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ABSTRACT: Ischemic heart disease is one of the leading causes
of death worldwide. The efficient delivery of therapeutic growth
factors could counteract the adverse prognosis of post-myocardial
infarction (post-MI). In this study, a collagen hydrogel that is able
to load and appropriately deliver pro-angiogenic stromal cell-
derived factor 1 (SDF1) was physically coupled with a compact
collagen membrane in order to provide the suture strength
required for surgical implantation. This bilayer collagen-on-
collagen scaffold (bCS) showed the suitable physicochemical
properties that are needed for efficient implantation, and the
scaffold was able to deliver therapeutic growth factors after MI. In
vitro collagen matrix biodegradation led to a sustained SDF1
release and a lack of cytotoxicity in the relevant cell cultures. In vivo
intervention in a rat subacute MI model resulted in the full integration of the scaffold into the heart after implantation and
biocompatibility with the tissue, with a prevalence of anti-inflammatory and pro-angiogenic macrophages, as well as evidence of
revascularization and improved cardiac function after 60 days. Moreover, the beneficial effect of the released SDF1 on heart
remodeling was confirmed by a significant reduction in cardiac tissue stiffness. Our findings demonstrate that this multimodal
scaffold is a desirable matrix that can be used as a drug delivery system and a scaffolding material to promote functional recovery
after MI.
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1. INTRODUCTION
Cardiovascular diseases (CVDs) are responsible for enormous
health and economic burdens. With around 18 million lives lost
yearly, these diseases are the leading cause of mortality
worldwide. Among all CVDs, ischemic heart disease accounts
for the most fatalities, representing 16% of all global deaths. In
Europe alone, cardiac events, mainly myocardial infarction
(MI), are responsible for 4 million deaths per year.1 MI is caused
by a sudden, severe blockage of blood flow to the heart, which
leads to cell death, an acute inflammatory response, and
abnormal remodeling of the extracellular matrix with fibrotic
scar formation.2 Therapeutic alternatives based on growth
factors (GFs) and/or stem cells, which promote the
regeneration of the injured heart, have been exhaustively
studied.3,4 Many experimental MI preclinical models have
shown the therapeutic benefit of pro-angiogenic, prosurvival,
and/or antifibrotic GFs. However, the requirement for high
doses and frequent administration of GFs in order to reach
efficacy diminish their safety and benefits for ischemic patients.3

Extracellular matrix (ECM)-inspired, tunable biomaterials
have been successfully designed as drug and/or cell delivery

systems to treat MI.5 Collagens are the most abundant family
among the macromolecules constituting ECMs and have been
widely studied for therapeutic applications. Although almost 30
collagen types exist, collagen type I is themost frequently used in
biomaterials development.6,7 We have previously reported on
suturable collagen-I sheets as scaffolds for mesenchymal stem
cell delivery, significantly improving their graft and survival into
the ischemic cardiac tissue and, thus, their therapeutic effect.
Importantly, the high compatibility of our collagen membrane
(CM) with the cardiac tissue was shown.8,9 However, the
properties of our fabricated collagen constructs were intrinsically
insufficient for drug delivery applications. There are strategies to
improve these properties (involving cross-linking) that are
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widely reported.10,11 Collagen bears primary ε-amino groups
from their lysine residues12 that are reactive toward
isothiocyanates, isocyanates, N-hydroxysuccinimide (NHS)
esters, pentafluoroesters, aldehydes, or activated carboxyl
groups.13,14 NHS esters are commonly introduced for cross-
linking through the amidation of terminal amino groups;
therefore, a wide variety of already NHS-functionalized
molecules are commercially available on the market, extending
the possible modifications of collagen substrates.15 Collagen
hydrogels (CH) that are fabricated using this synthetic route can
efficiently deliver hydrophilic active ingredients, as the hydro-
philic polymer chains can accommodate and entrap water-
miscible molecules once cross-linked.
The expression of stromal cell-derived factor 1 (SDF1), a

potent chemoattractant that is also named CXCL12, is acutely
increased in the heart during the first days after the infarct, thus
favoring the recruitment of bone marrow vascular progenitor
cells that revascularize the ischemic heart.16,17 However, this
transient expression is insufficient for tissue repair, and a
sustained exogenous expression is key for cardiac repair.
Through their gradual biodegradation due to their short half-
life in the in vivo micro-environment, covalently cross-linked,
CH-carrying SDF1 can address this need.
In this study, we developed a multimodal bilayer collagen-on-

collagen scaffold (bCS), combining the non-cross-linked,
ultrathin CM with an SDF1-loaded collagen hydrogel (CH-
SDF1), as a therapeutic candidate to modulate the angiogenic
response post-MI. The rationale for the design of this scaffold
was to develop a scaffold that had the required suturability and
the desired therapeutic potential with a clinical translational
potential.

2. MATERIALS AND METHODS
2.1. Materials. The materials used in this study are as follows:

bovine type I collagen (lyophilized and in sheets, Naturin/Viscofan
S.A.), four-arm polyethylene glycol (4-arm PEG) succinimidyl glutarate
(also known as 4S-StarPEG, JenKemTechnology, USA, 10 000 g/mol),
stromal cell-derived factor 1 (SDF1, Raybiotech), 1M NaOH,
phosphate-buffered saline (PBS 10X and PBS 1X), and bacterial
collagenase type IV fromClostridium histolyticum (Sigma-Aldrich,≥125
CDU/mg).
2.2. Methods. 2.2.1. Fabrication of the SDF1-Loaded Type I

Collagen Hydrogels (CH-SDF1). The hydrogels were fabricated
through covalent cross-linking between the intrinsically present
collagen primary amino groups and the NHS ester reactive groups
from a 4-arm PEG succinimidyl glutarate cross-linker. Briefly, for
obtaining different concentrations of hydrogels, the appropriate
amount of type I collagen was mixed with PBS 10X. Then, the
resulting mixture was neutralized by adding a 1 M NaOH solution and
kept in ice prior to gel formation by the addition of the stoichiometric
amount of 4arm-PEG succinimidyl glutarate dissolved in PBS 1X. Next,
200 μL of the reaction mixture solution was pipetted and placed on a
Teflon-coated slide to allow cross-linking for 1 h at 37 °C incubation.
For gel cytokine loading, 100 ng of SDF1 (1 μL of a 100 μg/mL
solution) was added to the mix before the addition of the cross-linker.

