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Multi-functional thermo-crosslinkable collagen-
metal nanoparticle composites for tissue
regeneration: nanosilver vs. nanogold+
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Collagen—silver/gold biomimetic matrices were developed for cardiac tissue engineering. The
incorporation of nanoparticles led to modifications in the 3D structure of the collagen matrices, with
gold increasing the materials' viscosity by =4 times. Electrical conductivity was also enhanced upon
addition of the nanoparticles. The materials promoted reparative macrophage migration and improved
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Nanomaterials have altered the conventional view of tissue
engineering."” Over the years, several attempts have been made
to prepare biomimetic nano-composites for cardiac tissue
engineering. While we have recently reported on the develop-
ment and use of collagen-derived nanofiber matrices contain-
ing embedded silver nanoparticles,® other reports have explored
the use of nanotubes**® and gold.”*® The common goal of such
materials is to improve electrical conductivity of the tissue for
stimulating functional cardiomyocyte regeneration,' which is
lost in the infarcted myocardium due to tissue scarring and cell
necrosis. While there has been much progress in the develop-
ment of these materials, the anti-inflammatory and physical
properties imparted to these structures through the incorpora-
tion and manipulation of its nano-components remain mostly
unknown.

Peptide-modified nanostructures offer numerous advan-
tages over common surface anchoring protecting agents in
nanomaterials. For example, peptide stabilized nanomaterials
can be chemically tethered to 3D matrices, where they can be
used to impart antimicrobial properties, as we have previously
reported for solid corneal implants containing CGS-LL37
modified nanosilver.”” However, to this day, the therapeutic
effects of using peptide modified nanogold and nanosilver
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the proliferation and function of neonatal cardiomyocytes under electrical stimulation.

within an injectable collagen formulation for cardiac repair
remains unexplored. As such, we have prepared and charac-
terized for the first time the electrical and biological properties
of a series of hybrid collagen-peptide modified nanosilver and
nanogold thermo-crosslinkable materials.

Fig. 1a depicts a schematic representation of the experi-
mental procedure used to prepare the hybrid materials con-
taining the spherical nanostructures (silver or gold, see
Fig. S1T). The nanoparticles were mainly spherical in nature
with sizes of 11.3 £ 2.4 and 7.3 + 3.6 nm, for gold and silver,
respectively. The nanogold surface was modified using an
adapted protocol from our previous work**™** employing nano-
silver (for further experimental details please refer to ESIt). The
CGS-LL37 peptide that has demonstrated higher affinity for
nanosilver surfaces leading to the formation of non-toxic, yet
bioactive, nanostructures'”*® was used to promote nanoparticle
coalescence and allowed for the preparation of concentrated
stock solutions. Re-suspended nanoparticles retained their
characteristic plasmonic absorbance (Fig. S21). Incorporation
of the nanomaterials gives rise to the distinctive yellow or red
colours of the collagen matrices (Fig. 1a). In addition, the
plasmonic absorption bands for both silver (=420 nm) and
gold (=540 nm) are retained in the collagen matrices (Fig. 1b).
These remain stable (<20% decrease) after incubation for 24 h
at 37 °C (Fig. 1b, insets).

Microstructural analysis of the collagen matrices containing
the nanoparticles were carried out using low temperature cryo-
SEM (Fig. 1c). Incorporation of nanosilver within the collagen
structure produces noticeable changes in the supramolecular
organization of the collagen hydrogel. Of note, at concentra-
tions of nanosilver >0.025 puM, a consistent fibril-like structure
was observed, whereas upon adding nanoparticulated gold,
only a slight increase in the number of fibre-like structures was
observed at 0.1 pM. However, neither silver nor gold

This journal is © The Royal Society of Chemistry 2017
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Fig. 1

(a) Schematic representation of the protocol used for nanoparticle incorporation within the collagen matrices (see ESI for further detailst).

