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a b s t r a c t

Tissue-engineered organs and implants hold promise for the replacement of damaged and diseased
organs. However, the foreign body response (FBR) is a major obstacle that compromises the function of
tissue-engineered constructs, typically causing them to fail. Two components of FBR are an inflammatory
response and a lack of vascularization. To overcome these limitations, a collagen system was developed
to release interleukin-6 (IL-6) siRNA and endothelial nitric oxide synthase (eNOS) pDNA in a staggered
manner. Hollow collagen microspheres were assembled into a collagen sphere-in-hydrogel system that
displayed a staggered release profile in vitro. This system was assessed in vivo in a subcutaneous rat
model. The doses of IL-6 siRNA and eNOS pDNA were first individually optimized for their ability to
reduce the volume fraction of inflammatory cells (7 days) and increase the length density of blood
vessels (14 days), respectively. The identified optimal doses were combined, and the ability of the system
to decrease the volume fraction of inflammatory cells and increase the length density of blood vessels
was confirmed at both 7 and 14 days. Analysis of the tissue using Raman microspectroscopy revealed that
in addition to changes in inflammation and angiogenesis, there were also changes in the extracellular
matrix (ECM) at seven days. While changes in sulfated glycosaminoglycan (sGAG) content of the ECM
were not detected, changes in the binding of sGAG of the ECM to growth factors were observed. Two
growth factors tested, VEGF165 and bFGF showed increased binding to sGAG extracted from eNOS pDNA-
treated samples at seven days, increasing the angiogenic potential of the ECM. Thus, we observe that
changes in the tissue in terms of the balance of inflammation and angiogenesis as well changes in the
activity of sGAG of the ECM occurs following dual delivery of nucleic acids from the collagen sphere-in-
hydrogel system.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Biomaterials comprise a key element of tissue engineering and
regenerative medicine strategies [1e3] intended to aid in the repair
and regeneration of tissue by facilitating the attachment, prolifer-
ation and differentiation of cells by providing a structural support
[3,4]. In this respect, extracellular matrix (ECM)-based biomaterials
have attracted great interest, particularly those derived from
dit).
collagens [5]. Collagens are the primary ECM components of many
tissues including skin, tendon and blood vessels. Collagens are
highly conserved between species, and when used as a biomaterial,
have a close resemblance to the natural ECM. In addition, collagens,
especially collagen type I, are amenable to functionalization with
bioactive agents [6].

Despite its widespread use in vivo, collagen-based biomaterials
elicit a foreign body response (FBR) following implantation [7e9].
The FBR is the host's immune response to the implantation of a
foreign material. The FBR comprises an initial inflammatory reac-
tion characterized by the presence of neutrophils and
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macrophages, which initiates the formation of an immature
vascular network [10]. These two key processes, inflammation and
angiogenesis, are intimately related and share a temporal overlap
[11,12]. Thus, an approach that appreciates the complex relation-
ship between inflammation and angiogenesis is essential. A means
by which one can appropriately modify the balance between
inflammation and angiogenesis in the FBR will be useful for
implantable biomaterials and tissue engineered constructs alike.

Attempts to modulate the FBR have involved the delivery of a
single factor, typically an anti-inflammatory agent or a pro-
angiogenic agent, such as dexamethasone [13] or VEGF [14].
However, modification of either process can compromise the other.
This was illustrated when delivery of an interleukin-10 (IL-10)
encoding pDNA via a hexamethylenediisocyanate-crosslinked
collagen type I disc resulted in a reduction of not only inflamma-
tion but also angiogenesis at 21 days [15]. Conversely, the delivery
of two angiogenic growth factors, fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGF), enhanced the FBR to
an implanted vascular graft, with evidence of giant cells and graft
encapsulation [16]. Further evidence exists that growth factors such
as FGF and VEGF, typically associated with the promotion of
endothelial cell proliferation and angiogenesis, are also regulators
of inflammatory cell infiltration [17]. Thus, it becomes clear that it is
necessary to modulate both inflammation and angiogenesis when
considering the FBR. However, given the nature of their relation-
ship, a temporal aspect must be considered. That is, that initial
reduction of the inflammatory response should be followed by an
increase in the formation of blood vessels.

Multi-modal biomaterial delivery systems can facilitate the
delivery of therapeutics in a temporally controlled manner [18].
Typical strategies involve combining scaffolds or hydrogels with
microspheres to create systems that can temporally control thera-
peutic release. A type I collagen hydrogel system with type I
collagen microspheres embedded within it can allow for the tem-
poral delivery of nucleic acids, and has been shown in vitro using IL-
10 pDNA and eNOS pDNA [19]. Using a composite microsphere-in-
hydrogel system and differentially loading nucleic acids, the release
of two separate doses of nucleic acids can be engineered. In the
context of this study, the delivery of interleukin-6 (IL-6) targeting
siRNA has been chosen as an anti-inflammatory agent. IL-6 is a key
pro-inflammatory cytokine involved in the inflammatory cascade
and infiltration of inflammatory cells [20,21]. IL-6 in particular
plays a role in the recruitment of monocytes and neutrophils, and
the differentiation of monocytes into macrophages [22]. Mean-
while, eNOS pDNA has been chosen as a pro-angiogenic factor, and
has previously demonstrated its use in the context of biomaterial-
mediated angiogenesis. Endothelial nitric oxide synthase (eNOS) is
a pro-angiogenic enzyme that acts as a catalyst in the reaction of L-
arginine to L-citruline, resulting in the formation of nitric oxide
(NO) [23]. NO promotes relaxation of blood vessels and the mobi-
lization of endothelial progenitor cells (EPCs), an important step in
the formation of new blood vessels [24,25]. In addition, NO has
been shown to reduce IL-6 expression at high doses, in an NF-kB
dependent pathway [26]. In contrast, at lower concentrations, NO
has a stimulatory effect on NF-kB, exerting a pro-inflammatory ef-
fect. Thus, an siRNA-targeting IL-6 is released from within the
hydrogel, while the release of eNOS pDNA is followed from the
embedded microspheres. Through the delivery of IL-6 siRNA, the
inflammatory response will be reduced, while eNOS pDNA will
promote the formation of blood vessels. A subcutaneous rat model
is used to test the efficacy of nucleic acid delivery to modify the
balance between inflammation and angiogenesis during the FBR.