2.2.2. Rheological Measurements. Rheological measurements were
performed using a rotational rheometer (MCR 302, Anton Paar,
Austria) with a parallel plate at 37 °C. Cylindrically swollen 3, 5, 6, and
6.5 mg/mL CH were fabricated and placed between the nonporous
stainless steel parallel plates (diameter = 10 mm). The frequency sweep
was tested between 0.01 and 100 Hz at a fixed strain corresponding to
the hydrogel’s linear viscoelastic region. This was performed to further
report the storage and loss moduli at 1 Hz. The mechanical properties
of the bilayer scaffold that was prepared with the 5 mg/mL collagen
hydrogel were also measured.

2.2.3. Morphology of the Collagen Hydrogels and Porosity
Assessment. The following equation was employed to estimate the
porosity of the hydrogels:

= ×
i
k
jjjjjj

y
{
zzzzzz

m m
Vporosity (%) 100/

gel1 gel2

water
gel

(1)

Here, mgel1 and mgel2 are the weight of the swollen (for 24 h) and
freeze-dried CH, respectively, ρwater is the density of pure water, and Vgel
is the final hydrogel volume (200 μL). Any excess surface water was
removed with filter paper before each measurement.

The morphology and microstructure of the collagen hydrogels were
qualitatively assessed by field emission scanning electron microscopy
(FESEM, Hitachi SU 8000 TED). Briefly, the fabricated CH were
hydrated for 24 h and subsequently snap-frozen using liquid nitrogen,
fractured, frozen at −80 °C, and finally freeze-dried. Images were
obtained using a Hitachi S-4700 electronic microscope after the coating
procedures. Pore size quantifications were performed by employing the
Fiji (ImageJ) software package.

2.2.4. Efficiency of Cross-Linking. Residual primary amine groups of
the CH were determined using a 2,4,6-trinitrobenzenesulfonic acid
(TNBSA) assay. In brief, after cross-linking and hydrogel formation, the
CHwere incubated in a 0.1 M sodium bicarbonate (pH = 8.5) solution.
Then, 0.01% TNBSA was added to the samples and the mixture was
incubated for 2 h at 37 °C. The reaction was stopped using 10% sodium
dodecyl sulfate and 1 M hydrochloric acid (HCl). The samples were
then incubated at 120 °C for 15 min. The absorbance of each sample
was read at 335 nm, and the free amine groups were quantified by
interpolating the values from a standard linear curve of known glycine
concentrations. The cross-linking efficiency (CE) was calculated as
follows:

=
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2.2.5. In Vitro Biodegradation Studies. The degradation profile of
the fabricated CH was evaluated in vitro, with the aim of estimating the
SDF1 release from the polymermatrix. This correlates with the cleavage
of the polymeric collagen chains that form the interconnected network.
The hydrogels were incubated at 37 °C in the presence of 25, 50, and
100 ng/mL bacterial collagenase type IV for 5 days. The wet collagen
hydrogel mass was measured at different fixed time points (1, 6, 12, 24,
48, 72, 96, and 120 h) using a Mettler Toledo AX26 DeltaRange scale.

2.2.6. In Vitro SDF1 Release Assay. First, 5 mg of collagen/mL of
CH-SDF1 was incubated at 37 °C in 25 ng/mL bacterial collagenase
type IV or PBS alone. The samples were collected at 24, 48, 72, 96, and
120 h. Tubes containing the hydrogels were replenished with the same
volume of the incubation medium after withdrawal. The release of
SDF1 was quantified with an ELISA kit (RayBiotech).

2.2.7. Cell Culture. Human adipose-derived mesenchymal stem cells
(ADSC) were prepared by 3P Biopharmaceuticals (Pamplona, Spain)
under GoodManufacturing Practice (GMP) conditions. The cells were
cultured (5% CO2 and a humidified atmosphere) at a density of 7500
cells/cm2 in an ADSC medium (α-MEM, Gibco) supplemented with
10% fetal bovine serum (FBS, Biochrom), 1% penicillin/streptomycin
(P/S, Lonza), and 1 ng/mL basic fibroblast growth factor (bFGF,
Sigma-Aldrich).

A murine HL1 cardiac cell line (Sigma-Aldrich) was cultured under
the same conditions at a density of 25 000 cells/cm2 in 0.1% gelatin-
coated flasks and a Claycomb medium (Sigma-Aldrich) that contained
10% FBS and 1% P/S.

2.2.8. In Vitro Hydrogel Cytotoxicity Assay. The cytotoxicity of the
CH over HL1 and ADSC was studied by assessing the metabolic
activity of the cells in the hydrogels in the presence of alamarBlue
(Invitrogen, USA). First, 50 × 105 ADSC or HL1 cells were seeded in a
48-well plate on 500 μL of culture medium and co-cultured after 12 h
with 5 mg/mL CH. The controls consisted of cells that were cultured
alone in the same conditions. After 72 and 168 h of incubation, the
medium was withdrawn and substituted with 500 μL of working
solution of alamarBlue (10% v/v in ADSC medium) and left at 37 °C.

ACS Applied Materials & Interfaces www.acsami.org Forum Article

https://doi.org/10.1021/acsami.3c04245
ACS Appl. Mater. Interfaces 2023, 15, 50638−50651

50639

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c04245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After 3 h, a volume of 100 μL was measured on a SPECTROstar Nano
microplate reader (BMG Labtech, 570 nm emission and 600 nm
excitation). The metabolic activity values of the cells in the presence of
the hydrogels were normalized against the controls.

