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Abstract

The ability of human embryonic stem cells (hESCs) and their derivatives to differentiate and 

contribute to tissue repair has enormous potential to treat various debilitating diseases. However, 

improving the in vivo viability and function of the transplanted cells, a key determinant of 

translating cell-based therapies to the clinic, remains a daunting task. Here, we develop a hybrid 

biomaterial consisting of hyaluronic acid (HA) grafted with 6-aminocaproic acid moieties 

(HA-6ACA) to improve cell delivery and their subsequent in vivo function using skeletal muscle 

as a model system. Our findings show that the biomimetic material-assisted delivery of hESC-

derived myogenic progenitor cells into cardiotoxin-injured skeletal muscles of NOD/SCID mice 

significantly promotes survival and engraftment of transplanted cells in a dose-dependent manner. 

The donor cells were found to contribute to the regeneration of damaged muscle fibers and to the 

satellite cell (muscle specific stem cells) compartment. Such biomimetic cell delivery vehicles that 

are cost-effective and easy-to-synthesize could play a key role in improving the outcomes of other 

stem cell-based therapies.
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Although transplantation of stem cells has been touted as a promising strategy for treating 

impaired skeletal muscles, the therapeutic potential of such an approach has been hampered 

by poor to modest survival, low retention, and lack of integration of the transplanted cells 

with the host tissue.1–4 Thus, there is a strong interest in developing delivery strategies that 

can improve the survival, continued differentiation, and contribution of the transplanted cells 

to muscle tissue repair.5 Here, we describe the development of a hybrid biomaterial 

containing hyaluronic acid (HA) grafted with 6-aminocaproic acid molecules (6ACA), 

hereafter termed as HA-6ACA, and demonstrate that HA-6ACA-assisted administration of 

hESCderived cells significantly improves the survival and engraftment of transplanted cells 

within an injured skeletal muscle tissue.

HA, a nonsulfated linear glycosaminoglycan, is a well-studied biomaterial for cell and drug 

delivery, soft-tissue repair, and tissue engineering.6–14 HA is a key extracellular matrix 

molecule found in the interstitial matrix of skeletal muscle, and has been implicated in 

mediating interactions with various proteins and growth factors, cell migration, cell 

signaling, matrix reorganization, and regeneration.15–21 HA also interacts with cells through 

the CD44 receptor, which is expressed in most cells.22–25 Several studies have suggested 

that HA does not exhibit strong binding to basic fibroblast growth factor (bFGF);26,27 but 

can weakly interact with bFGF through positively charged regions. We hypothesize that 

biomaterials that can regulate bFGF signaling could have an added advantage as cell 

delivery vehicles given that bFGF signaling plays a key role in skeletal muscle tissue 

homeostasis and function by maintaining a balance between proliferation and differentiation 

of myogenic progenitor cells.28,29 Hence, we endowed the HA molecules with 6ACA 

moieties to improve their interactions with bFGF. Previously, we have shown that 

incorporating 6ACA moieties onto hydrogels can impart them with unique features such as 

healing,30 biomineralization,31 and increased protein adsorption and cell–matrix 

interaction.32

The synthesis scheme of HA-6ACA is shown in Figure 1. Subsequent characterization 

using 1H NMR and FTIR spectra (see Figure S1A, B in the Supporting Information) showed 

successful grafting (~60–70%) of 6ACA moieties onto the HA backbone. To investigate the 

effect of 6ACA incorporation on the ability of HA to interact with bFGF, we carried out 

molecular docking studies and enzyme-linked immunosorbent assay (ELISA) 

measurements. Our docking calculations yielded hundreds of low-energy configurations of 

bFGF-bound HA- 6ACA and HA that were further categorized into clusters of closely 

resembling configurations (Figure S2A). The lowest energy configuration in the most 

populated cluster is generally considered as the putative binding mode, and its 

corresponding energy value the binding free energy.33 Because HA-6ACA exhibits two 

highly populated clusters, both binding modes are considered equally likely. Hence, 

HA-6ACA, which exhibits binding free energies of −5.6 kcal mol−1 or −5.5 kcal mol−1 for 

the two modes, binds more strongly to bFGF than HA, which exhibits a binding free energy 
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of −5.2 kcal mol−1 (Figure 2). To probe the molecular basis for the observed higher affinity 

of HA-6ACA to bFGF, we compared the lowest-energy bFGF-bound configuration of the 

HA-6ACA and HA molecules. We find that the terminal carboxyl group of dangling side 

chain of 6ACA acts as a flexible arm that wraps around the positively charged region of 

bFGF, allowing it to interact easily with positively charged amino acids on the surface of 

bFGF. The fact that HA-6ACA exhibits multiple binding modes suggests a high degree of 

flexibility in how HA-6ACA can bind to bFGF, making its binding even more favorable 

from an entropic perspective.