The ECM is a complex network of fibrillar and matricellular
proteins, proteoglycans (PGs) and glycosaminoglycans (GAGs) that
provides both structural and biochemical support to the cells
within [27]. It is well accepted that the local microenvironment,
and specifically the ECM, plays a major role in the regulation of cell
behaviour and function [28]. This is particularly apparent in cancer
research where the ECM is dynamically involved in tumor pro-
gression, through increased immune evasion and angiogenesis in
the microenvironment [29,30]. Thus, a means to examine changes
in the ECM following modification of the FBR will prove useful.
With this in mind, Ramanmicrospectroscopy has been identified as
a tool to reveal alterations in ECM following modification of the
FBR. Raman microspectroscopy is gaining increased prominence in
biomedical research as a label- and contact-free method to detect
changes in the ECM. It has been used to distinguish between
healthy and diseased tissue models in vitro [31], as well as detecting
changes in ECM constituents [32]. Raman microspectroscopy gen-
erates a molecular fingerprint of the tissue, which can then be used
to detect the presence of specific ECM components and their rela-
tive abundancies. Thus, by comparing between samples, changes in
the ECM can be uncovered.

More recently, GAGs, and sulfated GAGS (sGAGs) in particular,
have been identified as key components of the ECM that can dictate
inflammatory responses and angiogenesis through interactions
with cytokines and growth factors [33e35]. Specifically, changes in
sulfated glycosaminoglycans (sGAGs) have been explored as a
means by which the ECM controls the angiogenic potential of tis-
sues [36]. Thus, modification of the inflammatory component of the
FBR to an implanted biomaterial, as well as an increase in angio-
genesis will result in changes in the local ECM microenvironment.
This can manifest itself in terms of either the content of sGAGs or
the growth factor binding activity of sGAGs. Through these changes,
the ECM, and specifically the sGAGs, can dictate the response of the
tissue by alteration of the microenvironment.

Thus, the hypothesis of this study is that delivery of optimal
doses of IL-6 siRNA and eNOS pDNA through a collagen
microsphere-in-hydrogel system will modulate the inflammatory
response associated with the FBR and promote angiogenesis in a
subcutaneous rat model. Furthermore, therapeutic nucleic acid
delivery will effect changes in the ECM composition of the tissue, as
measured by Raman microspectroscopy. The alteration in inflam-
mation and angiogenesis in the tissue will lead to changes in the
sGAG content and binding of sGAG to growth factors, specifically
VEGF165 and basic fibroblast growth factor (bFGF).

2. Materials and methods

2.1. Extraction of collagen

Type 1 atellocollagen was isolated as previously described [37].
Briefly, bovine tendons were blended, washed in buffer and sus-
pended in 0.5 M acetic acid. The resulting solution was then pepsin
treated and filtered to remove insoluble collagen telopeptides. The
soluble collagen was then purified by repeated salt precipitation
and centrifugation, followed by dialysis against 0.01 M acetic acid.

2.2. Fabrication of collagen microspheres

Hollow collagen microspheres were fabricated using the tem-
plate method as previously described [38]. Briefly, commercially
available polystyrene beads (Gentaur, Chicago, Illinois) of a defined
size (1 mm), were sulfonated to impart a negative charge. Following
sulfonation, beads were resuspended in 0.5 M acetic acid. A
collagen solution of 5 mg/ml was added to the beads at a weight
ratio of 1:4 (collagen: beads). The resultant mixture was then
stirred for four hours at room temperature. Crosslinking of the
collagen coating was performed using pentaerythritol poly(-
ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG), with
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the active ester groups reacting with the free amino groups of
collagen at a ratio of 1:4 (4S-PEG:free amino groups in the
collagen). The mixture was agitated for two hours at room tem-
perature. To produce a hollow sphere, the suspension of micro-
sphereswas diluted at a ratio of 1:1 with tetrahydrofuran (THF) and
agitated for one hour. This washing step was repeated twice to
ensure complete removal of polystyrene. Hollow spheres were then
washed twice with ethanol and twice with water to ensure removal
of any remaining THF.
2.3. Formation of polyplexes

The eNOS gene sequence, encoded into a pcDNA3 vector con-
taining the CMV promoter, was kindly donated by Dr. Karl McCul-
lagh (Regenerative Medicine Institute, National University of
Ireland, Galway). Rat IL-6 siRNA (SMART pool: ON- TARGET plus IL-
6 siRNA) was purchased from Thermo Scientific Dharmacon (Chi-
cago, IL). Polyplexes were prepared by incubating the eNOS pDNA
with a partially degraded polyamidoamine dendrimer (dPAMAM,
Superfect™, Qiagen, Crawley, UK) (SF), as per the manufacturers
instructions. The weight ratio of the dPAMAM to eNOS pDNA used
was 9:1.
2.4. Loading of microsphere reservoirs with polyplexes

Collagen hollow microspheres of 1 mm size were loaded with
eNOS pDNA dPAMAM complexes, as previously described [38].
Briefly, collagen microspheres were suspended in phosphate buff-
ered saline (PBS). Complexes of eNOS pDNA and dPAMAM were
added to the microspheres, suspended in PBS, and agitated on a
mechanical shaker for four hours at room temperature. Micro-
spheres were spun down, and the supernatant was removed.
Fig. 1. Study design. Schematic illustrating the assembly and application of the collagen sphe
dose optimization (1) to combining the optimal dose (2) and analysis on the effect of the tre
LV: length density of blood vessels).
2.5. Dual-release collagen scaffold fabrication

A dual release system was fabricated by combining hollow
collagen microspheres with a collagen hydrogel (Fig. 1). Micro-
spheres 1 mm in size were loaded with eNOS pDNA polyplexes
mixed and re-suspended in a neutralized collagen/4S-PEG cross-
linker solution containing IL-6 siRNA prior to gelation. The
neutralized collagen solution with crosslinker containing nucleic
acids was kept on ice and loaded into a syringe prior to delivery
and gelation.

2.6. Characterisation of collagen system release profile

The release profile of Cy3 labelled siRNA and pDNA was char-
acterized in PBS at 37 �C. eNOS Polyplex-loaded microspheres were
re-suspended in a neutralized collagen/4S-PEG crosslinker solution
containing a labelled IL-6 siRNA, prior to gelation. The combination
of loaded-microspheres and 250 ml of siRNA-containing gel-form-
ing solution was pipetted into 24-well plate, and allowed to gel.
After 15 min, 250 ml of PBS was added to the gels. The supernatant
was replaced at each timepoint. The collected supernatant was
frozen until it was assayed for polyplex content by measuring
fluorescence with a Varioskan Flash spectral scanning plate reader
(Thermo Scientific, Vantaa, Finland).

2.7. In vivo implantation

All animal procedures and treatments were approved by the
ethics committee at the National University of Ireland, Galway. In
addition, animal care and management followed the Standard
Operating Procedures of the Animal Facility at the National Centre
for Biomedical Engineering Science, National University of Ireland,
Galway. Animals were allowed to acclimatize for at least seven days
re-in-hydrogel system in the subcutaneous space, and the workflow of the study, from
atments on the composition of the ECM (3). (VV: volume fraction of inflammatory cells,
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prior to any surgical procedures.
Female Lewis rats were anaesthetized by isofluorane inhalation

(5% induction reducing to 1e2% for maintenance during pro-
cedures). The dorsum of rats was shaved and swabbed with iodine
to minimize the risk of bacterial contamination. Prior to gelation,
the hydrogel solutionwas taken into a syringe and injected into the
subcutaneous space. Four injections were performed per animal,
with a minimal spacing of 1 cm between each, and locations of
samples were randomized.