2.2.9. In Vitro Bioactivity of Released SDF1 from CH. An in vitro
migration assay with human umbilical vein endothelial cells (HUVEC)
that were cultured in the presence of SDF1-loaded hydrogel
supernatants was performed to determine the bioactivity of the
hydrogel-released cytokine. In brief, the endothelial cells were cultured
in complete medium (CoM) of MEM199 (Gibco), supplemented with
10% FBS, 1% P/S, ECGS (7.5 mg/mL, Sigma-Aldrich), and 10 units/
mL heparin (Medical Iberica S.A.), and incubated at 37 °C. When the
cells reached 95% confluency, the culture medium was replaced by a
“HUVEC serum-free medium” (SFM;MEM199, 1% FBS, 10 units/mL
heparin, and 1% P/S) and incubated at 37 °C for 12 h. Afterward, 4 ×
104 of the cells were seeded in a 24-well transwell (8 μm pore, CoStar)
in 100 μL of SFM. Then, a 600 μL aliquot of stimulation medium
(SFM,MEM199, 1% FBS, 1% P/S, and 20 ng/mL SDF1) was added to
the lower chamber, and 600 μL of H-SFM or H-CM was added for
negative and positive controls. In the experimental groups, supernatants
of the digested hydrogels were diluted in SFM to give a final SDF1
concentration of 20 ng/mL before being added to the lower chamber of
the transwells. After 8 h of cell migration, the nonmigrated cells were
removed from the upper chamber with a swab and the membranes were
fixed in methanol for 5 min. After washing, the membranes were stained
with Harris Hematoxylin (Sigma-Aldrich, 1:2 dilution) for 8 min.
Finally, after one more washing, the membranes were left to dry and
mounted in DPX for cell counting via optical microscopy.

2.2.10. Assembly of the Multimodal Bilayer Collagen-on-
Collagen Scaffold. Two collagen-processing alternatives that render
two different collagen-based materials were combined to provide a final
bilayer collagen-on-collagen scaffold (termed bCS; termed bCS-SDF1
when loaded with the cytokine) that was able to fulfill the
prerequirements of the proposed therapeutic biomaterial intervention.
Briefly, a frame was used to assemble a 75 μL disc-shaped (SDF1 loaded
or not) CH, which was then adhered to a 1.3 × 1.3 cm2 CM. The
hydrogel reaction mixture was prepared and placed into the frame
holding the CM and incubated for 1 h at 37 °C to allow cross-linking.
Next, the frame was removed, and the bCS was maintained in a
humidified, sterile container until implantation.

2.2.11. The MI Rat Experimental Model and bCS Implantation.MI
was induced in 10- to 12-week-old female Sprague Dawley rats (Envigo,
average weight = 220 g) by permanent ligation of the left anterior
descending (LAD) coronary artery, as has been previously described.8

Briefly, the rats were anesthetized with 4% isoflurane using an induction
chamber, intubated, and ventilated at 90 cycles/min. Then, a left
thoracotomy was performed through the fourth intercostal space to
access the heart, and the LAD coronary artery occluded 2−3 mm distal
from its origin. After a lack of blood irrigation was confirmed, the chest
was closed in layers, and the rats were allowed to recover on a heating
pad.

One week after infarction, the multimodal scaffolds were implanted
into the hearts by suturing them at four points with a Prolene 7-0 suture
(W8702, Ethicon) covering the infarcted area. The infarcted rats were
implanted with either the bCS that was loaded with 10 μg of SDF1
(termed bCS-SDF1) or the unloaded bCS. Another group was infarcted
but not implanted to act as the control group.

All animal procedures were approved by the University of Navarra
Institutional Committee on Care and Use of Laboratory Animals and
the European Community Council Directive, Ref 86/609/EEC.

2.2.12. Cardiac Function Assessment by Echocardiography.
Echocardiographic studies were performed 5 days post-infarct (2
days before patch implantation) and 2 months post-implantation. The
animals with an ejection fraction (EF) below 35% were included in the
functional study and were randomly distributed in the experimental
groups. Images were acquired using a high-resolution Vevo 3100
imaging system, coupled to an MX550D linear-frequency transducer
(central frequency of 40 MHz), with an axial resolution of 40 μm and a
14.6 mm field of view (FUJIFILMVisualSonics). Images were acquired
at a frame rate of ∼200 frames per second. Briefly, the rats were

anesthetized by inhalation of 2% isoflurane in 80% oxygen and placed
on a handling platform in a supine position. Electrocardiography and
respiratory rates were monitored using probes that were connected to
the limbs of the animals. For the measurement of left ventricular
function, end-systolic volumes (ESV) and end-diastolic volumes
(EDV), as well as EF after MI, were determined by following the
biplane Simpson method. An investigator, blinded to the treatment
groups, acquired several Bright (B)-mode movies of the PSLAX and
three orthogonal SAX regions (midventricular, apical, and basal). Two-
dimensional B-mode movies were analyzed using VevoLab software
(FUJIFILM VisualSonics) and the corresponding Simpson tools in the
cardiac package. The endocardial cavity of the left ventricle from the
three SAX B-mode regions (midventricular, apical, and basal) was
manually traced at both the diastolic and systolic phases. In addition,
the diastolic and systolic lengths of the left ventricle, from themidmitral
annulus to the cardiac apex, were obtained from the PSLAX B-mode.
Using these measurements, the ESV (μL), EDV (μL), and EF (%)
values were obtained. The software also generated the fractional
shortening (FS, %) parameter values.

2.2.13. Histological Analysis. The animals were perfusion-fixed and
euthanized 7 and 30 days after implantation for biocompatibility
analysis and 2 months post-implant for assessment of cardiac tissue
revascularization. After sacrifice at the given time points, heart tissues
were processed for histological analysis following standard protocols
and sectioned in three serial sections of 10 slides, each measuring 5 μm
in thickness.

