
PAPER www.rsc.org/softmatter | Soft Matter

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

T
or

on
to

 o
n 

20
 S

ep
te

m
be

r 
20

10
Pu

bl
is

he
d 

on
 0

8 
Se

pt
em

be
r 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0S
M

00
36

2J
View Online
Hydrogels modified with QHREDGS peptide support cardiomyocyte survival
in vitro and after sub-cutaneous implantation†‡
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Myocardial cell injection and tissue engineering could provide novel treatment options for heart

diseases; however both approaches are limited by the loss of the transplanted myogenic cells. We

hypothesized that novel hydrogels could promote cardiomyocyte survival and remedy this critical

limitation. The hydrogel described here is based on a photocrosslinked form of chitosan, Az-chitosan,

which was covalently bound to the QHREDGS peptide to promote cell survival. The QHREDGS

amino acid sequence is thought to be the integrin binding site in angiopoietin-1, a growth factor which

has cardioprotective properties. Covalent immobilization was performed using 1-ethyl-3-(-3-

dimethylaminopropyl)carbodiimide chemistry. Elastic moduli of the Az-chitosan hydrogel were within

the lower physiological range for the neonatal rat heart (1.9 � 0.2 kPa for 10 mg/ml and 3.5 � 0.6 kPa

for 20 mg/ml). After 6 days of cultivation of neonatal rat heart cells encapsulated with the hydrogels,

cell viability and elongation was significantly higher in the peptide modified groups compared to the

Az-chitosan control. No significant differences were found in the ability of RGDS and QHREDGS

hydrogels to support contractile function in vitro. After subcutaneous implantation of cardiomyocyte

hydrogel-peptide constructs in Lewis rats for 7 days, both QHREDGS and RGDS similarly recruited

endothelial cells. However, Az-chitosan-QHREDGS gel had a higher percentage of smooth muscle

actin (SMA)-positive myofibroblasts. The QHREDGS peptide gel promoted cardiomyocyte

elongation and assembly of contractile apparatus and reduced cardiomyocyte apoptosis significantly

better than the RGDS peptide. The new Az-chitosan-QHREDGS hydrogel may markedly improve

cardiac regeneration by cell therapy.
Introduction

Ischemic heart disease is the leading cause of death worldwide.1

Myocardial infarction (MI) after occlusion of coronary arteries

results in death of cardiomyocytes (CM) and formation of scar

tissue that reduces cardiac function. Despite current interven-

tional or surgical reperfusion strategies or pharmacological

therapy, ventricular remodeling may progress, leading to irre-

versible heart failure. Cell transplantation is a promising thera-

peutic approach that has been evaluated in many clinical trials.
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Several cell types have been investigated in these clinical trials;

however, the benefits observed in preclinical studies have not

been seen in patients.2–4 The modest improvements seen in

humans are believed to be due to the paracrine release of cyto-

kines by the transplanted cells, rather than physical integration

of these cells with the endogenous cardiomyocytes.5,6

Although cell therapies for cardiac regeneration show promise,

they have been limited by modest cell survival and engraftment.

The small number of remaining cells may be due to leakage of

cells from the injection site following intramyocardial delivery

and/or the limited survival of the cells in the hostile microenvi-

ronment of the infarcted heart.7 The application of tissue engi-

neering techniques to cell transplantation may enhance cell

retention and survival.8 In vivo engineered tissue, enhanced by

injectable biomaterials, provides cells with a temporary matrix

for adhesion to improve survival and physically retain cells at the

injection site. In addition, pharmacological agents and growth

factors can be incorporated into the biomaterials to improve

angiogenesis and augment the paracrine benefits provided by the

engrafted cells.9 Several in vivo studies investigating injectable

biomaterial systems have provided encouraging results in small

animal models of MI.10–14 Thus, cardiomyocytes cultured on an

injectable hydrogel matrix could be used to repair injured

myocardium.

An ideal hydrogel to enhance cardiomyocyte engraftment

should be (i) biocompatible, (ii) biodegradable, (iii) injectable (so

that it can be applied with a syringe in a minimally invasive
Soft Matter
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manner) and (iv) mechanically stable enough to retain cells at the