2.8. In vivo IL-6 siRNA dose optimization study

Two doses of IL-6 siRNA were tested in a collagen microsphere-
in-hydrogel system. Either 1 or 5 mg siRNAwas suspended within a
neutralized collagen solution containing 4S-PEG as crosslinker.
These doses were selected as they are in the range of previous
in vivo studies delivering interfering RNA [39]. A non-targeting
control siRNA (NTC siRNA, Dharmacon, Chicago, IL) was delivered
via the same collagen system, as a control to assess the tissue
response to an siRNA-loaded collagen delivery system. For consis-
tency, unloaded collagen microspheres were suspended within the
pre-gelling solution prior to it being taken into a syringe and
injected subcutaneously through a 29-G needle. Animals were
sacrificed by CO2 asphyxiation at seven days and samples were
removed and processed for analysis (n ¼ 6 per group).

2.9. In vivo eNOS pDNA dose optimization study

Three doses of eNOS pDNA polyplexes were delivered from the
collagen microsphere-in-hydrogel system. Either 5, 10 or 20 mg of
eNOS pDNA complexed with dPAMAM were loaded within 1 mm
collagen microspheres, and subsequently suspended within a
neutralized collagen solution containing 4S-PEG as crosslinker.
These doses were selected as they are in the range of previous
studies delivering pDNA via collagen scaffolds [40]. In addition, it
was decided not to use a significantly higher dose given concerns
about possible vector-mediated toxicity at high doses. The
collagen gel solution (prior to gelation occurring) was taken into a
syringe and injected subcutaneously through a 29-G needle. Ani-
mals were sacrificed by CO2 asphyxiation at seven days and
samples were removed and processed for analysis (n ¼ 6 per
group).

2.10. Combination of IL-6 siRNA and eNOS pDNA optimal doses

The optimal doses of IL-6 siRNA and eNOS pDNA (identified from
theoptimization studies)were combinedandco-deliveredusing the
collagen microsphere-in-hydrogel system. The optimal dose of IL-6
siRNA (1mg)was loadeddirectlywithin thehydrogel phasewhile the
optimal dose of eNOS pDNA poyplexes (10 mg) were loaded within
the collagen microsphere phase and suspended within the collagen
hydrogel pre-gelling solution. The combined system was injected
subcutaneously through a 29-gaugeneedle. Animalswere sacrificed
byCO2 asphyxiation and sampleswere removedat 7 and14days and
processed for analysis (n ¼ 6 per group).

2.11. Tissue preservation and cryosectioning

Animals were sacrificed by CO2 asphyxiation and the tissue
immediately excised. The explants were halved: one half was pre-
served for histological staining and immunostaining (10% buffered
formalin for 24 h), and the other half for protein and sGAG analysis
(immediately frozen in �80 �C).

The tissue was cryoprotected by treatment with 30% sucrose for
24 h, followed by embedding and freezing in optimal cutting
temperature (OCT) medium. The tissue was then sectioned into
5 mm thick sections. Serial sectioning was performed at four depths,
a distance of 200 mm apart.

2.12. Histological staining

Standard hematoxylin and eosin (H&E) staining was performed
on one section at each tissue depth. After staining, sections were
dehydrated in increasing concentrations of ethanol, cleared in
xylene and mounted using DPX mounting media.

2.13. Stereology

Three images of each H&E stained section were taken at a
magnification of 40� and used to quantify inflammation and
angiogenesis stereologically using previously established protocols
[41].

2.13.1. Inflammation
2.13.1.1. Volume fraction of inflammatory cells. The volume fraction
of inflammatory cells (VV) was used to quantify the inflammatory
response. A 192-point grid was overlaid on 40� images of H&E
stained tissue. The number of macrophage and neutrophil nuclei
intersecting points of the grid is counted (PP), along with the total
number of points on the tissue (PT). The volume fraction of in-
flammatory cells (VV) is calculated using the formula defined
below:

VV ¼ PP=PT

2.13.2. Angiogenesis
Angiogenesis was quantified using three different parameters:

surface density (SV), length density (LV) and radial diffusion (RDIFF).

2.13.2.1. Surface density (SV). Images were overlaid with a cycloid
grid of radius 40 mm such that the grid was perpendicular to the
skin epithelium. The total number of intersections between blood
vessels and the test line (I) was counted and the total length of test
line (LT) calculated. The following formula was used:

SV ¼ 2� I=LT

2.13.2.2. Length density (LV). Images were rotated 90� and a cycloid
grid of radius 40 mm applied. The total number of intersections
between blood vessels and the test line (I) was counted and the
total length of test line (LT) calculated. The following formula was
used:

LV ¼ 2� I=ðLT � TSÞ

where Ts is the thickness of the section.

2.13.2.3. Radial diffusion (RDIFF). The distance between blood ves-
sels, termed radial diffusion, was calculated using the following
formula:

RDIFF ¼ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðp� LVÞ
p

2.14. Immunofluorescence staining

Macrophages and blood vessels were identified by staining with
anti-CD68, a pan-macrophage marker (1:300; ab125212, Abcam,
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Cambridge, UK), and anti-CD31 (1:30; ab28364, Abcam, Cambridge,
UK). Heat-mediated antigen retrieval was performed in a pressure-
cooker in the appropriate buffers as previously described [42]. A
secondary FITC-conjugated goat anti-rabbit IgG (1:250; A-11037,
Life Technologies, Darmstadt, Germany) was used. Cell nuclei were
stained with DAPI.

2.15. Protein extraction

Tissue samples were frozen at �80 �C immediately after extrac-
tion until analysis. Sampleswere thawed slowlyon ice, chopped into
small pieces and incubated in a lysis buffer containing a cocktail of
protease inhibitors for five minutes. Samples were then mechani-
cally disrupted in a bead mill homogeniser (TissueLyserLT, Qiagen,
HildenGermany) forfiveminutes at least three times until the tissue
was completely homogenised and centrifuged at 15,000 g for
15 min. The protein fraction of the centrifuged sample was then
extracted, aliquoted and stored at �80 �C until further use.