Hematoxylin and eosin (H&E) staining was performed in order to
assess inflammatory tissue reaction toward the patch. Briefly, heart
sections were stained with Harris Hematoxylin (Merck) for 7 min,
differentiated through 37%HCl−water and Li2CO3 saturated solutions,
immersed in 0.5% eosin (Merck) for 10 s, dehydrated, and mounted in
DPX. Additionally, macrophage infiltration and theM1/M2 phenotype
were quantified in the implantation zones. Cell detection for the M1
macrophages was performed using a mix of mouse antibody CD68
(Bio-Rad) and rabbit antibody CCR7 (Abcam), both of which were
diluted 1:100. For the M2 macrophage staining, the antibodies CD68
and CD206 (Abcam) were used, also diluted 1:100. Alexa Fluor 488
donkey anti-mouse IgG (Invitrogen) and Alexa Fluor 594 donkey anti-
rabbit (Invitrogen), both diluted 1:200, were used as secondary
antibodies. Collagen patch integration and degradation were assessed in
sections stained with Sirius red (SR). Slides were deparaffinized and
immersed in 0.1% Fast Red (Sigma-Aldrich) in a saturated solution of
picric acid for 90 min, differentiated for 2 min in 0.01 M HCl (Sigma-
Aldrich), dehydrated, and mounted in DPX (Sigma-Aldrich). Addi-
tionally, tissue revascularization was quantified by lectin and smooth
muscle actin (SMA) stainings. After endogenous peroxidase saturation
by 3% H2O2 (Sigma-Aldrich) for 20 min and antigen blocking with 1%
bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 30 min, the
sections were incubated overnight at 4 °C with Bandeiraea simplicifolia
(BS) lectin I (Sigma-Aldrich, diluted 1:50 in 1% BSA). After rinsing in
PBS, the samples were incubated with a streptavidin−biotin complex
(DAKO, diluted 1:75) for 45 min, developed with 3,3′-diaminobenzi-
dine (DAKO) for 2 min, dehydrated, and mounted in DPX. For SMA
immunofluorescence staining, sections were incubated overnight at 4
°C with the α-smooth muscle actin-Cy3 antibody (1:500 dilution,
Sigma-Aldrich). After being rinsed in PBS, the samples were mounted
in a DAPI-glycerol medium. Finally, lymphocyte and macrophage
infiltration in the cardiac tissue was identified by immunohistochem-
istry staining, as previously described. Rabbit antibody CD3 (Abcam)
and mouse antibody CD68 (Bio-Rad) were diluted 1:100 in PBS and
incubated overnight.

2.2.14. Morphometric Analysis. H&E, SR, lectin, and inflammatory
cell infiltration pictures were captured at 20× magnification using an
Aperio scanner (Scanner CS2, Leica Biosystems), and the stained
tissues and positive cells were quantified using ImageJ (Fiji) software.
The inflammatory heart areas were measured in the H&E pictures
based on the intense purple color staining, which is due to the high
nuclear density of the inflammatory cells. Two images of the zone
surrounding the implant were taken per section in three serial sections.
Pictures of SMA+ vessels and M1 and M2 macrophages at the implant
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infarct zone were acquired with an MR3 Axiocam camera (ZEISS) that
had been adapted with the M1 Axio Imager ZEISS microscope. The
number of capillaries/mm2 was counted on three serial lectin-stained
sections and calculated as the mean number of 5−10 μm diameter
vessels. The number of arterioles, arteries/mm2, and infiltrating
lymphocytes and macrophages were counted on three serial CD3+-
and CD68+-stained sections. Morphometric analysis was performed in
three rats per group for histocompatibility analyses and 7−10 rats per
group for vascular response studies.

2.2.15. Mechanical Analysis. For mechanical analysis, rat heart
tissue samples (15 mm × 3 mm) were taken from the infarct area near
the coronary bifurcation and aligned longitudinally with the axial axis of
the heart. Three measurements at different locations were taken using a
Mitutoyo Digimatic micrometer, which held the measurement when
the contact force reached a value of 0.5 N, to measure the samples’
length, width, and thickness. Simple tension tests were performed in a

high-precision drive Instron MicroTester 5548 system using a 10 N
load cell with a minimal resolution of 0.005 N. The strain was measured
by a noncontact Instron 2663-281 video-extensometer. An ultrasonic
humidifier was used to avoid specimen drying, loaded at a 1 mm/min
displacement rate up to rupture. The elastic modulus at small strains
(EI) and the tangent modulus before bond rupture (EII, named as
tangent moduli) were computed and used as parameters to compare the
mechanical properties of the different samples.8

2.2.16. Statistical Analysis. Statistical analyses were performed with
GraphPad Prism software (version 8.4.2). The samples’ normality was
assessed using the Shapiro−Wilk and Kolmogorov−Smirnov normality
tests. For samples that followed normal distributions, t tests or paired
samples conventional t tests were used to compare two groups of
independent samples; the Mann−Whitney U test was used for non-
normal distributions. A one-way analysis of variance (ANOVA) test,
followed by Sidak, was used for samples that had a normal distribution

Figure 1. Screening and fundamental characterization of the collagen type I hydrogels. (A) A rheological assessment: the hydrogels’ storage modulus
(G′) increases with final collagen concentration at stoichiometric amounts of the cross-linker. G′′ < G′ confirms the gel-like properties. (B) The
biodegradation profile of the 3 and 5mg/mL hydrogels in the presence of different concentrations of collagenase type IV. See the key below the graphs
for details about the data. (C) An in vitro assessment of the SDF1 release profile for the 5mg collagen/mL hydrogel. Hydrogels were incubated with 25
ng/mL collagenase for 120 h. (D) An in vitro assessment of the cytotoxicity of the 5 mg collagen/mL hydrogel over HL1 cardiac cells and ADSC. The
fold changes in the metabolic activity of the cells that were cultured in the presence of the CH versus those cultured without CH are represented. A
noncytotoxic profile was confirmed after 72 and 168 h of incubation, as no significant differences were found between the cells cultured with CH and
those cultured without CH. The data are represented as mean ± SEM (N = 3).
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when three or more experimental groups were analyzed. For
comparisons among experimental groups with samples with non-
normal distributions, the Kruskal−Wallis one-way ANOVA test was
employed, with multiple comparisons using Dunn’s test. Statistical
significance was determined by P values: *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Fundamental Characterization of