Images on the right show the colour of the gels containing the nanoparticles at three different concentrations (0.025, 0.05, and 0.1 uM). (b) Left:
Representative absorption spectra for collagen hydrogels containing 0.1 uM of either nanosilver (left) or nanogold (right). Insets: changes in the
plasmonic absorbance of the samples measured at different time points for samples incubated at 37 °C in PBS buffer. (c) Representative CRYO-
SEM images for collagen matrices prepared with different nanosilver concentrations (left panel), or with different concentrations of nanogold
(right panel). Middle: Average pore size for the different collagen hydrogels. Note that for the samples prepared using 0.05 and 0.1 uM of
nanosilver, no porous structure was observed; rather, a fibrous-like structure formed. Representative CRYO-SEM image for the control hydrogel
has been included in the middle. tDenotes that pore size measurement was not performed due to lack of identifiable pores. (d) Hydrogel viscosity
for samples prepared without (grey bar), and with different concentrations of nanosilver measured at 25 °C (performed in quadruplicate). (e)
Electrical conductivity of collagen hydrogels without and with 0.025 uM of nanosilver or nanogold. *p < 0.05 calculated from two-tailed t-test

(n=4).

nanoparticles affected the average pore size of the matrices
when compared to the control without nanoparticles (Fig. 1c,
middle). Similarly, no changes in the denaturation temperature,
water content, or amide IR vibration were observed for any of
the samples (Fig. S31). These findings indicate that the nano-
particulated composites did not affect the degree of cross-
linking and/or hydrophobicity of the material. Interestingly,
collagenase degradation rate for the collagen matrices con-
taining nanogold were considerably slower when compared to
either the control and/or those containing nanosilver (Fig. S47).
This could be attributed to enzyme deactivation in the presence
of stable nanogold released upon collagen matrix degradation.*®

Changes in the materials' viscosity were also evaluated by
rheometry (Fig. 1d). The addition of nanosilver does not alter
the materials viscosity at any of the tested concentrations.

This journal is © The Royal Society of Chemistry 2017

However, the presence of nanogold led to an increase in
viscosity of =4x at 0.025 pM and =5x at 0.05 uM vs. the
control. This increase in viscosity was not observed at 0.1 uM
nanogold, a factor which may be linked to modifications in the
micro-structure (i.e. collagen assembly) of the material. Finally,
composite macroscopic conductivity was measured for samples
containing 0.025 pM of either silver or gold nanoparticles
(Fig. 1e). Interestingly, despite the low concentration of nano-
particles, conductivity was increased by 2- and 3-fold for AgNPs
and AuNPs, respectively. This increase resembles what we have
recently reported for the preparation of other collagen-nano-
silver composites;> however, in the present study, measure-
ments were carried out on hydrated gels, which more closely
mimics physiological conditions.
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The materials containing nanosilver, which has been re-
ported to exert toxic effects in cells,” were screened for their
toxic effect using cardiac fibroblasts (Fig. S51). The only mate-
rial that did not hinder cell proliferation was the one containing
a concentration of 0.025 pM nanosilver. Therefore, only this
concentration of nanosilver was used in all the subsequent
experiments of cell compatibility and used for comparison with
the nanogold samples. No toxicity was observed in cultured
cardiomyocytes cells upon incubation with the nanogold, see
Fig. S6.1

A significant body of literature has reported on the effects
nanoparticulated materials have on immune/inflammatory
cells. However, the majority of these studies have been carried
out in solution.**** A more biologically relevant model for
biomimetic matrices intended for supporting and promoting
cell infiltration would include evaluation of the migration and
polarization of macrophages, which are critical in the body's
immune/inflammatory response to implanted biomaterials.
Such responses will ultimately dictate degradation and bio-
incorporation of the matrix within the host. Note that our
composite materials containing nanosilver did not promote
native macrophage polarization into a M1 (pro-inflammatory)
or M2 (pro-healing) phenotype (Fig. S71). However, migration
assays for non-polarized and polarized macrophages showed
that the matrices containing silver or gold nanoparticles at the
lowest concentration tested promoted greater M2 infiltration by
1.5- and 2.2-fold, respectively (Fig. 2). The underlying mecha-
nisms involved in this enhancement may be related to micro-
scopic modifications of the matrix surface. As graphically
depicted in the CRYO-SEM images shown in Fig. 1c, pore sizes
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Fig. 2 Top: Schematic representation of the macrophage protocol
used for testing the immune/inflammatory effects of the hybrid
matrices. Bottom: Changes in relative cell number compared to
control group for different polarization states of murine macrophages
cultured on silver (yellow bars) and gold (red bars) containing matrices.
Data were collected in quadruplicate. Error bars correspond to stan-
dard errors calculated from counting 12 different migratory areas, see
Experimental. *represents p < 0.05 from t-tests.
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were not affected by the presence of the nanomaterials, however
some distinctive microscopic features were seen, particularly
for the sample containing nanosilver. It is these differences
which may promote preferential mobility of M2 macrophages
within the collagen matrix.