2.16. Protein analysis

The protein concentration of the extracted samples was deter-
mined using the bicinchoninic acid (BCA) assay (Thermo Scientific,
Waltham, MA) and probed for 90 proteins simultaneously using a
biotin label-based rat antibody array (RayBio®, Norcross, GA, USA)
according to the manufacturer's instructions. Briefly, samples were
pooled according to the treatment group to a total of 1 mg/ml and
dialysed overnight to remove remaining lysis buffer and the protein
membranes were blocked using a blocking buffer provided by the
manufacturers. The proteins were labelled with biotin and incu-
bated with the antibody labelled membranes overnight at 4 �C.
HRP-conjugated streptavidin was reacted with the membranes and
afterwards treated with the incubation buffer provided. Mem-
branes were exposed using a Kodak™ Image Station 4000 MM Pro
(Kodak, Japan). Micrographs of the exposed membranes were
digitally evaluated using ImageJ. The images obtained were im-
ported into ImageJ and analysed using a protein array analyser
plug-in by normalising to the given positive control signals on the
membranes. Samples were analysed and normalised to the unloa-
ded collagen system-treated controls.

2.17. Raman analyses of the host response to sphere-in-hydrogel
implant

Tissue sections (thickness. 30 mm) were analysed via Raman
microspectroscopy. A custom-built Raman microspectroscopy sys-
temwas used for all measurements as previously described [43,44].
All measurements were performed using a 60� water immersion
objective (NA 1.2, Olympus). Using an automated stage, 100 spectra
were taken at 100 points throughout the tissue. An acquisition time
of 100 s with 85 mW laser power were used for each spectrum.
Raman spectra were acquired in the wavenumber range of
0e2000 cm�1. Raman spectra were recorded using the Andor
software package (Andor iDus, Belfast, Northern Ireland). All
measurementswere performed from specimens on glass slides. The
glass background signal was subtracted from the sample signal
using the OPUS® software 4.2 (Bruker Optik GmbH, Ettlingen,
Germany). Additionally, OPUS® software 4.2 was used to cut the
Raman spectra into the spectral 400e1800 cm�1 region and base-
line correction performed.

2.18. Principal component analysis (PCA)

PCA is a multivariate method utilized to analyse the variances in
a spectral dataset. PCA is valuable to identify significant shifts in the
spectra between sample groups. Prior to the PCA computation, all
Raman spectra were imported to the UnscramblerX® 10.2 Software
(CAMO, Oslo, Norway). PCA was performed on vector-normalized
Raman spectra with a pre-defined list of Raman shift wavelengths
primarily associated with GAGs, PGs and other ECM components.
Principal components (PCs) were calculated using the non-linear
iterative partial squares (NIPALS) algorithm. As a result of the
PCA, every spectrum is described by score values. Separation of
score plots reveal differences between sample groups, while load-
ings indicate the region of the spectra where the primary differ-
ences occur.

2.19. sGAG extraction

Extraction of total sGAGswas performed as previously described
[36]. Briefly, tissue samples were digested in an extraction buffer
(50 mM Tris, 10 mMNaCl, 3 mMMgCl2, 1% Triton-x100, pH 7.9) using
proteinase K (200 mg/ml) and DNase (10 U per 25 mg of tissue
sample), followed by NaCl addition to a final 2 M NaCl concentra-
tion. Samples were then vigorously agitated for tenminutes and the
remaining proteins and peptides were precipitated by adding TCA
(final 10%). Supernatants were cleared by chloroform, followed by
dialysis of the aqueous phase (Pierce, Slide-A-Lyzer Mini Dialysis
Units 3500 molecular weight cut-off) against the extraction buffer
and then pure water. After freeze-drying, extracted sGAGs were
dissolved in water.

2.20. Heparin/sGAG binding competition assay towards growth
factors

ELISA plates were coated overnight at 4 �C with a 2 mg/ml BSA-
heparin conjugate solution prepared, as previously described [45].
After washing the plates with 0.05% PBS-Tween 20, the wells were
saturated with 3% PBS-BSA for one hour at room temperature. A set
amount of the growth factor (VEGF165 and bFGF) to be studied was
added to the plate. Working growth factor concentrations were
fixed at 30 ng/ml for VEGF165 and 6.25 ng/ml of bFGF, having been
previously optimized. These concentrations were used to deter-
mine the capacity of competing soluble extracted GAGs to inhibit
binding of the growth factor to the immobilized heparin. Growth
factors and extracted GAGswere simultaneously added to thewells.
After one hour of incubation at room temperature, wells were
washed, and the growth factor remaining bound to heparin was
detected by incubation with the corresponding primary antibody
followed by a peroxidase-labelled secondary antibody. Peroxidase
activity was detected by a peroxidase activity detection kit using
the 3,30,5,50-tetramethylbenzidine substrate, following the manu-
facturers indications. Heparin was used as a positive control of
growth factor binding.

2.21. Statistical analysis

GraphPad Prism® (v.5 GraphPad Software, San Diego, CA, USA)
was used for all statistical analyses. Analysis of variance (ANOVA)
was used followed by Tukey's post-hoc test to determine statistical
significance between groups. All graphical data is presented as
mean ± standard deviation. p values of <0.05 were considered
statistically significant.

3. Results

3.1. Collagen system characterisation of release in vitro

The nucleic acid release profile from the collagen system was
characterized in vitro using fluorescence-labelled pDNA. Fig. 2



Fig. 2. Multi-modal collagen gene reservoir. The release profile of siRNA is much quicker than the release profile of pDNA, which can be attributed to the design of the system with
siRNA within the hydrogel and pDNA within the microspheres, as depicted in the schematic. Data represents mean ± SD (n ¼ 3).
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reveals a differential release of siRNA and pDNA loaded within the
collagen hydrogel and the collagen microspheres, respectively. By
day three, approximately 20% of the siRNA was released from the
system, while about 10% of the pDNA was released. By five days,
over 50% of the siRNAwas released; while in contrast less than 20%
of the pDNAwas released (Fig. 2). This indicates a delayed release of
nucleic acids from the microsphere phase of the system compared
with release from the hydrogel phase of the system.

3.2. IL-6 siRNA dose optimisation - inflammation

Delivery of IL-6 targeting siRNA was analysed in vivo following
biomaterial implantation. The incorporated collagen sphere-in-
hydrogel system was implanted subcutaneously and removed af-
ter seven days. Two doses of IL-6 siRNAwere examined (1 and 5 mg)
along with a non-targeting control siRNA (NTC siRNA). Delivery of
NTC siRNA was used as a baseline to assess the tissue response to
the delivered IL-6 siRNA. The seven-day time point was chosen as
an early time point to assess the inflammatory response following
implantation of the foreign material. The in vivo infiltration of in-
flammatory cells (primarily neutrophils and macrophages) in
response to the system described in this paper was evaluated by the
analysis of H&E sections. It was observed that treatment with 1 and
5 mg of IL-6 siRNA resulted in a reduction in the volume fraction of
inflammatory cells (52% and 42% respectively), compared with the
NTC siRNA, as shown in Fig. 3B. No effect was observed in terms of
changes in the surface density of blood vessels as a result of IL-6
siRNA at either dose (Fig. 3A). Thus, incorporation of IL-6 siRNA
within the collagen delivery system resulted in a significant
reduction in the volume fraction of inflammatory cells with non-
significant effect in angiogenesis.