CH and CH-SDF1. CH with different concentrations of
collagen type I content were successfully fabricated through
covalent cross-linking by amidation and were fully characterized
in order to assess their suitability for the proposed application
(Figure S1A). Rheological measurements, which determined the
storage (G′) and loss (G″) moduli, were performed to confirm
the gel-like properties of the CH. The storage modulus
corresponds to the elastic-solid-like behavior, and the loss
modulus relates to the viscous portion. Having a storage
modulus that is larger than the loss modulus indicates that elastic
behavior governs the properties of the material.15 Different final
collagen concentrations (3, 5, 6, and 6.5 mg/mL) in the
hydrogels were initially tested to explore the mechanical
properties, especially in terms of the storage modulus G′ (1
Hz, 37 °C). As mentioned above, the storage modulus reflects
the hydrogel’s ability to store deformation energy in an elastic
manner. However, G′ values in the linear viscoelastic region
indicate the gel strength that is provided by the cross-linking of
the polymer chains. When engineering a therapeutic biomaterial
to treat MI, achieving non-immunogenic and functional
properties that resemble the natural myocardium is of
paramount importance.18 Our 3 and 5 mg/mL CH exhibited
storage moduli of 393 ± 48 and 1319 ± 426 Pa, respectively, at
the oscillation frequency of 1 Hz, which is close to the human
heart rate (∼1.25 Hz), and at 37 °C (Figure 1A). These values
indicate that CH can be safely implanted in the infarcted
myocardium, based on themechanical properties of the different
regions of the infarcted heart.19,20 The ultimate goal is to not
harm the host tissue by implanting an excessively stiff construct.
An adequate cross-linking efficiency was confirmed through

free amine quantification by a TNBSA assay for the 3 and 5 mg/
mL CH. These values and the resulting polymeric intercon-
nected network strength were expected, as stoichiometric
amounts of collagen and 4-arm PEG were added to the reaction
mixture in order to fabricate the CH. The 5 mg/mL CH showed
an 87% cross-linking efficiency. In comparison, the 3 mg/mL
CH had an efficiency of 100%. Steric impediment can explain
this behavior, as the increased collagen chain concentration may
reduce the availability of the functional groups that are required
for covalent cross-linking.21 The increased polymer chain
density found in the 5 mg/mL samples also increases the
storage modulus because it is more difficult for the collagen
chains to slide over each other.
SEMmicrographs of CH show the expected microstructure,22

where pores that are amenable to cell invasion and suitable for
drug delivery exist due to the interconnected network that is
generated during cross-linking (Figure S1B). Porosity is a key
feature that affects the performance of hydrogels for biomedical
purposes.23 Pore size in particular plays a role in tissue
regeneration by enhancing the material’s scaffolding capability
and allowing cells to invade and populate the ECM-mimicking
matrix and drug diffusion to occur through the water-filled
pores.24 The estimated porosity and pore size of the fabricated
CH decrease as the collagen concentration increases (Table S1).

This increased interconnectivity is due to efficient cross-linking
and the more compact microstructure that exists when the
polymer concentration is higher. Such interconnectivity
represents a valuable feature in terms of tissue engineering.
Morphologically, the 3 mg/mL CH surface presents an open-
pore, though less defined, structure than the 5 mg/mL CH
surface, which has a more defined, closed-pore microstructure
(Table S1).
Considering that biodegradation of the polymer matrix is one

of the key mechanisms for active molecule delivery to the
physiological milieu, the CH were tested in the presence of
different collagenase concentrations in order to narrow the
systems to only those that are able to deliver the cytokine in the
time frame of 5−7 days (Figure 1B). The collagenase
concentration reported in the literature in an in vivo disease
scenario is 25 ng/mL.25 However, the correlation between in
vitro and in vivo is always uncertain because of the complexity of
the in vivo micro-environment. In addition, in vitro degradation
assays are meant to show only the relativity of the degradation
response to a control substrate. The final concentration of
collagen correlates with the density of the polymer chains that
are further cross-linked. As the concentration increases, a more
compact mesh is formed, one that is better able to retain active
molecules, such as the pro-angiogenic cytokine SDF1. There-
fore, by varying the concentration of the polymer matrix, it is
possible tomodulate the degradation rate and, consequently, the
release of therapeutic agents.
Given the mechanical properties and degradation profile of

the 3 and 5 mg/mL CH, the highest collagen concentration was
chosen for SDF1 loading and for studying the in vitro release of
SDF1 bioactivity, bCS-SDF1 assembly, and in vivo studies.
The collagen-interconnected network constituting the matrix

of the hydrogels can efficiently and physically entrap SDF1
molecules and modulate their release into physiological media.
SDF1 release from CH (loaded with 100 ng of the cytokine)
reached 82% after 120 h of incubation at 37 °C in the presence of
25 ng/mL collagenase in PBS. The released SDF1, quantified by
ELISA, depicted a sustained and progressive profile (Figure 1C).
In an analogous parallel study that used a collagenase-free
incubation medium, only 6% of initially loaded SDF1 was
released from the collagen matrix constituting the hydrogels.
Together, the outcomes of these two experiments demonstrate
the crucial role the matrix biodegradation rate has in governing
drug release.
Moreover, it is shown that, in this case, even though a

hydrophilic cytokine was accommodated in a hydrophilic
matrix, SDF1 diffusion through water-filled pores does not
represent a determining release mechanism. The release and
dissolution profile of SDF1 from the polymer matrix also show
the absence of a burst release. This profile depicts a sustained
delivery over 5 days, which relates to the previously described
release mechanisms this hydrogel can exert. These results add to
the well-supported body of research that has determined CH as
suitable candidates for drug delivery systems.
Finally, CH-SDF1 exhibited suitable cytocompatibility over