These results from our computational analyses were further verified by ELISA. In order to 

immobilize the HA-6ACA molecules for the ELISA measurements, we used 

semiinterpenetrating networks (semi-iPNs). The semi-IPNs were created by incorporating 

the linear HA or HA-6ACA molecules into chemically cross-linked polyethylene glycol 

diacrylate (PEGDA) hydrogels, which are known to be antifouling.34 We use PEGDA with 

a molecular weight of 508 Da to ensure a tight network with minimal swelling in an aqueous 

milieu. The amounts of adsorbed bFGF onto both semi-iPN HA-PEGDA and semi-iPN 

HA-6ACA-PEGDA were also compared against those on PEGDA hydrogels. As shown in 

Figure S3A, the amount of bFGF adsorbed by semi-iPN containing HA-6ACA molecules 

was significantly higher than that on corresponding semi-iPN containing HA molecules, 

corroborating our computational findings. No significant differences in bFGF measurements 

were found between semi-iPN HA-PEGDA and PEGDA networks. The positive 

measurements observed here could be attributed to the absorption of bFGF solution into the 

polymer network.35 The same semi-iPN experimental setup was used to determine the 

interaction of HA and HA-6ACA molecules with various ECM proteins relevant to skeletal 

muscle tissues–collagen type I, collagen type IV, and laminin. The results in Figure S3B–D 

show higher levels of interactions between the ECM proteins and HA-6ACA-PEGDA semi-

iPN hydrogels compared to its HA-PEGDA and PEGDA counterparts. This is in accordance 

with our previous report that demonstrates the ability of 6ACA to promote nonspecific 

adsorption of proteins from their extracellular milieu.32

Hyaluronan molecules exhibit rapid turnover in vivo and chemical modifications of HA 

have been used to retard their degradation kinetics.36 To determine the effect of 6ACA 

incorporation on the degradation of HA, we used a modified uronic acid assay, which shows 

approximately 45% less degradation of HA-6ACA compared to HA in the presence of 

hyaluronidase, whereas no detectable degradation products were observed in the controls–

HA and HA-6ACA incubated in PBS without hyaluronidase (Figure S4). The slower 

degradation of HA-6ACA suggests that the terminal carboxyl groups of the pendant side 

chains hinder the accessibility of hyaluronidase enzymes to their binding sites on HA 

backbone. The slow degradation of HA-6ACA along with their ability to interact with 

growth factors and ECM proteins could have multiple effects such as modulating signaling 

and prolonging the half-life of growth factors by inhibiting their proteolytic cleavage.32

We next determined the effect of HA-6ACA in promoting in vivo survival and function of 

transplanted hESC-derived progenitor cells. Previously, we have shown that hESC-derived 

PDGFRA+ cells can undergo myogenic differentiation in vitro and in vivo. 37,38 However, 

when implanted in vivo, only a few cells were found to be viable post-transplantation with a 
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majority of the survived donor cells residing within the interstitial space.37 To assess the 

potential of HA-6ACA to support the survival and function of transplanted cells, 

hESCderived myogenically committed cells were injected using HA- 6ACA molecules of 

varying concentrations (10, 30, and 50 mg mL−1) into cardiotoxin injured tibialis anterior 

(TA) muscles of NOD/SCID mice. The HA-6ACA-assisted survival and engraftment of 

donor cells 14 days post-transplantation were compared against the same cell population 

injected using saline solution or 30 mg mL−1 HA.

The TA muscles were harvested and characterized to evaluate the survival and in vivo 

engraftment efficiency of the transplanted donor cells. The muscle sections were stained for 

human-specific lamin A/C, laminin, and nuclei (Figure 3A). The positive staining for lamin 

A/C indicates the presence of transplanted hESC-derived cells. Interestingly, the use of HA- 

6ACA dramatically improved the survival and engraftment of transplanted donor cells. 

Quantification of histological sections showed a striking ~200 fold increase in donor cells 

within the host tissue when they were transplanted using either HA or HA-6ACA compared 

to that of saline groups (Figure 3B). The HA-6ACA-assisted in vivo survival of transplanted 

donor cells was found to be independent of their concentration. A similar increase in cell 

survival was also observed in the presence of 30 mg mL−1 HA. In addition to supporting 

viability of transplanted cells, both HA-6ACA and HA also promoted the dissemination of 

transplanted cells within the host tissue. In contrast to HA-6ACA and HA, only a few donor 

cells were found to be viable when saline was used as a delivery vehicle and the majority of 

the donor cells were found within the interstitial space nearby the host muscle fibers akin to 

previous reports.37

Although similar levels of cell viability were observed between HA and HA-6ACA, 

HA-6ACA molecules had a significant effect in determining the contribution of donor cells 