3.3. eNOS pDNA optimisation e angiogenesis

The capacity of subcutaneously implanted eNOS pDNA and
control biomaterials to promote angiogenesis was analysed. As
shown in Fig. 4, delivering 5 mg eNOS pDNA resulted in almost
doubling of the surface density of blood vessels (8.6 mm�1

compared with 4.7 mm�1). The medium dose, 10 mg eNOS pDNA,
showed a further increase in the length density of blood vessels
with an almost three-fold increase observed over that of the control
(12.9 mm�1). The 10 mg eNOS pDNA dose resulted in greater surface
density of blood vessels than that of both the unloaded collagen
sphere-in-hydrogel system, but also the system loaded with 5 mg
eNOS pDNA. No change was observed in the length density be-
tween the 10 mg and 20 mg treated groups (12.9 mm�1 and
13.2 mm�1, respectively), suggesting a peak in the dose response
(Fig. 4).

Analysis of the volume fraction of inflammatory cells revealed a
reduction in inflammation with the 10 mg eNOS pDNA group (43%
reduction) compared with the unloaded collagen sphere-in-
hydrogel system. No significant changes were detected between
the other treatment groups, 5 mg and 10 mg eNOS pDNA, in terms of
changes in volume fraction of inflammatory cells. Considering the
increase in length density of blood vessels and the reduction in
volume fraction of inflammatory cells, the 10 mg eNOS pDNA treated
group was identified as the optimal dosing regimen of eNOS pDNA
from the collagen sphere-in-hydrogel system. These results indi-
cate that delivering eNOS pDNA results in a significant increase in
surface density of blood vessels and a reduction in the volume
fraction of inflammatory cells.

3.4. Combination of IL-6 siRNA and eNOS pDNA optimal doses

3.4.1. Inflammation
Following on from the selection of the optimal doses of anti-

inflammatory IL-6 siRNA (1 mg) and the pro-angiogenic eNOS
pDNA (10 mg) to modify the tissue response to the implanted
collagen sphere-in-hydrogel system, these two optimal doses were
combined, co-delivered and the tissue response, in terms of



Fig. 3. Optimization of IL-6 siRNA dose. (A) No effect was observed on length density of blood vessels between groups. (B) Volume fraction of inflammatory cells was reduced
following treatment with scaffold and IL-6 siRNA at doses of 1 and 5 mg compared with the scaffold loaded with non-targeting control (NTC) siRNA. Representative H&E stained
sections of (C) NTC siRNA, (D) 1 mg IL-6 siRNA and (E) 5 mg IL-6 siRNA treated-groups, respectively. Data represents mean ± SD (n ¼ 6). Analysis performed using one-way ANOVA,
p < 0.05. * denotes statistical significance versus scaffold & NTC siRNA group. Scale bars indicate 25 mm.

Fig. 4. Optimization of eNOS pDNA dose. (A) Length density of blood vessels was increased following treatment with eNOS pDNA at doses of 5 mg, 10 mg and 20 mg compared with
the control scaffold alone. (B) No difference was observed in the volume fraction of inflammatory cells between groups, although amongst the eNOS pDNA treated-groups, a trend
towards an increase in volume fraction in the 20 mg eNOS pDNA treated-group was observed. Representative H&E stained sections of (C) scaffold alone, (D) scaffold & 5 mg eNOS
pDNA, (E) scaffold & 10 mg eNOS pDNA and (F) scaffold & 20 mg eNOS pDNA, respectively. Data represents mean ± SD (n ¼ 6). Analysis performed using one-way ANOVA, p < 0.05. *
denotes statistical significance versus scaffold alone group. # denotes statistical significance versus 5 mg eNOS pDNA treated group. Scale bar indicates 25 mm.
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Fig. 5. Effect of dual delivery on inflammation. A reduced volume fraction of inflammatory cells was observed in groups treated will IL-6 siRNA, with or without eNOS pDNA at both
7 and 14 days. Representative images reveal a reduction in the presence of CD68 þ cells in IL-6 siRNA treated groups, alone or in combination with eNOS pDNA. Data represents
mean ± SD (n ¼ 6). Analysis performed using one-way ANOVA, p < 0.05. * denotes statistical significance versus scaffold alone group at same timepoint. # denotes statistical
significance versus eNOS pDNA treated group at 14 days. Scale bar indicates 100 mm.
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inflammatory response and angiogenesis, and examined at both 7
and 14 days. Combining IL-6 siRNA within the collagen hydrogel/
microsphere system resulted in a reduction in the volume fraction
of inflammatory cells. A reduction of 46% and 34% in volume frac-
tion of inflammatory cells for delivery of IL-6 siRNA alone or IL-6
siRNA and eNOS pDNA was observed when compared with the
unloaded collagen system alone at seven days (see Fig. 5). There
was no significant change in the volume fraction of inflammatory
cells in the eNOS pDNA treated group at seven days.

At 14 days a similar observation was made. Compared with the
collagen delivery system alone there was a reduction in the volume
fraction of inflammatory cells by 65% with the addition of IL-6
siRNA and 69% with delivery of IL-6 siRNA and eNOS pDNA. De-
livery of eNOS pDNA alone via the collagen delivery system resulted
in a reduction in volume fraction of inflammatory cells of 40%
compared with the unloaded collagen delivery system.

To confirm differences in the relative presence of inflammatory
cells between the various treatment groups, immunofluorescence
staining was performed. Macrophages, a key cell in the inflamma-
tory process, were stained with a CD68 antibody. Representative
images are shown in Fig. 5B. It can be seen that there are less CD68-
positive cells in the IL-6 siRNA treated group and the IL-6 siRNA and
eNOS pDNA dual-treated group compared with the control group.
In addition, there is a reduction in CD68-positive cells in the eNOS
pDNA treated group, but this reduction is not as much as the groups
inwhich IL-6 siRNA is delivered. This trend can be seen at both the 7
and 14 day time points.

3.4.2. Angiogenesis
The effect of co-delivery of IL-6 siRNA and eNOS pDNA on

vascularization of the host tissue was assessed via stereological
analysis of H&E stained sections. At seven days there was a statis-
tically significant increase in the length density of blood vessels in
the eNOS pDNA treated group and the IL-6 siRNA and eNOS pDNA
dual-treated group when compared with the unloaded collagen
hydrogel/microsphere system (control group), with an almost two-
fold increase observed (2617 and 3018 mm�2, respectively,
compared with 1681 mm�2), as seen in Fig. 6. There was no sig-
nificant difference between the eNOS pDNA treated group and the
IL-6 siRNA and eNOS pDNA dual-treated groups. The IL-6 siRNA
treated group showed no significant difference when compared
with the control group. Further data on the perfusion of the tissue
was acquired by measuring the radial diffusion distance, revealing
the average distance between adjacent blood vessels. It was
observed that eNOS pDNA treated groups, with or without IL-6
siRNA, had a significantly reduced radial diffusion distance
compared with the control. The radial diffusion distance in the IL-6
siRNA treated group was not significantly different to the control.