cardiac (HL1 cell line) and ADSC cultures. The putative
cytotoxicity of the 5 mg/mL CH over both cell populations was
determined by co-incubating CHwith the different cell types for
72 and 168 h. CH did not exhibit cytotoxicity over either cell
population when compared with the control cells that were
cultured without hydrogel exposure (Figure 1D).
The chemoattractant and pro-angiogenic profile of SDF1

recruiting vascular progenitor cells to the injured heart has been
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extensively proven.16,17,26 So, to confirm the bioactivity of SDF1
after its accommodation within collagen-interconnected chains
and its subsequent release from the hydrogel matrix, a migration
assay was performed on HUVEC cultures in a transwell system.
When SDF1 was loaded in the hydrogels, it induced cell
migration at a level similar to that of the free cytokine at the same
concentration, confirming the bioactivity of the cytokine
released from CH-SDF1 (Figure 2).
3.2. In Vivo Biocompatibility and Functionality of bCS

after Implantation in a Rat Subacute MI Model. Two
scaffold fabrication technologies were synergistically combined
to provide a matrix that is capable of efficiently delivering the
therapeutic factor SDF1 to an infarcted myocardium. A
compact, nonporous (and, therefore, not suitable for efficient
cytokine loading) CM that is able to cater to the required suture
strength for surgical implantation8,9 was physically coupled in a
bilayer pattern with the previously described 5 mg/mL CH,
which is able to load and appropriately deliver SDF1 molecules
(but is not suitable to provide the required structural support
and suture strength on its own). For implantation purposes, 75
μL disc-shaped hydrogels were prepared on top of the CM, thus
forming the bCS. The mechanical properties of the bCS were
then analyzed. A storage modulus of 2941.7 ± 8.9 Pa and a loss
modulus of 2920.0 ± 64.6 Pa were measured at 1 Hz frequency,
confirming its suitability for implantation into an infarcted
heart.27 These patches were sutured to the rat hearts a week after
infarct induction, covering the infarct and peri-infarct regions of
the ventricle (Figure S2). The hearts were histologically
analyzed 7 and 30 days post-implant to study the host
compatibility of the implant.
Collagen patch integration into the heart was macro- and

microscopically analyzed in Sirius red-stained sections. At day 7
post-implant, the scaffolds were macroscopically observed to be
covering the hearts, which histologically confirmed their correct
adhesion and integration into the heart. Progressive degradation
of the patch was also found, and it was scarcely detectable by day
30 post-implant (Figure 3A). Because patch biocompatibility is
key for therapeutic use, the putative inflammatory reaction
against the bCS was also analyzed at these two time points by
quantifying the H&E-stained inflammatory infiltrated cells.
Similar levels of inflammation were found between the group
implanted with the scaffold and the control group (which was

infarcted but not implanted) at day 7 and day 30 post-implant,
thus demonstrating the biocompatibility of the patch (Figure
3B,C). Additionally, the phenotype of infiltrated macrophages
(pro-inflammatory M1 versus anti-inflammatory M2) was
determined at the implant zone. The M1/M2 macrophage
ratio was <1 at both time points (as well as in the infarct zone of
the control group (the infarcted but not implanted group)),
which confirmed the prevalence of anti-inflammatory and pro-
angiogenic macrophages in the presence of the collagen-on-
collagen patch (Figure 3D).
A similar anti-inflammatory trend was previously observed

when we studied the performance of a stand-alone CM after its
implantation into heart tissue.9,28 Our data are also in agreement
with previous studies that have extensively shown the optimal
use of collagen for myocardial implantation, further corroborat-
ing how collagen matrices can be safely implanted into the heart
by showing its mild inflammatory response and its biodegrad-
ability capacity, which provide ultimate biocompatibility of the
tissue graft.29−31 Moreover, the biocompatibility of our
particular CM has also been tested in other disease models,
such as rat and porcine models of wound healing and urethral
structure, which show optimal biocompatibility32 and integra-
tion into the host tissue with no adverse secondary effects or
inflammatory responses.33,34

3.3. Therapeutic Effect of bCS-SDF1 in a Rat Subacute
Infarct Model. After confirming the biocompatibility of bCS in
vitro and in vivo, the therapeutic effect of bCS-SDF1 was next
analyzed in the rat subacute MI model. Cardiac function was
assessed by echocardiography 2 days before and 2 months after
patch implantation (Figure 4A). By this later point, a significant
improvement in the EF and the FS was detected in the animals
treated with bCS-SDF1 (Figure 4B,C). Importantly, the
deleterious remodeling that was observed in the infarcted
hearts, which was evident by a significant increase in the ESV
and EDV values (sham and control groups), remained without
changing for the ESV and EDV values after treatment with bCS-
SDF1. This indicates the beneficial effect of the functionalized
patch on heart remodeling after a sustained SDF1 release
(Figure 4D−F). Indeed, when the same dose of bolus SDF1 was
intramyocardially injected into the heart, no functional benefit
was observed (data not shown).

Figure 2. Effect of SDF1 on HUVEC migration in vitro. Migrated HUVEC were stained with Harris Hematoxylin in transwell membranes and
quantified after 8 h of stimulation with SDF1. (A) Representative pictures that show themigrated cells after being cultured in SFM (negative control), a
stimulation medium with free human SDF1 at 20 ng/mL (in SFM), a stimulation medium with human SDF1 released from CH at 20 ng/mL (CH-
SDF1), and a CoM (complete medium, positive control). (B) Fold increase in the number of migrated HUVEC in the different experimental groups
compared to the nonstimulated cells (SFM= serum-free medium). Three independent experiments were performed in duplicate. Data are represented
as mean ± SEM. Statistical significance: *P < 0.05, **P < 0.01, ****P < 0.0001.
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It must be noted that the bCS not loaded with SDF1 did not
improve the heart function, as seen in the control group.
McLaughlin et al. have recently demonstrated a positive cardiac
remodeling in hearts treated at day 7 post-MI with a
thermoresponsive recombinant collagen hydrogel matrix (with-
out any added cytokine).35 Likewise, other groups have
previously demonstrated the biopolymer mechanical support

that exists when collagen is acutely injected into the ischemic
heart.36−38 Collagen patches have also been epicardially
delivered to hearts, showing LV-reduced remodeling and neo-
vessel formation when treated immediately after infarct
induction.39,40 The discrepancy between the cited results and
our study might be attributed to differences in the delivery
strategies and time points. The group of Blackburn et al. has

