error bars indicate the standard error of the mean.
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Fig. 4. 
Vascularization of K2(SL)6K2 subcutaneous implants. (A) Cartoon depiction of blood vessel 

structure B) H&E staining of a blood vessel found inside the hydrogel at 6 weeks post-

injection. Scale bar is equal to 25 μm. (C&D) α-SMA actin staining of the center of an 

implant after 3 days (C) and 2 weeks (D). Positive α-SMA expression is shown in red, and 

cell nuclei are DAPI-stained. Scale bars are equal to 50 μm. E) Number of blood vessels 

counted per mm2 of hydrogel area. (F) Relative protein levels of VEGF and PDGF-AA 

collected from subcutaneous implants. For (E) and (F), data with the same Greek letter are 

not statistically different from one another, while data with different Greek letters are 

statistically different from one another. Error bars indicate the standard error of the mean.
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Fig. 5. 
Interaction with the peripheral nervous system. (A) Cartoon representation of a nerve (B) 

H&E staining of neural fascicles identified within the subcutaneous implant at 6 weeks post-

injection. Scale bar is equal to 50 μm. (C) Neural fascicle identity is positively confirmed 

through immunostaining for NFP (green) and β-III tubulin (red). Scale bar is equal to 25 μm. 

(D) Axons are shown to be myelinated (MBP: purple) with Schwann cell supporting cells 

present (S100: cyan). Scale bar is equal to 25 μm. (E) Quantification of neural fascicles 

found within the hydrogel. (F) Relative protein levels of β-NGF and CNTF in subcutaneous 

implants. For (E) and (F), data with the same Greek letter are not statistically different from 
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one another, while data with different Greek letters are statistically different from one 

another. Error bars indicate the standard error of the mean.
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Fig 6. 
Expression of inflammatory cytokines. Pro-inflammatory cytokines include TNF-α, IL-1α, 

IL-1β, IL-6, IFN-γ, while IL-10 and IL-4 are anti-inflammatory cytokines. Data with the 

same Greek letter are not statistically different from one another, while data with different 

Greek letters are statistically different from one another. Error bars indicate the standard 

error of the mean.
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