A similar effect was observed at 14 days. Again, the length
density of blood vessels was greatest in the eNOS pDNA treated
groups, both without and with the addition of IL-6 siRNA
(2568 mm�2 and 2910 mm�2). The length density of blood vessels
in both of these groups was significantly greater than that of the
control, with an almost three-fold increase observed (939 mm�2).
The IL-6 siRNA treated group was not statistically different to the
control (1244mm�2). Radial diffusion distancewas also statistically
different between eNOS treated groups (compared with the control
and IL-6 siRNA alone treatment. This suggests that co-delivering IL-
6 siRNA and eNOS pDNA has an anti-inflammatory and pro-
angiogenic effect.

To confirm the presence of blood vessels, immunofluorescence
staining was performed for CD31, an endothelial cell marker.
Representative images are shown in Fig. 6D. There is a greater
presence of CD31-positive endothelial cells in both eNOS pDNA
treated groups compared with either the control or the IL-6 siRNA
treated groups. This effect is apparent at both 7 and 14 days.

3.5. Protein expression

An antibody-membrane array was performed to analyse the
expression of various inflammatory and angiogenic proteins
following treatment. Results for each membrane were normalized
to the control (unloaded collagen sphere-in-hydrogel treatment)
tissue. The proteins that have shown differential expression
(increased or decreased) are displayed graphically in Fig. 7, for 7
and 14 days. For clarity, proteins have been grouped in terms of
whether they relate primarily to inflammation or angiogenesis,
with proteins found downregulated in red (in the web version) and
those found upregulated in blue (in the web version). Pooled
samples from each group were analysed to determine the global



Fig. 6. Effect of dual delivery on angiogenesis. An increase in surface and length density of blood vessels was observed following treatment with eNOS pDNA, alone or in com-
bination with IL-6 siRNA. Conversely, a reduction was observed in the radial diffusion distance following eNOS pDNA delivery, either alone or in combination with IL-6 siRNA.
Representative images reveal an increase in CD31 þ cells following eNOS pDNA delivery, with or without co-delivery of IL-6 siRNA. Data represents mean ± SD (n ¼ 6). Analysis
performed using one-way ANOVA, p < 0.05. * denotes statistical significance versus scaffold alone group at same timepoint. # denotes statistical significance between groups. Scale
bar indicates 100 mm.
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effect of the various treatment groups. Fig. 7A shows that the de-
livery of IL-6 siRNA resulted in a reduction in IL-6 protein expres-
sion at seven days. In addition, the expression of a range of
inflammatory mediators including IL-1a and TNF-a, as well as
cytokine-induced neutrophil chemoattractant 2 and 3 (CINC-2/3),
macrophage derived chemokine (MDC), macrophage inflammatory
protein-2 (MIP-2), interferon-inducible protein-10 (IP-10) and
granulocyte-macrophage colony-stimulating factor (GMCSF). In
addition to a reduction in inflammatory cytokines, decreased
expression of bFGF, FGF-binding protein (FGF-bp), VEGF and VEGF-
C, all angiogenic factors, was also detected. CXCR4, PDGF-AA, and
Neuropillin-2 (NRP-2) were overexpressed.

Addition of eNOS pDNA to the collagen sphere-in-hydrogel
system resulted in an increase in the expression of a number of
angiogenic factors, amongst them bFGF, FGF-bp, CXCR4, PDGF-AA,
VEGF and Neuropillin-2 (NRP-2). Conversely, an increase was
observed in the expression of three inflammatory cytokines, CINC-
2/3 and MIP-2.

The combination of IL-6 siRNA delivery and eNOS pDNA from
the collagen sphere-in-hydrogel system resulted in a modulation of
the expression of both inflammatory and angiogenic factors at
seven days. As shown in Fig. 6A, there is both a reduction in IL-6,
TNF- a and GMCSF. In addition, there was an increased expres-
sion of angiogenic factors, similar to that of the eNOS pDNA treated
group with increased FGF-bp, CXCR4, PDGF-AA, VEGF, NRP-2 and
MMP-8.

A similar observationwas made at 14 days (Fig. 7B) as was made
at 7 days with regard to protein expression. Delivery of IL-6 siRNA
via the collagen sphere-in-hydrogel system reduced IL-6 protein
expression, along with the expression of IP-10 and resistin-like
molecule-beta (RELM-b). An increase in interleukin-4 (IL-4) and
-13 (IL-13) was also observed. Increased expression of angiogenic
factors (VEGF and VEGF-C) and receptors (NRP-2) was also seen.

At 14 days, delivery of eNOS pDNA resulted in an increase in a
range of angiogenic factors similar to that observed at 7 days, with
the exception of FGF and NRP-2, which were unchanged compared
with the control. There was also an increase in osteopontin (OPN)
and matrix metalloproteinase-8 (MMP-8) expression. Increased
FADD expressionwas also observed, along with a reduction in IL-10
expression.

The combined delivery of IL-6 siRNA and eNOS pDNA through
the collagen sphere-in-hydrogel system resulted in a number of
substantial changes in protein expression. As with delivery of IL-6
siRNA alone, there was a reduction in IL-6 expression. An



Fig. 7. Change in protein expression. Alterations in protein expression detected via protein blot array between the treatment groups and the control at 7 and 14 days. The proteins
have been grouped in terms of proteins with functions primarily associated with inflammation or angiogenesis.
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increased expression of IL-4, IL-10 and IL-13 was also observed. As
with the eNOS pDNA group, there was also an increase in FADD, an
anti-inflammatorymediator. In terms of angiogenic factors, FGF-bp,
CXCR4, PDGF-AA, VEGF, VEGF-C, OPN, NRP-2 and MMP-8 are
significantly upregulated, as would be expected with the increase
observed in surface and length density of blood vessels.
3.6. Raman microspectroscopy

Raman microspectroscopy was performed in samples from all
groups at both the 7 and 14 day time points following treatment
with the collagen sphere-in-hydrogel system. Results revealed
differences between the tissue ECM following treatment with the
collagen sphere-in-hydrogel system. PCA analysis revealed a
distinct separation between the control, unloaded sphere-in-
hydrogel system and the IL-6 siRNA and eNOS pDNA loaded sys-
tem at seven days (Supplementary Information). Analysis of the
spectral intensity revealed changes at peaks 853, 882, 921 and
1065 cm�1 when compared to the control (Fig. 8). These peaks are
potentially associated with changes in the chondroitin sulfate
proteoglycans and sulfation patterns, indicating changes in sGAG of
the tissue.
3.7. Growth factor binding by sGAG extracted from tissue

Binding of VEGF165 and bFGF by tissue-extracted sGAG was
tested using a growth factor binding assay. At seven days, there
was a significant increase in the binding of sGAG with both growth
factors tested in eNOS pDNA treated groups (Fig. 9). For VEGF165
binding, it is noticeable that there is a significant increase in sGAG
binding at seven days in the eNOS pDNA treated samples (45.6%
and 50.1% for eNOS pDNA groups without and with IL-6 siRNA,
respectively) versus the control or IL-6 siRNA treated samples
respectively, (31.5% and 22.2% for the control and IL-6 siRNA
treated groups, respectively). Binding to bFGF shows a similar
effect, with an increase observed in the eNOS pDNA treated groups
(42.6% and 51.5% without and with IL-6 siRNA, respectively)
compared with the control (29.5%) and the IL-6 siRNA alone
treated groups (23.6%).