injection site. The stiffness of the biomaterial should match that

of the native tissue. For cardiomyocte therapy, the biomaterial

should enhance the survival of the applied myogenic cells and the

surrounding surviving cardiomyocytes. Following a coronary

occlusion, cardiomyocyte loss is progressive and persists for up

to 60 days after an MI. Up to 35% of cardiomyocytes at the

border of an infarct become apoptotic during this time.7

Chitosan, a linear polysaccharide, is a natural hydrogel derived

through the deacetylation of chitin, and is an ideal biomaterial to

augment cell transplantation. Chitosan is naturally biocompatible,

angiogenic, non-toxic and enhances wound healing.15 Medical

implants coated with chitosan have shown minimal foreign body

reactions confirming biocompatibility and anti-bacterial proper-

ties.16 The cationic nature of chitosan is also advantageous for

applications in which adhesion to tissue is required, since tissue

generally has a net negative charge.17 Chitosan is degradable via

enzymatic hydrolysis by lysozyme. The rate of chitosan degrada-

tion can be altered by modifying the degree of deacetylation. Less

deacetylation results in faster degradation.16

Several cell types encapsulated in chitosan-based materials had

viability exceeding 80% for extended time periods.17 A photo-

crosslinkable form of chitosan, Az-chitosan, may be clinically

useful since gelation occurs in less than 5 min following injection

and exposure to UV light (365 nm), producing inert N2 as the

only byproduct. However, while Az-chitosan is biocompatible, the

final cross-linked gel does not support cell attachment because

the number of anchorage sites is reduced by crosslinking.18

Modification of Az-chitosan, with acryloyl-poly(ethylene glycol)-

RGDS promotes in vitro cell attachment including neonatal rat

cardiomyocytes.19 Angiopoietin-1 (ang 1) has been linked to

cardiac regeneration, and interacts with select cardiomyocyte

integrins to promote adhesion and cell survival. Ligand/integrin

interactions regulate cardiomyocyte shape, adhesion, survival,

differentiation, and contraction.20,21 The QHREDGS amino

acid sequence was identified as the integrin binding site in ang 1

and a linear peptide of this sequence was sufficient to promote

cardiomyocyte survival.22 This peptide may also facilitate car-

diomyocytes to connect and promote syncytium formation. We

previously demonstrated that the QHREDGS peptide pre-

vented caspase 3 activation in cardiomyocytes cultivated as

a monolayer on thin layers of peptide-linked hydrogels.23

However, the in vivo effectiveness of this peptide has not been

explored. Therefore, we show here that QHREDGS peptide-

linked to our novel biomaterial promotes cardiomyocyte

attachment and viability both in in vitro engineered constructs

and after in vivo implantation.
Experimental section

Synthesis of Az-chitosan

Az-chitosan was synthesized according to a procedure previously

described with modification. Chitosan (75% to 90% deacyete-

lated chitin, Novamatrix, Norway) 400 mg was dissolved in 15

mL of distilled water.19 A mass of 140 mg of 1-ethyl-3-(-3-

dimethylaminopropyl)carbodiimide HCl (EDC, Thermo Scientific)

was dissolved in 1 mL of distilled water and 80 mg of 4-azido-

benzoic acid (ABA, TCI America) was dissolved in 1 mL of
Soft Matter
DMSO. A 300 mL aliquot of N,N,N0,N0-tetramethylethylenedi-

amine (TEMED, Sigma) was added to the ABA solution followed

by the EDC solution. This final solution was added drop-wise

to the dissolved chitosan solution. The pH of the solution was

adjusted to 6 using 1 N HCl and then pH 5 after 10 min.

The solution was covered to protect from light and left to react

overnight.

The product was centrifuged at 11 500 � g for 2 h the super-

natant containing the Az-chitosan was collected, and the azido-

benzoic acid rich precipitate discarded. The pH of the solution

was increased to 9.5 using 1 N NaOH to precipitate the Az-

chitosan. The tube was centrifuged at 15 200 � g for 10 min and

the supernatant containing impurities such as unreacted ABA

was aspirated. The Az-chitosan pellet was dispersed in 80 mL of

distilled water. The solution underwent the first purification,

which involved adjusting the pH to 3 with 1 N HCl to dissolve

the Az-chitosan, and then increasing pH to 9.5 to precipitate

pure Az-chitosan. The tubes were centrifuged at 15 200 � g for

10 min, the supernatant was aspirated and the pellet was

dispersed in 80 mL of distilled water. This purification step was

repeated until the absorbance of the supernatant was less than

0.01 at 270 nm to confirm that most of the unreacted ABA had

been removed. After the final wash the pellet was resuspended in

40 mL of distilled water and the pH was adjusted to 5 using 1 N

HCl. This solution was then lyophilized for 3 days and stored at

�20 �C until use.
Conjugation of peptides to Az-chitosan

Peptide conjugation was performed using EDC chemistry as

described previously.24 Az-chitosan was dissolved at 20 mg/mL in

0.9% phosphate buffered saline (PBS) and the peptide QHREDGS

was dissolved at 20 mg/mL in PBS, and RGDS (American peptide)

was dissolved at 10 mg/mL in PBS. The reagents were combined

with the powder form of EDC and S-NHS and PBS to achieve

a final reaction solution of 2 mg/mL of Az-chitosan, 0.55 mg/mL

EDC, 1.38 mg/mL S-NHS and 1.33 mg/mL of QHREDGS

peptide; or 0.67 mg/mL of RGDS. The molar concentrations of

RGDS and QHREDGS in the reaction solution and per mass of

chitosan were similar (Table 3). The reaction proceeded for 6 h at

room temperature and protected from light. This solution was

dialyzed in a dialysis membrane (Spectra/Por MWCO 3500,

Spectum Labs) for 1.5 days and then filtered using a 0.2 mm filter

for sterilization. The solution was then lyophilized for 2 days.
Concentrations of covalently bound peptides in Az-chitosan

The covalent binding of peptides (QHREDGS or RGDS) to Az-

chitosan was confirmed and quantified using fluorescently

labeled forms of the peptides (FITC-C6-QHREDGS or FITC-

C6-RGDS), with FITC conjugated to the N terminus of the

peptides via N-aminohexanoic acid. A stock solution of 20 mg/mL

was created by dissolving the FITC labeled peptides in PBS. This

stock was then serially diluted to create 11 standards ranging from

0.05 mg/mL to 50 mg/mL. The standards were assessed by a fluo-

rometer (Molecular Devices) at an excitation wavelength of

490 nm and an emission of 520 nm. Conjugation of fluorescently

labeled peptides to Az-chitosan was performed as described above

and the fluorescence of the peptide modified product was
This journal is ª The Royal Society of Chemistry 2010
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determined using a fluorometer as described for the standard

curve above. All of the samples were tested at a pH of 7 as the

fluorescence is greatly affected by changes in pH.25 The concen-

tration of fluorescent peptide present in the reaction solution post-

dialysis was determined by comparing the level of fluorescence

against standards. The volume in the dialysis membrane increased

to 7 mL after dialyzation and this volume was used to determine

the mass of the conjugated peptide. The molecular weight cut off

of the dialysis membrane was one-tenth the size of chitosan, so it

was assumed that the membrane retained all of the chitosan.