toward regeneration of damaged muscles. Histological analyses of donor cell contribution to 

the regenerating myofibers showed a remarkably higher number of fused donor cells when 

the cells were injected with 50 mg mL−1 HA-6ACA (Figure 3A, C and Figure S5). The 

contribution of donor cells to tissue repair was found to be dependent on the concentration 

of HA- 6ACA (Figure 3C). When the cells were injected with 30 mg mL−1 HA, only few 

cells were found to integrate with the host muscle fibers, whereas in the case of saline 

assisted cell transplantation no donor cells were fused with the host muscle fibers. Even 

though cell transplantation using 30 mg mL−1 HA exhibited some contribution of the donor 

cells toward the host tissue, the total number of cells integrated with the host myofibers was 

significantly lower than that observed when the cells were delivered using 10 mg mL−1 

HA-6ACA, the lowest concentration of HA-6ACA used.

We also investigated the donor cell contribution to the satellite cell compartment by staining 

serial muscle sections with human-specific lamin A/C, PAX7 (a satellite cell marker), and 

nuclei. Our results show that although only a small percentage of the transplanted cells 

contributed to satellite cell compartment, the donor cell-derived satellite cells were only 

found in cells administered using either HA or HA-6ACA (Figure 4). Similar to the 

contribution of donor cells to the host myofibers, the donor cell-derived satellite cells 

exhibited a monotonic increase with HA-6ACA concentration. The cells administered using 

30 mg mL−1 of HA had the lowest number of donor cell-derived satellite cells, whereas cells 
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injected using 50 mg mL−1 HA-6ACA showed the highest contribution to the satellite cell 

compartment.

Our results clearly demonstrate the beneficial effect of HA- 6ACA in promoting the survival 

and engraftment of transplanted hESC-derived myogenic progenitor cells. The observed 

beneficial effect of HA-based biomaterials (HA and HA-6ACA) on improving the survival 

of transplanted cells could be attributed to various biological functions of HA. HA 

molecules have been shown to interact with cells through cell surface hyaluronic acid 

receptor, CD44.39,40 As reported previously, a majority of HUES9 derived mesoderm 

progenitor cells are positive for CD44 cell surface markers.23,24,41–43 So we anticipate that 

the biological functions of HA molecules along with their plausible interactions with the 

cells through CD44 could be contributing to the enhanced cell survival. Among HA and 

HA-6ACA, the latter was found to have a better effect on the contribution of donor cells to 

the myofibers and satellite cell pool. We speculate that this could possibly be due to 

enhanced interaction between HA-6ACA and growth factors such as bFGF. The enhanced 

interaction of HA-6ACA molecules with bFGF along with its slower degradation could 

facilitate sequestration of bFGF away from cell surface and subsequent modulation of bFGF 

signaling. Previous studies have shown that continuous and high levels of bFGF in cultures 

inhibit myogenic differentiation of progenitor cells while suppressing bFGF signaling (or 

low levels of bFGF) promotes in vitro myogenesis of myoblasts.28,29 In native tissue, bFGF 

is regulated by heparin and heparan sulfate proteoglycans,26 and previously we have shown 

that synthetic analogues of heparin in culture conditions can promote myogenic 

differentiation of C2C12 cells to myotubes through bFGF signaling.44

In summary, this study demonstrates that HA-6ACA-assisted delivery of hESC-derived 

myogenic progenitor cells significantly improves the in vivo survival, differentiation, and 

integration of transplanted donor cells to the host tissues. Such biomimetic material-based 

cell delivery vehicles that are cost-effective and easy-to-synthesize might be able to augment 

the therapeutic outcomes of stem cell-based therapy and accelerate their use from the bench 

to the bedside.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Reaction scheme for the synthesis of HA-6ACA.
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Figure 2. 
Lowest-energy configuration from the most populated binding cluster(s) of HA and 

HA-6ACA. This represents the most likely configuration assumed by the ligand when 

interacting with bFGF. The computed binding energies for the molecules are also provided.
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Figure 3. 
In vivo survival and engraftment of transplanted hESC-derived myogenic progenitor cells. 

(A) Immunofluorescence staining for humanspecific lamin A/C (green), laminin (red), and 

nuclei (blue). Scale bar = 100 μm. Quantitative estimation of (B) the total donor cells and 

(C) the contribution of donor cells to the host myofibers 14 days post-transplantation.
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Figure 4. 
Biomimetic material-assisted contribution of donor cells to the satellite cell compartment: 

(A) Immunofluorescence staining for humanspecific lamin A/C (green), PAX7 (red) for 

satellite cells, and nuclei (blue). Scale bar =100 μm. (B, C) Quantification of the donor cell-

derived satellite cells.
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