By 14 days, the eNOS pDNA treated samples returned to baseline
for bFGF binding (24.9% without and 22.5% IL-6 siRNA), with no
difference observed between samples. Binding of VEGF165 by sGAG
was reduced to levels below that of the control (18% and 6% for
eNOS pDNA and IL-6 siRNA and eNOS pDNA dual treatment
respectively, compared with 24% for the control).
4. Discussion

Collagen microspheres and a collagen hydrogel were combined
to form a dual release IL-6 siRNA and eNOS pDNA system. As size
dictates uptake by cells, particularly macrophages [46,47], the size
of microspheres used was an important consideration. Thus, 1 mm
collagen microspheres were chosen as previous studies by this
group have shown that 1 mm collagen microspheres were not
internalized by activated and differentiated THP-1 cells [48]. Our
results show that assembly of the collagen microsphere and
hydrogel systems allowed for the temporal release of two distinct
forms and doses of nucleic acids. This is shown in Fig. 2A, where the
release profiles are photometrically characterized. Release of IL-6
siRNA from the hydrogel phase of the system was more rapid
compared with the eNOS pDNA delivery from the microsphere
phase. This emphasizes the possibility of a delayed release, with
release from the hydrogel phase of the system more rapid
compared with the microsphere phase of the system. Release from
the hydrogel phase of the system was more rapid compared with
the microsphere phase of the system. To clarify that the release
profile is due to the difference in loading (in microspheres
compared with in hydrogel) rather than the difference between
siRNA and pDNA, the release of pDNA from the microsphere and
hydrogel phases of the system was compared (Supplementary



Fig. 8. Raman intensity analysis of selected ECM components at seven days. Analysis of the difference in intensity in specific peaks between groups. The intensity of the scaffold
alone group is set at 1, and all other groups shown relative to this. Data represents mean ± SD (n ¼ 6). Analysis performed using one-way ANOVA, p < 0.05. * denotes statistical
significance versus scaffold alone group.

Fig. 9. Growth factor binding of sGAGs extracted from tissue samples changes with eNOS pDNA treatment. Treatment with eNOS pDNA increased the ability of sGAG extracted from
the tissue to bind VEGF165 and bFGF at 7 days, either alone or in combination with IL-6 siRNA treatment. Data represents mean ± SD (n ¼ 3, 2 pooled samples). Analysis performed
using one-way ANOVA, p < 0.05. * denotes statistical significance versus scaffold alone group at 7 days. ** denotes statistical significance compared with scaffold & IL-6 siRNA &
eNOS pDNA group at 14 days. # denotes statistical significance compared with scaffold & eNOS pDNA and scaffold & IL-6 siRNA & eNOS pDNA groups at 7 days.
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Information). It was observed that there was a clear difference
between the release profiles of pDNA loaded within microsphere
compared with directly loading in the hydrogel.

The inflammatory response is a key factor that determines the
success or failure of a biomaterial implant [49]. Excessive inflam-
mation results in the rejection of a biomaterial, which may then be
degraded or encapsulated within a fibrotic capsule, essentially
allowing the body to spatially exclude the implant. IL-6 is a pro-
inflammatory cytokine produced by fibroblasts as well as inflam-
matory cells [50,51], and is involved in the progression of inflam-
mation and the foreign body reaction [7]. Thus, the delivery of IL-6
targeting siRNA was proposed as an approach to reduce the
inflammatory response. Two doses of IL-6 siRNAwere examined (1
and 5 mg), along with NTC siRNA.

Stereological examination of H&E stained tissue sections
revealed that incorporation of IL-6 siRNA within the collagen de-
livery system significantly reduced the volume fraction of inflam-
matory cells present. The volume fraction of inflammatory cells
following delivery of NTC siRNA can be considered the ‘standard
inflammatory response’ to an RNA-loaded collagen delivery system.
Thus, the reduction observed in infiltrating inflammatory cells
(primarily neutrophils and macrophages) compared to NTC siRNA
can be directly attributed to the IL-6 targeting siRNA. Importantly,
the delivery of an IL-6 targeting siRNA did not significantly affect
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angiogenesis in the tissue. While IL-6 is primarily associated with
inflammation, it is also linked with angiogenic processes both in
disease and development [52,53]. However, here it was observed
that delivery of an IL-6 targeting siRNA does not significantly
impact the surface density of blood vessels at seven days when
compared to delivery of a NTC siRNA (Fig. 3). With no difference
observed in volume fraction of inflammatory cells between 1 and
5 mg IL-6 siRNA doses, the lower 1 mg dose was deemed sufficient to
modify the inflammatory response to the implanted collagen
sphere-in-hydrogel system.