Therefore the mass of Az-chitosan was the amount initially used in

the reaction (12 mg).

Scanning electron microscopy

Glass coverslips (12 mm diameter) were coated with 50 mL of

dissolved Az-chitosan (20 mg/mL), Az-chitosan-QHREDGS or

Az-chitosan-RGDS (12 mg/mL) and cross-linking was achieved

following 5 min exposure to UV light (UVP, 365 nm, 1 mW/cm2

at 30 0 distance, 115 V, 60 Hz, 0.16 Amp). The samples were stored

in PBS and analyzed by variable-pressure scanning electron

microscopy (VP SEM) in an environmental chamber using

a cold-stage adaptor (S-3400N, Hitachi). Surfaces were imaged

with an accelerating voltage of 15 kV and representative images

were acquired.

Mechanical testing

Az-chitosan was dissolved at 10 mg/mL and 20 mg/mL in 0.9%

saline, and 100 mL of the material was placed on 12 mm circular

glass coverslides and crosslinked for 5 min as described above.

The samples were stored submersed in PBS in 12 well plates. To

determine the stiffness of the gels, micropipette aspiration (MA)

was used.26 Pipettes with an internal diameter of 0.21 mm were

used to apply pressure locally in the centre of the gels. The pipette

diameter was less than the thickness of the gel, ensuring that only

the stiffness of the gels and not the underlying glass was

measured.26 Pipette placement was controlled by a micromanip-

ulator. Pressure was applied using a 20 mL air filled syringe

attached to a linear actuator, which applied 0.01–0.05 cm steps

(�1–3 kPa) at 400 Hz controlled by LabView. The maximum

applied pressure was 6–14 kPa. Images were captured immedi-

ately after each step using PSRemote through a Navitar 12�
zoom lens connected to a digital camera. Three to four

measurements were made per gel concentration. Aspiration

lengths for each step were measured and normalized to the

pipette diameter. The initial elastic modulus (representative of

the physiological range27) was estimated using an analytical half-

space model that is commonly applied to analyze MA data.28

Degradation studies

A volume of 100 mL of 10 mg/mL Az-chitosan, QHREDGS

modified Az-chitosan, and RGDS modified Az-chitosan, were

placed on coverslips and crosslinked with UV light for 5 min as

described above. The coverslip with the material was placed in

a Petri dish and the mass of this entire system determined. Car-

diomyocyte culture media containing 10% fetal bovine serum

(FBS), was added to the Petri dish and the samples were stored in

a 37 �C incubator to simulate the conditions used for cell culture
This journal is ª The Royal Society of Chemistry 2010
and in vivo studies. To assess the weight of the material at

different time points, the media was aspirated and the mass of the

sample in the Petri dish measured.

Isolation of neonatal rat cardiomyocytes

All animal experimental procedures were approved by the

Animal Care Committee of the Toronto General Research

Institute and the University of Toronto Committee on Animal

Care, according to the Guide for the Care and Use of Laboratory

Animals. Neonatal (1 to 2 day-old) Sprague-Dawley (in vitro

studies) or Lewis rats (in vivo studies) were euthanized, hearts were

removed and primary cardiomyocytes isolated as described.29,30

The cardiomyocyte culture medium consisted of Dulbecco’s

Modified Eagle medium with 4.5 g/L glucose, 4 mM L-glutamine,

10% FBS and 100 U/mL penicillin/streptomycin. Cells were

maintained in a humidified 5% CO2 incubator at 37 �C.

Monolayer studies

Hydrogen peroxide treatment

Rat neonatal cardiomyocytes were incubated for 1.5 h with 500 mM

QHREDGS, scrambled (scram) QHREDGS peptide

(DGQESHR), or PBS control (PBS); 200 nM ang 1 or its matched

buffer control [0.1% bovine serum albumin (BSA) in PBS] in the

culture medium. The culture medium consisted of Dulbecco’s

Modified Eagle’s Medium (DMEM) with 0.5% BSA and cytosine-

b-D-arabinofuranoside (anti-proliferative). Reactive oxygen

species were increased by addition of 100 mM H2O2 for 10 min

(37 �C, 5% CO2) (N ¼ 6/group). Cell viability was measured using

a Trypan blue stain. Trypan blue dye is impermeable to viable cells,

but enters dead/damaged cells with impaired membrane integrity,

staining cells blue.

Doxorubicin induced apoptosis and caspase activation

Rat neonatal cardiomyocytes were given doxorubicin (Dox) to

induce apoptosis and PBS or peptide QHREDGS (1 d), Western

blotting was conducted as described31 and levels assessed via

densitometric analysis (Scion Image software). Graphs show

levels of inactive versus active caspase-3. Levels of inactive cas-

pase-6 were normalized to GAPDH.

Adenosine triphosphate (ATP) assay

Rat neonatal cardiomyocytes were incubated with PBS (control),

500 mM QHREDGS, scrambled QHREDGS peptide, GRGDSP

peptide or 400 nM ang 1 or ang 2 in DMEM/0.5% BSA/cytosine-

b-D-arabinofuranoside (37 �C, 5% CO2, 1 d). ATP levels were

quantified using the CellTiter-Glo Luminescent Assay (Promega)

as per manufacturer’s instructions (N ¼ 6/group). Luminescence

was measured using a Wallac 1420 microplate reader.