Fig. 3 shows representative immuno-fluorescence staining
for a-sarcomeric actin (2-SA) and connexin-43 in neonatal car-
diomyocytes cultured on the different collagen matrix formu-
lations tested in this study. In all cases, cells displayed the
characteristic expression pattern of a-SA. Furthermore, adding
nanoparticles to the collagen matrix did not affect the number
of cells that expressed connexin-43 under normal cell culture
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Fig. 3 Top: Representative confocal immunofluorescence micros-
copy images of neonatal cardiomyocytes seeded onto the matrices
without and with the nanomaterials at different concentrations in pM.
Cells were subjected to electrical stimulation in CPACE for 24 h (0.4 V,
5 ms pulse duration and 5 Hz frequency). After fixation, cells were
stained for nuclei (DAPI), alpha-sarcomeric actinin (z-SA) and con-
nexin-43 (Cx43). Images of the merged channels are also provided.
Scale bar = 50 um. Bottom: Relative number to control without
nanoparticles of Cx43* foci per cell for cells exposed to CPACE. In all
cases >50 cells were counted from different areas and from at least
three slides, from different experiments of the same group. Error bars
correspond to standard errors. P-values were calculated from t-tests
for 2 groups with unequal variance. Control groups were cells seeded
onto collagen hydrogels containing no nanoparticles.
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conditions (Fig. S81). However, upon electrical stimulation at
5 Hz and 0.4 V for 24 h, there was an increase of 2x in the
connexin-43 levels for the samples containing 0.025 uM silver or
gold when compared to the control samples without nano-
particles (p < 0.01, Fig. 3 bottom). While increasing the
concentration of gold to 0.05 uM produced an increase in the
connexin levels of up to 4x (p < 0.05) vs. control group (Fig. 3
bottom), further increases in gold concentration produced
a decline in connexin-43 to levels similar to the lowest gold
concentration, which resembles the trend observed for the
viscosity. This again can be linked to loss in the supramolecular
arrangement of the collagen fibres at high nanogold concen-
trations. Note that connexin-43 levels were also recently re-
ported by our team to be increased in cardiomyocytes cultured
on collagen fibres prepared with collagen-coated nanosilver as
an electroconductive doping agent.’ In the present work, we
achieved a similar effect by using a soft collagen matrix con-
taining nanogold prepared in a one-pot reaction system.

Conclusions

While the use of nanomaterials for biomedical applications has
exponentially increased over the last decade, the development of
thermo-crosslinkable electroconductive materials for cardiac
tissue repair has been less widely explored. Our findings are
interesting from a practical viewpoint as they identify that the
addition of micromolar concentrations of metal nanoparticles
can alter the supramolecular structure of the biomimetic
collagen matrix. However, such changes were only structural and
did not affect the macroscopic properties of the materials. The
incorporation of nanogold led to an increase in the mechanical
properties of the composite materials (=5 times). Furthermore,
the composite materials containing the nanoparticles favoured
the migration of pro-healing M2 macrophages compared to the
other macrophage phenotypes, which may contribute to the pro-
healing properties reported in the literature for gold and silver
nanoparticles.'”*?” In addition, despite the fact that silver is
a much better electroconductive element than gold, the
assembly of gold nanoparticles within the collagen matrix
produced the material with superior conductivity and capabil-
ities for promoting connectivity in cardiomyocytes.
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