Figure 3.The bCS is biocompatible in vivowhen implanted in a rat subacuteMImodel. (A) Representative pictures of hearts that were implanted with
bCS taken at 7 and 30 days post-implant, as well as pictures of the Sirius red-stained sections of the hearts. The collagen patch (delineated in yellow)
shows good bCS integration into the heart at 7 days post-implant. bCS is practically degraded on day 30. The blue line delimits the bCS from the
cardiac tissue. Scale bars: 1 mm (top) and 200 μm (bottom). (B) H&E-stained heart sections at the infarct zones treated with the bCS and not treated
with the bCS (control). The blue arrows indicate the presence of the CS, and the asterisks indicate the location of the CH. A strong inflammatory
reaction against the bCS in the infarcted hearts is not found at day 7 or day 30 post-implant. Scale bars: 200 μm. (C) The fold increase in the number of
inflammatory cells, counted at the infarct zone of the bCS-treated hearts, compared to that of the nontreated ones (control group). (D) Representative
immunofluorescence pictures that show the macrophage infiltration in the ischemic heart at the infarct/implant zone (red: anti-CD68, green: anti-
CCR7 (M1) or anti-CD206 (M2), and blue: nuclei DAPI staining) in the control and bCS groups. Scale bars: 50 μm. (E) The macrophage M1/M2
ratio at 7 and 30 days after bCS implantation for both the control group (which had no implants performed) and the bCS group (which had implants
performed). Data were obtained from 2 to 3 animals per group. Values are represented as mean ± SEM.
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reported that collagen-based matrices confer superior functional
benefits when delivered earlier post-MI.36 Additionally, the
biopolymer features and the delivery route for implantation

exert a differential effect, as intramyocardial injection of collagen
hydrogels can have a stronger impact on the remodeling of the
heart than the delivery through the epicardium.

Figure 4.Cardiac functional assessment shows improvement after implantation of bCS-SDF1. (A) The timeline of the experimental procedure. (B) EF
(%), (C) FS (%), (D) ESV (μL), and (E) EDV (μL) values measured by echocardiography 5 days post-MI (2 days pre-implant) and 60 days after the
implantation of bCS or bCS-SDF1. A group that was operated on but not implanted with bCS was also included as a control. (F) Echocardiographic
representative images of the ischemic hearts at diastole and systole. Statistical significance was calculated by ANOVA, with Sidak comparisons between
the baseline and the day 60 post-implantation, and is represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data were obtained
from 7 to 10 animals per group. Mean ± SEM values are represented.
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As for the mechanical behavior of the ventricular wall, uniaxial
tensile tests were performed on heart samples that were
implanted with bCS, both loaded and not loaded with SDF1.
A non-implanted control group and a healthy group were also
included in this analysis. It was found that there were no
differences between the control and the nonloaded bCS groups,
and both groups showed a significantly stiffer response than the
healthy group (Figure 5, Table 1). The heart stiffness in the

animals treated with bSC-SDF1 was significantly reduced when
compared to the control group and displayed values similar to
those with healthy tissue (Figure 5, Table 1). These results are
comparable to the biaxial studies that have been performed in rat
infarcted hearts that were treated at the acute-injury stage with
an SDF1-analogue engineered protein, where native left
ventricular mechanical properties were preserved.44

Finally, given the well-known pro-angiogenic role of
SDF1,16,17 a histological assessment of the hearts’ revasculariza-
tion was performed in order to elucidate the mechanisms that
are involved in the patch-induced functional benefit and positive
remodeling. Correlating with this functional improvement, a
significant increase in the capillary and mature vessel formation
was found in the hearts treated with the SDF1-loaded collagen
patch, thus confirming the pro-angiogenic effect of the released
cytokine (Figure 6). In addition, a significant induction of
apoptosis was not found in the bCS-treated hearts when
examined by histological TUNEL staining (data not shown) nor
any induction of chronic inflammation when compared with the
control group (Figure S3). These results reinforce the concept
that the bCS implant can be safely used.

Overall, these functional, mechanical, and histological results
demonstrate the therapeutic effect of bCS-SDF1 for the
treatment of MI. These data align with previous studies that
were performed using different experimental MI models, where
the positive effect of the infused or intra(myo)cardially delivered
cytokine was shown.18,19,29 The use of engineered supra-
efficient, pro-angiogenic chemokine analogues41 or bifunctional
SDF1-AnexinA5 fusion proteins42 has rendered encouraging
results too. Still, bolus SDF1 bioactivity is rapidly diminished in
vivo due to the action of myeloid cell-secreted proteases.43

Indeed, when the free cytokine was injected, no functional
improvement was observed in our case. In that way, our delivery
system allows a much more controlled and sustained cytokine
release, thus inducing heart repair and avoiding putative
secondary adverse effects. Other groups have also developed
injectable hydrogels for the sustained delivery of SDF1 to the
heart, showing its therapeutic benefits.44−46 Interestingly, it is
noteworthy that most of these reported studies have assessed the
therapeutic potential of SDF1 when administered at the acute
stage of the disease (right after infarct induction). In our study,
we have determined the benefit of SDF1 when it is sustainedly
administered at a subacute stage of the disease (1 week post-
infarction in rats), showing that treatment after the initiation of
scar formation can also limit pathological cardiac remodeling
and promote infarct repair. These results are highly relevant, as
treatment at this later stage avoids the high risk of treatment
implantation or injection at the acute stage of the infarct and is
thus much more translatable to the clinic.
Along with these advantages, our implantable matrix allows

for a localized and a much more homogeneous release and
distribution of the therapeutic factor to the heart, including the
ischemic areas that have impaired perfusion. Furthermore, it is
important to consider that, in the physiology of ischemic heart
disease, the epicardium always begins to be affected, and
ischemia progresses inward toward the endocardium.47 If
revascularization occurs too early, the endocardium often
remains unaffected, which is the case for many ischemic patients
that have nontransmural infarcts, who could benefit from
epicardial-directed therapy.