Cardiomyocyte encapsulation system

The lyophilized form of the peptide-modified Az-chitosan (Az-

chitosan-QHREDGS or Az-chitosan-RGDS) was dissolved in

sterile 0.9% NaCl at 12 mg/mL. Cardiomyocytes (2.5� 106) were

suspended in 15 mL 30% FBS-containing culture medium for

15 min on ice. These cells were further suspended in 35 mL of the
Soft Matter
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hydrogel. This mixture was placed on a 12 mm diameter glass

coverslip, which was placed on a UV lamp (UVP, 365 nm, 1 mW/

cm2 at 30 0 distance, 115 V, 60 Hz, 0.16 Amp) and exposed to UV

light for 5 min. The samples were then transferred to a 12 well

plate and supplemented with 2 mL of warm cardiomyocyte

culture media.

Live/dead staining

Live/dead staining was performed using 5-carboxyfluorescein

diacetate acetoxymethly ester, which stains live cells green, and

propidium iodide, which stains dead cells red according to the

manufacturer’s instruction (Invitrogen). Three sets of surfaces

were analyzed for each sample type.

Functional testing

The electrical function of in vitro samples of neonatal car-

diomyocytes encapsulated in chitosan hydrogels for 6 d was

established by measuring excitation threshold (ET), the

minimum voltage required to pace the encapsulated cells simul-

taneously, and maximum capture rate (MCR) as we described.29

The MCR is the maximum stimulation rate at which the

encapsulated cardiomyocytes can be induced to beat simulta-

neously. The encapsulated samples were placed between a pair of

carbon electrodes immersed in warm Tyrode’s solution (Sigma,

pH 7.4). The ET was measured by stimulating the samples with

square pulses of 2 ms width at a frequency of 1 Hz and increasing

the output voltage of the stimulator until�90% of the cells in the

field-of-view were beating synchronously with the stimulator

output. The MCR was measured by setting the output at 15 V,

and increasing the frequency until most of the cells in the sample

were no longer synchronously beating with the driving signal. All

measurements were taken using bright field microscopy. The

samples were placed in an environmental chamber at 37 �C for

the measurements (N ¼ 3/group).

Sample preparation for in vivo implantation

Cardiac constructs were made by encapsulation of neonatal

Lewis rat cardiomyocytes in Az-chitosan-QHREDGS or Az-

chitosan-RGDS. A total of 2 � 106 cardiomyocytes were resus-

pended in 15 mL of ice cold cardiomyocytes medium with 30%

FBS for at least 10 min. These cells were then encapsulated in 100

mL of the hydrogel in transwell plates and constructs (2 mm thick

and 6 mm in diameter) were produced. A total of 8 samples were

made for each type of hydrogel, and 4 from each group were

implanted, while the other 4 were retained as in vitro controls.

Samples were cultured at 37 �C for 5 d before they were

implanted in vivo.

Subcutaneous implantation and histological assessment

Cardiac constructs described above were inserted subcutane-

ously into the abdomen of Lewis rats. Four samples were

implanted for each type of hydrogel. Animals were observed for

7 d and then implanted tissues recovered. Histological sections of

4–5 mm were prepared from samples frozen in O.C.T. compound

and stained for hematoxylin and eosin (H&E), smooth muscle

actin (SMA) and Factor VIII as described.32 Quantification of
Soft Matter
total SMA and Factor VIII was performed using ImageScope

v10 (Aperio Technologies) and mean intensities were averaged

for six fields for each sample and normalized to total area.

Immunofluorescence staining was performed on frozen sections

for cardiac sarcomeric a-actinin, and troponin I as described.33

Apoptosis was assessed using a TUNEL assay (Roche Applied

Science) following the manufacturer’s standard protocol.

Statistical analyses

All data are expressed as mean � S.E.M. and ‘‘n’’ is the number

of experiments per group. Unpaired student’s t tests or one-way

ANOVAs were used to compare among experimental groups.

Data was analyzed using Prism 4.0c (Graphpad Software, Inc.)

and a p < 0.05 was considered statistically significant.

Results and discussion

Effect of soluble QHREDGS peptide on neonatal

cardiomyocytes in monolayer culture

Superoxide burst is one of the major causes of cardiomyocyte

death upon reperfusion. We therefore tested the ability of ang 1

and QHREDGS peptide to prevent cell death in cardiomyocytes

treated with H2O2 in vitro. Our data show that with H2O2, car-

diomyocyte viability declines to under 50% (Fig. 1A). In

contrast, we found that ang 1 and peptide QHREDGS maintain

cardiomyocyte viability after exposure to H2O2. Therefore, ang 1

and QHREDGS peptide effectively protect neonatal rat car-

diomyocytes against cell death and injury induced in vitro.

Doxorubicin (Dox) is another potent agent which induces

apoptosis in cardiomyocytes. We evaluated the ability of

QHREDGS peptide to protect cardiomyocytes against Dox-

induced apoptosis by evaluating activation of caspase-3 and -6.

These caspases are considered end-stage executioner caspases;

however increases in their activity may not always lead to cell

death. For example, a lesser amount of caspase-3 activation will

not commit cells to die, but rather can cause proteolysis and

degradation of cardiomyocyte contractile proteins, and thus,

substantially impair myocyte contractility, which can depress

cardiac function. Our data clearly indicate that activation of

caspases-3 and -6 were blocked by doses of QHREDGS peptide

as low as 5 mM (Fig. 1B,C). Whereas peptide free controls given

doxorubicin (PBS + Dox) exhibited a significant decrease in the

presence of the inactive forms of caspase-3 and 6, the groups

treated with QHREDGS peptide maintained the levels of inac-

tive caspases at comparable amounts to the doxorubicin-free

controls (PBS) (Fig. 1B,C).

ATP is the leading source of energy and metabolism in car-

diomyocytes, thus ATP levels are critically important for cardiac

cell function. In serum-starved conditions, both QHREDGS

peptide and ang 1 substantially increased cardiac myocyte ATP

levels, whereas scrambled QHREDGS, RGD-based peptides,

and ang 2 had no such effect (Fig. 1D). Improving myocyte

energetics in the adverse condition of serum-deprivation would

be beneficial to attenuating the progression of cardiac injury, as

occurs in cardiovascular disease.

Overall, these monolayer studies demonstrate that the

QHREDGS peptide applied in the soluble form in the culture

media protects cardiomyocytes against cell death inducing agents
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 QHREDGS exhibits cardioprotective properties on cardiomyocytes in monolayer culture. (A) QHREDGS peptide and ang 1 increase car-

diomyocyte viability under conditions of oxidative stress. *p¼ 0.009, **p¼ 0.003, #p ¼ 0.002 (N ¼ 6/group). (B,C) QHREDGS peptide blocks

doxorubicin-induced caspase-3 and -6 activation. Rat neonatal cardiomyocytes were given doxorubicin (Dox) to induce apoptosis and PBS or peptide

QHREDGS (1 d). Graphs show (B) levels of inactive versus active caspase-3 and (C) levels of inactive caspase-6 normalized to GAPDH. Baseline values

for both caspases in the absence of doxorubicin are shown as gray bars. Ang 1-derived peptide QHREDGS significantly blocked activation of (B)

caspase-3 compared to controls (p values *¼0.02, **¼0.04 and ***¼0.0008) and (C) caspase-6 compared to the controls (p values ****¼0.01 and

#¼0.05). (D) QHREDGS peptide and ang 1 increase ATP levels in serum-starved cardiomyocytes. Both QHREDGS peptide (*p ¼ 0.008) and ang 1

(**p ¼ 0.03) increased cardiomyocyte ATP levels, whereas scrambled QHREDGS, RGD-based peptides, and ang 2 had no such effect (N ¼ 6/group).
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and maintains cardiomyocyte energetics. Thus, we next focused

on determining if the covalently immobilized peptide in the

hydrogel backbone could similarly preserve cardiomyocyte

viability both in vitro and in vivo.
Properties of the peptide modified hydrogels

The elastic moduli of the base material, Az-chitosan, were

assessed by micropipette aspiration at two concentrations (10

mg/mL and 20 mg/mL). For comparison, micropipette aspira-

tion was also performed using neonatal and adult rat hearts.

The modulus of the 20 mg/mL Az-chitosan hydrogel was
This journal is ª The Royal Society of Chemistry 2010
significantly greater than that of the 10 mg/mL Az-chitosan

hydrogel (Table 1) as expected. The moduli of the 20 mg/mL

Az-chitosan samples approached that of the neonatal rat heart

tissue; however, they were not as stiff as adult rat hearts (Table

1). Cardiomyocytes themselves are particularly sensitive to the

physical characteristics of their surrounding environment.

Scaffold stiffness has been demonstrated to affect contractility

of cardiomyocytes.34,35 Cardiomyocytes cultured on stiff

fibrotic-like substrates lose their spontaneous contractile

activity quickly, whereas cells grown on elastic substrates

mimicking cardiac tissue preserve contractility for longer time

periods.36
Soft Matter
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Table 1 Elastic moduli of Az-chitosan samples and native hearts of
Sprague-Dawley ratsa

Sample type Elastic moduli (kPa)

Az-chitosan (10 mg/mL) 1.9 � 0.2 (1.7–2.0)
Az-chitosan (20 mg/mL) 3.5 � 0.6 (2.9–4.2)c

Neonatal heart of Sprague-Dawley
ratb

4–11.4

Adult heart of Sprague-Dawley ratb 11.9–46.2

a N ¼ 3–4 measurements were made per group. b As reported
previously.35 c Significantly higher than the 10 mg/mL gel (p<0.01).
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Azidobenzoic acid modification of chitosan, with an identical

conjugation protocol, was confirmed in our previous studies by
1H NMR. 23 Conjugation efficiencies of QHREDGS and the

RGDS peptides to Az-chitosan were quantified using fluo-

rescently tagged peptides. There were no significant differences in

conjugation efficiencies between the two peptides. On average

�50% of the peptide added to the reaction solution was conju-

gated to Az-chitosan, specifically 57.6 � 5.8% for QHREDGS

and 46.0 � 7.1% for RGDS (Table 2). Therefore, the molar

concentration of the two different peptides per gram of Az-chi-

tosan was comparable (Table 3).

Scanning electron microscopy of crosslinked chitosan hydro-

gels evaluated the three-dimensional surface structure of the

hydrogels. Use of a cold-stage adaptor and VP SEM assisted in

the preservation of surface structure and limited sublimation of

frozen water. Representative images of Az-chitosan, Az-chito-

san-QHREDGS, and Az-chitosan-RGDS coated glass coverslips

qualitatively demonstrate the porous nature of the hydrogels

(Fig. 2B–D). In contrast, the control glass substrate exhibited

a smooth surface (Fig. 2A). Hydrogel porosity is desirable for

encapsulated cells and permits sufficient nutrient and oxygen

diffusion throughout the material. The Az-chitosan hydrogel

possessed the highest degree of porosity, while the Az-chitosan-

QHREDGS and Az-chitosan-RGDS hydrogels were slightly less

porous. This is likely due to crosslinking, as the peptide-modified

hydrogels may have additional EDC-induced crosslinking

between peptides. However, the largest pores in peptide-modified

hydrogels were 70–80 mm in diameter, thus potentially allowing

cell penetration and elongation. Fiber-like structures, 3–4 mm, in

diameter were also observed in all samples (Fig. 2B–D).