Figure 5. Decreased cardiac tissue stiffness adds to the beneficial effect of bCS-SDF1 treatment after MI. (A) Stress−strain curves for each group.
Healthy hearts were included in the analyses (data taken from ref 8). (B) Elastic and (C) tangential moduli (MPa) of each group. Statistical significance
was calculated by ANOVA, with SIDAK comparisons between the control group and the treated and healthy groups at day 60 post-implantation, and is
represented as *P < 0.05 and **P < 0.01. Data were obtained from 4 animals per group and represented as mean ± SEM.

Table 1. Elastic (EI) and Tangent (EII) Modulia

group EI (MPa) EII (MPa)

control 0.039 ± 0.006 0.313 ± 0.070
bCS 0.038 ± 0.001 0.291 ± 0.047
bCS-SDF1 0.015 ± 0.003 0.104 ± 0.022
healthy 0.016 ± 0.003 0.075 ± 0.023)

aMean ± SEM values are represented. Healthy heart moduli were
computed from data taken from ref 8.
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Many functionalized acellular patches are currently being
tested at the experimental and clinical levels.48 A breakthrough
occurred with the use of a collagen-based cardiac patch
containing follistatin-like 1, which significantly attenuated
infarction-induced heart injuries and stimulated the prolifer-
ation of endogenous myocytes.49 Additionally, the CorMatrix
Cor PATCH has been successfully developed by a company.
This acellular bioactive material was procured from porcine
small intestine submucosa (composed of collagen and
proteoglycans, together with bioactive cytokines) and was
shown to be compatible with epicardial transplantation.
Preclinical and early clinical results support its feasibility and

safety and show its clinical benefits.50 Consistent with our
results, it has been reported that the controlled release of SDF1
via a novel polyethylene glycol-fibrin conjugate patch improves
cardiac function in an acute MI model in mice.51 Importantly,
new approaches for minimally invasive transplantation of the
epicardial patches are also being developed in order to reduce
the risks and morbidity of the surgical procedure in
patients.52−54

In summary, we have shown that collagen is a matrix that can
act, when appropriately engineered, as a drug delivery system
and scaffolding material that promotes functional recovery after
MI. Together with this, the scaffold’s host response allows us to

Figure 6. The histological assessment shows increased heart revascularization after bCS-SDF1 implantation. Representative images of (A) the
immunohistochemical staining for lectin+ vessels (brown) and (C) the immunofluorescence staining for SMA+mature vessels (red) at the peri-infarct
zone in treated (bCS-SDF1) and nontreated hearts (control and bCS) at day 60 post-MI. Scale bars: 50 μm (lectin staining), 200 μm (SMA staining).
(B) Quantified lectin+ capillaries/mm2 and (D) SMA+ arterioles-arteries/mm2 at the peri-infarct area of the treated and nontreated hearts. Statistical
significance was calculated by ANOVA, with Sidak comparisons between the control and treated groups at day 60 post-implantation, and is represented
as *P < 0.05. Data were obtained from 7 to 10 animals per group. Mean ± SEM values are represented.
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use it not only as a cytokine delivery system but also as a cellular
carrier. We have previously demonstrated greater engraftment
and survival of ADSC into the infarcted heart tissue8,28 when
implanted with the CM, thus inducing a cardiac functional
benefit. Future studies will involve a dual cell-cytokine
myocardial collagen patch. In this way, SDF1 may be able to
impart a beneficial effect not only in the heart but also in the
transplanted mesenchymal cells. The cytoprotective effect of
SDF1 on ADSC has been previously proven when cells are
exposed to hypoxic and starvation conditions in vitro or in vivo in
a diabetic mouse model of chronic wound healing.55 The
paracrine, proliferation, and migration abilities of ADSC have
also been shown to be simulated after SDF1 treatment.56

Additionally, the therapeutic ability of SDF1-pretreated
mesenchymal cells has been proven when injected in CTX-
induced injured muscles (as evidenced by the fibrosis reduction
and inflammatory response modulation that occurs)57 and in
infarcted myocardium,58 where they augment cardiac function
and angiogenesis.
Therefore, the acknowledged cytoprotective and stimulating

effect of SDF1 toward (stem) cells makes bCS-SDF1 an ideal
system that can be seeded with this cell population before its
implantation into the heart, thus promoting their survival in the
hypoxic environment of the ischemic myocardium.
In the future, our scaffold could also be used as a compliment

to the delivery of other types of stem cells, such as induced
pluripotent stem cells (iPS), that hold the ability to differentiate
into cardiovascular cells;59 thus, our scaffold could improve the
remodeling of the damaged myocardium by repopulating it with
functional cardiomyocytes.

4. CONCLUSIONS
In this study, a collagen hydrogel, able to load and appropriately
deliver pro-angiogenic SDF1, was physically coupled with a
compact collagen membrane to provide the suture strength
required for surgical implantation. This bilayer collagen-on-
collagen scaffold showed suitable physicochemical properties
and was proven to be biocompatible and able to be efficiently
implanted in an ischemic heart. In vivo, its implantation in a rat
subacute MI model improved cardiac function 2 months post-
MI, which resulted from a significantly increased revasculariza-
tion and improved cardiac tissue remodeling. Thus, we show
that such a scaffold can be tuned for ideal biological and
biomechanical properties and can deliver therapeutic biomole-
cules at the optimal dose rates that are required for appropriate
treatment. The proven safety and cost-efficacy advantages of
using clinical-grade collagen could favor its easy translation to
the clinical scenario.
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