In humans and animals, chitosan degrades by hydrolytic action

of lysozyme, an enzyme present in plasma (9–17 mg/ml37). Biodeg-

radation products are lower molecular weight chitosans, chito-

oligomers, and monomers (N-acetyl-D-glucosamine, D-glucos-

amine). The presence of serum in culture media, prompts chitosan

degradation, but at a lower rate than in vivo. Thus, we assessed

hydrogel degradation in serum containing culture medium at 37 �C.

Over 11 days in vitro, there were no significant differences in percent

degradation between the groups, indicating that peptide modifica-

tion did not significantly affect this property (Az-chitosan: 15 �
37%, QHREDGS modified Az-chitosan: 19 � 10% and RGDS

modified Az-chitosan: 17 � 7%, N ¼ 3 per group).
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Table 3 Estimated molar concentrations of peptides conjugated to Az-chitosan based on conjugation efficiencies in Table 2

Peptide
Mass in reaction
solution (mg)

Molecular
weight (g/mol)

Concentration in reaction
solution (mmol/mL)

Number of moles of peptide per
mass of chitosan (mmol peptide/g
Az-chitosan)

QHREDGS 4 827.81 1.61 0.54
RGDS 2 433.42 1.54 0.41

Fig. 2 Scanning electron microscopy of hydrogel surface porosity. (A)

Uncoated glass coverslip and hydrogel-coated coverslips (B) Az-chitosan;

(C) Az-chitosan-QHREDGS and (D) Az-chitosan-RGDS. Hydrogels

were crosslinked with UV light for 5 min and placed in PBS. Scale bars

and chamber atmospheric pressures are indicated in each panel.
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onto glass coverslips with UV light exposure. The hydrogel

modified with the scrambled peptide control, DGQESHR, was

not pursued in our current studies, since our previous studies

show that Az-chitosan-DGQESHR does not support myocyte

viability longer than 3 days in monolayer culture or prevent

taxol-induced apoptosis.23 Live/dead cell staining was performed

after 6 days of static cultivation to determine cell viability

(Fig. 3). Peptide-modified hydrogels contained considerably

more encapsulated live cells than the Az-chitosan control. In

fact, no cells were observed visibly contracting in the Az-chitosan

control group, which corresponded with the observed lower cell

viability. Neonatal rat cardiomyocytes in the Az-chitosan

control group appeared rounded, whereas cells in peptide-

conjugated hydrogels were elongated and rod-shaped. A similar

trend was observed in the cultivated cardiomyocytes on hydrogel

thin films, but to a lesser extent.23
Fig. 3 Peptide-conjugated Az-chitosan enhances encapsulated cell viability

neonatal rat cardiomyocytes were assessed. Dead cells were stained red and li

chitosan-QHREDGS and (C) Az-chitosan-RGDS are shown. Scale bar repre

This journal is ª The Royal Society of Chemistry 2010
The lack of cell-adhesive properties of Az-chitosan observed

here and in our previous studies23,38 may be from a crosslinking-

induced decrease in the free amine groups. Cells encapsulated in

the peptide-modified hydrogels contracted spontaneously with

large areas of synchronization. The QHREDGS peptide resulted

in the formation of a dense syncytium (Fig. 3B), which is critical

for proper myocardial contractility, whereas only islands of

connected cells were observed in the RGDS modified hydrogel

(Fig. 3C). These observations confirm the ability of these

peptides to promote the attachment and viability of the neonatal

rat cardiomyocytes in the peptide Az-chitosan hydrogel system.

These findings also confirm that the peptide-modified hydrogels

possessed sufficient porosity to support cell survival in an

encapsulated system over a prolonged time in culture. The small

amount of hydrogel degradation during culture likely facilitated

the cell linkage and syncytium formation.

During cultivation, regions of spontaneously contracting car-

diomyocytes were observed in the peptide modified groups.

Electrical field stimulation was employed at the end of the

cultivation period to determine the functional capacity of the

encapsulated neonatal rat cardiomyocytes. Similar to native

heart tissue, the response of isolated cardiomyocytes to electrical

stimulation is indicative of cell viability and functional capability.39

Cardiomyocyte contraction could not be induced following

encapsulation in Az-chitosan controls. The entire constructs con-

taining myocytes plus Az-chitosan-QHREDGS or Az-chitosan-

RGDS hydrogel beat synchronously (Table 4). There were no

significant differences in excitation threshold (ET), minimum

voltage required to pace the encapsulated cells simultaneously, or

the maximum capture rate (MCR) between the cells encapsulated

in the QHREDGS versus RGDS hydrogel (Table 4). Thus, the

type of peptide did not significantly affect contractile properties in

this hydrogel system.

The recordings obtained from our electrical stimulation

experiments show that encapsulated neonatal cardiomyocytes

can respond to external electrical stimulation. However, both

hydrogels had a significantly higher ET than the neonatal rat
in vitro. Six days after cultivation of encapsulated cells the viability of

ve cells stained green. Representative images of (A) Az-chitosan; (B) Az-

sents 100 mm.
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Table 4 Electrical excitability of the encapsulated heart cells after six
days of cultivation. The first value of the ET corresponds to the external
voltage applied at which contractions of cardiomyocytes first start to
occur. The second value of ET corresponds to the complete construct
synchronizationa

ET (V/cm) MCR (pps)

Neonatal rat heart 3.2 � 1.5 5.7 � 1.1
Cells encapsulated in Az-chitosan-

QHREDGS
7.0 � 0.4; 9.2 � 0.6 4.3 � 0.1

Cells encapsulated in Az-chitosan-
RGDS

7.5 � 0.7; 9.3 � 0.5 4.1 � 0.5

a ET–excitation threshold; V–volts; MCR–maximum capture rate; pps–
pulses per second.
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heart, indicating that the cultivation system could be improved.

Some of the improvements may include increasing the cell

seeding density40 or applying electrical field stimulation during

cultivation.29 Additionally, it may suggest that the coupling of

encapsulated neonatal cardiomyocytes does not sufficiently

mimic that of native heart tissue. The MCR was slightly reduced

in the peptide-conjugated hydrogels compared to native heart.

Following the isolation of neonatal cardiomyocytes and their

hydrogel encapsulation, cell viability ranged from 50–70%, and

therefore dead cells were also encapsulated and trapped in the

system. Dead cells do not efficiently propagate electrical signals,

thereby adversely affecting the functional parameters measured
Fig. 4 RGDS and QHREDGS peptide modified chitosan hydrogels suppo

cardiomyocytes were cultured for 5 days in vitro in peptide-modified chitosa

taneously implanted in Lewis rats for 7 days (N ¼ 4/group) with no significan

study. H&E, smooth muscle actin and factor VIII staining show that both co

significantly stronger in the QHREDGS group (p < 0.05). The hydrogel pore w

attaching to and spanning the pore walls.

Soft Matter
during this study. In future studies, removal of dead cells by e.g.

density gradient centrifugation may enhance the functional

capability of the in vitro construct.
Subcutaneous implantation and in vivo assessment of

cardiomyocyte/hydrogel constructs

To assess the in vivo response, cardiomyocyte/hydrogel (Az-chi-

tosan-RGDS or Az-chitosan-QHREDGS) constructs were

implanted after 5 days of in vitro cultivation. The need to

maintain the implant shape and the matrix connections consis-

tent for this initial assessment, motivated our decision to implant

the constructs, rather than to directly inject cardiomyocyte/

hydrogel mixture subcutaneously. Immunocompetent syngeneic

Lewis rats were selected as cell donors and implant recipients to

enable the full evaluation of the in vivo host response. The

animals were healthy upon completion of the study (7 days post-

implantation), and showed no external signs of inflammation.

Upon retrieval of the constructs, no spontaneous contractions of

the nodules were observed.

For in vivo studies, we assessed for the presence of cells that are

involved in angiogenesis [endothelial cells (Factor VIII positive)],

and wound healing [myofibroblasts/smooth muscle cells (SMA

positive)] (Fig. 4) and cardiomyocytes (troponin I positive and

sarcomeric a-actinin positive, Fig. 5) which are our target cell

population. Further studies are necessary to characterize in detail
rt similar endothelial cell recruitment into implants. Lewis rat neonatal

n hydrogel constructs (RGDS or QHREDGS). Constructs were subcu-

t inflammatory response observed in either group upon completion of the

nstructs retained their porous structure. Additionally, SMA staining was

alls can be seen in the slides (marked with x). Arrows indicate cells that are

This journal is ª The Royal Society of Chemistry 2010
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the phenotypes and the relative amounts of the cells infiltrating

the implanted nodule as well as to determine the effect of the

RGDS and QHREDGS peptides on their survival and prolifer-

ation.

H&E staining qualitatively examined biomaterial degradation

and tissue morphology, including the presence of encapsulated

cells and additional autologous cell infiltration (Fig. 4A).

Representative images show cell nuclei stained blue and cyto-

plasm stained light pink. The Az-chitosan hydrogels appear dark

red in both images. Cells were located throughout the biomaterial

in both groups (Fig. 4), mainly attached to the hydrogel pores and

occasionally spanned the pores. On day 7, the hydrogels appeared

to be largely intact, as evidenced by the presence of the large

amount of dark red porous structures. The RGDS-conjugated Az-

chitosan group appeared to have undergone a slightly greater

degree of degradation due to cell infiltration as indicated by

densely packed blue nuclei. The QHREDGS-conjugated hydrogel

had less cell infiltration, suggesting little to no immune reaction

against the implanted constructs.

The QHREDGS-conjugated hydrogels have a reduced

inflammatory infiltrate similar to the full length parent protein,

ang 1. Ang 1 has anti-inflammatory effects on the vasculature.41
Fig. 5 QHREDGS peptide enhances cardiomyocyte phenotype in vivo.

Immunofluorescence staining for cardiac markers, sarcomeric-a-actinin

and cardiac troponin I, after subcutaneous implantation. Subcutaneously

implanted constructs (N ¼ 4/group) were removed after 7 days. Az-chi-

tosan-QHREDGS enhanced cardiomyocyte elongation and maintained

the phenotype compared to Az-chitosan-RGDS.

This journal is ª The Royal Society of Chemistry 2010
In the skin of mice transgenically overexpressing VEGF, leuko-

cyte adhesion to endothelial cells was decreased by coexpression

of ang 1.42 This effect was mediated by inhibition of the expres-

sion of a number of inflammation-associated adhesion molecules

including E-selectin, ICAM-1and VCAM1.43,44 In addition, ang

1 has been shown to block TNF-a induced tissue factor expres-

sion in HUVECs.45 The signaling mechanism for these anti-

inflammatory actions remains to be identified, although inhibitor

and dominant-negative experiments show that PI3K and Akt are

required.43,45 Further evidence for the in vivo anti-inflammatory

effects of ang 1 is provided by the decrease in leukocyte infil-

tration and fibrosis seen in cardiac allografts of rats over-

expressing the ligand.46 It is currently unknown, the extent to

which peptide QHREDGS, mimics the anti-inflammatory

properties of ang 1. Thus, our Az-chitosan-QHREDGS

construct may serve as a tool to answer these questions in future

in vivo studies.

Histological staining for SMA was also conducted to assess

whether fibrosis occurred in the samples following implantation

(Fig. 4). In these sections, SMA-positive tissue stained dark

brown and cell nuclei stained blue. The SMA-positive staining

was limited and diffuse in irregular patterns throughout the

nodules. However, signs of significant fibrosis such as fibrotic

encapsulation of the entire implant were absent. This staining

pattern is consistent with the presence of myofibroblasts. Myo-

fibroblasts play a key role in cardiac repair and stabilization

following acute injury in the heart. In the weeks following wound

healing, myofibroblasts undergo apoptosis and the resident

fibroblasts continue to maintain normal cardiac remodeling.47,48

The presence of myofibroblasts in the Az-chitosan-QHREDGS

hydrogel is consistent with this reparative process and provides

an opportunity to characterize these complex cell interactions in

engineered cardiac tissue.

Staining for Factor VIII was performed to identify blood

vessel formation within the constructs (Fig. 4). Endothelial cells,

which line blood vessels, are stained brown by Factor VIII. In 7

days, it was not sufficient time to identify distinct blood vessels

within the nodules. We found similar extents of Factor VIII

staining between the two peptide groups (Fig. 4), indicating that

RGDS and QHREDGS peptides do not differ significantly in

endothelial cell recruitment to the host.

To specifically identify and characterize cardiomyocytes

within the hydrogel nodules, we carried out immunofluorescence

staining using the cardiac-specific markers sarcomeric a-actinin

and cardiac troponin I (Fig. 5). Proteins of interest were stained

green and nuclei were stained blue. These cytosolic proteins

exhibit distinct patterns and highlight the contractile apparatus

of cardiomyocytes. Remarkably, the Az-chitosan QHREDGS-

conjugated hydrogel possessed larger areas of cardiomyocytes

compared to the RGDS-conjugated controls. Areas of healthy,

elongated cardiomyocytes were observed, whereas the RGDS-

conjugated hydrogel contained only round immature car-

diomyocytes with limited cardiac-specific staining patterns.

These findings indicate that the QHREDGS peptide was

considerably better than the RGDS peptide in promoting the

maturation of a differentiated cardiomyocyte phenotype in the

setting of cell/hydrogel transplantation. As the hydrogels began

to degrade, the encapsulated cell clusters not only maintained

their contractile apparatus, but the clusters seemed to coalesce to
Soft Matter
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Fig. 6 QHREDGS reduces cell apoptosis in vivo. Subcutaneous implantation of cardiomyocytes in peptide modified chitosan hydrogels was examined

for apoptosis using TUNEL staining (N ¼ 4/group). TUNEL staining labeled apoptotic nuclei green, while nuclei were labeled blue with DAPI. The

peptide QHREDGS reduced cell apoptosis during subcutaneous implantation of encapsulated cardiomyocytes.
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form a syncytium. Cardiomyocytes were not beating at 7days

post-implantation. Future studies will determine how to main-

tain synchronous contraction of the encapsulated cells in order to

use these constructs for cardiac reconstruction following a

myocardial infarction.

Since the majority of cell death occurs early after construct

implantation, while the implant is still not fully vascularized, we

intentionally terminated the experiment at 7 days after implan-

tation. TUNEL staining indicated significantly fewer apoptotic

cells in the QHREDGS modified hydrogel compared to the

RGDS peptide modified Az-chitosan (Fig. 6). In addition, double

staining for cardiac troponin I and TUNEL indicated fewer

apoptotic cardiomyocytes in the QHREDGS modified hydrogel

compared to the RGDS modified hydrogel implanted sub-

cutaneously (Fig. S1, ESI†). Since apoptosis requires a short time

for completion (�1–2 h) only a small percentage of cells will be

apoptotic at any given time in the samples. However, over a pro-

longed time period (e.g. 7 days) a large number of cells can die

through this process. Our data indicate that the percentage of

apoptotic cells was three times lower in the QHREDGS group

(�1.5%) versus the RGDS group (�4.5%). The cells encapsulated

in the Az-chitosan alone were not thoroughly investigated in vivo,

since in vitro studies show poor cell survival at the end of culti-

vation (Fig. 3).
Conclusions

We demonstrated here that the QHREDGS peptide covalently

bound to the non-cell adhesive Az-chitosan hydrogel promoted
Soft Matter
attachment and viability of encapsulated cells during in vitro

cultivation at similar levels as the RGDS peptide. Upon in vivo

implantation, the QHREDGS peptide attenuated apoptosis

better than RGDS peptide covalently bound to Az-chitosan

hydrogel, yielding more healthy cardiomyocytes in implants.

Further, the QHREDGS peptide promoted elongation and

assembly of contractile structures. The two peptides did not

differ significantly in their ability to recruit endothelial cells,

however Az-chitosan-QHREDGS gel had a significantly high-

er percentage of SMA+ myofibroblasts compared to the Az-

chitosan-RGDS hydrogel. We conclude that incorporation of

the QHREDGS peptide in the soft biomaterials is a promising

tool for enhancing cardiomyocyte viability and maintaining

the phenotype during tissue engineering and after in vivo

implantation.
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