One of the primary causes of the failure of implanted bio-
materials is the failure of vascularization of the implant. Delivery of
angiogenic signals such as growth factors is one avenue that has
been explored. However, issues such as the short in vivo half-life
have reduced the effectiveness of this approach [54]. Nucleic acid
delivery offers an opportunity to bypass this issue by providing a
continuous supply of pro-angiogenic signals. Delivery of an eNOS
encoding plasmid via biomaterial systems has previously been
shown to increase vascularization in a diabetic wound model
[55,56]. The 14 day time point in this study was chosen as an
appropriate time to observe blood vessel formation for a number of
reasons. The first of which is due to the release profile of the eNOS
polyplexes from the microsphere phase of the sphere-in-hydrogel
system in vitro, which is more delayed compared with the release
from the hydrogel portion. In addition, following implantation, a
tissue response exists, usually involving a short-term increase in
blood vessel formation. In order to differentiate between blood
vessels formed due to the foreign body response following the
implantation procedure and those due to the delivery of the eNOS
gene itself, 14 days was chosen as an appropriate time point. Pre-
vious efforts aimed at the delivery of the eNOS gene have utilized
various vectors, including lipoplexes and viral vectors [55,56]. In
this project, a dPAMAM transfection reagentwas used as a vector. In
all cases, the efficiency of delivery and transfection is dependent on
the vector used, thus dose optimization is required. Three doses of
eNOS pDNA, all complexed with dPAMAM, were explored: low,
medium and high (5 mg,10 mg and 20 mg, respectively). Stereological
examination found that delivery of the lowest dose of eNOS pDNA
resulted in a statistically significant increase in the surface density
of blood vessels compared with a collagen sphere-in-hydrogel
system without loaded eNOS pDNA. The medium dose of eNOS
pDNA showed a further increase in the length density of blood
vessels with an almost three-fold increase observed over the con-
trol. Interestingly, no change was observed in the length density
between the 10 mg and 20 mg treated groups, indicating a saturation
in the dose response. The 10 mg eNOS pDNA group had the highest
length density of blood vessels, but also had the lowest volume
fraction of inflammatory cells, which can be linked with the fact
that nitric oxide (NO) has dose-dependent anti-inflammatory
properties [26]. Only the 10 mg eNOS pDNA treated group had a
statistically significant reduction in the volume fraction of inflam-
matory cells compared with the control, while the other groups
were unchanged. This indicates that with all three doses of eNOS
pDNA, the level of NO produced was not pro-inflammatory such
that it could activate the pro-inflammatory NF-kB pathway [26].
Considering the increase observed in length density of blood ves-
sels and the reduction in volume fraction of inflammatory cells, the
10 mg eNOS pDNA treated group has been identified as the optimal
dosing regimen.

Following on from the selection of the optimal doses of anti-
inflammatory IL-6 siRNA (1 mg) and the pro-angiogenic eNOS
pDNA (10 mg), these two optimal doses were combined and the
tissue response, in terms of inflammatory response and angio-
genesis, was examined. It was observed that at the seven-day time
point, the combined delivery of IL-6 siRNA and eNOS pDNA resulted
in a volume fraction of inflammatory cells similar to that of the IL-6
siRNA delivery alone. When eNOS pDNA was delivered via the
collagen delivery system, without the addition of IL-6 siRNA, there
was no significant change in the volume fraction of inflammatory
cells (Fig. 5A).

At 14 days, a similar pattern emerged to that which was
detected at seven days. That is, addition of IL-6 siRNA to the
collagen delivery system significantly reduced the volume fraction
of inflammatory cells. Delivery of eNOS pDNA alone via the collagen
delivery system resulted in a reduced volume fraction of inflam-
matory cells when compared with the control. Interestingly how-
ever, this was not to the same level as when IL-6 siRNA was
delivered, and there was a significant difference between the group
receiving eNOS pDNA alone and the two that received IL-6 siRNA,
either without or with eNOS pDNA. Thus, it is clear that at 14 days
the addition of IL-6 siRNA (with or without eNOS pDNA) signifi-
cantly reduces the volume fraction of inflammatory cells.

At 7 days there was a statistically significant increase in length
density of blood vessels in the eNOS pDNA treated group and the IL-
6 siRNA and eNOS pDNA dual-treated group when compared with
the control group, with an almost two-fold increase observed.
There was no significant difference between the eNOS pDNA
treated group and the IL-6 siRNA and eNOS pDNA dual-treated
groups. The IL-6 siRNA treated group appeared to have a trend
towards a reduction in length density of blood vessels, but no sig-
nificant difference was detected. Further data on the perfusion of
the tissuewas acquired bymeasuring the average distance between
adjacent blood vessels (radial diffusion distance). It was observed
that eNOS pDNA treated groups, with or without IL-6 siRNA, had a
significantly reduced radial diffusion distance compared with the
control.

The samples at 14 days displayed a similar trend to those at 7
days. Again, length density of blood vessels was greatest in eNOS
pDNA treated groups, both without and with the addition of IL-6
siRNA. The length density of blood vessels in both these groups
were significantly greater than the control, while the IL-6 siRNA
alone treated group was not statistically different to the control.
Radial diffusion distance was also statistically different between
eNOS treated groups compared with control and IL-6 siRNA alone
treatment.

In order to correlate the observed anti-inflammatory and pro-
angiogenic effects with a set of signals involved in pathophysio-
logical events, a protein blot array was used to analyse the relative
expression patterns of 90 proteins simultaneously. Fig. 6A shows
that the delivery of IL-6 siRNA resulted in a reduction of IL-6 and a
range of other pro-inflammatory factors at seven days. This
reduction is in line with the reduction in volume fraction of in-
flammatory cells seen from stereological evaluation. A reduction
was also observed in the expression of angiogenic factors. Although
there was no significant difference in angiogenic parameters
measured stereologically, reduction in angiogenic factors implies
an alteration of the angiogenic process following IL-6 siRNA
incorporation into the collagen sphere-in-hydrogel system. At 14
days, IL-6 siRNA reduced IL-6 protein expression, along with that of
IP-10 and RELM-b. Increased IL-4 and IL-13 expression are indica-
tive of an alternative macrophage activation state, more regulatory
in nature compared with classically activated macrophages, and
indicative of an anti-inflammatory phenotype. This is further
emphasized by increased expression of angiogenic factors (VEGF
and VEGF-C) and receptors (NRP-2). However, in contrast with the
groups that received eNOS pDNA treatment, the absence of an in-
crease in PDGF-AA expression implies that blood vessels formed are
likely to be immature and regress over time.

Addition of eNOS pDNA to the collagen sphere-in-hydrogel
system resulted in an increased expression of a number of
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angiogenic factors (bFGF, FGF-bp, CXCR4, PDGF-AA, VEGF and NRP-
2). CXCR4 is the receptor for stromal-derived factor-1 (SDF-1), a key
pathway in neo-angiogenesis, involved in the recruitment of
endothelial precursors [57,58]. NRP-2 is a receptor for VEGF, and
has been shown to interact with VEGF receptor-2 (VEGFR-2) and -3
(VEGFR-3). The increase observed in CINC-2/3 andMIP-2 shows the
link between angiogenesis and inflammation, implying that
increased angiogenesis will also result in an increase in inflam-
matory factors. This again implies the need for a combined therapy
to modulate both inflammation and angiogenesis. At 14 days a
similar increase in angiogenic factors was observed, with the
exception of FGF and NRP-2 that are unchanged compared with the
control and an increase in osteopontin (OPN) and matrix
metalloproteinase-8 (MMP-8) expression. Both OPN [59,60] and
MMP-8 [61] have been proven to play important roles in angio-
genesis in vitro and in vivo. The reduction in IL-10 expression,
coupled with no change in IL-4 and IL-13 expression, indicates
macrophages may be in a more pro-inflammatory phenotype
compared with the control. This is despite the reduction observed
in volume fraction of inflammatory cells seen from stereological
evaluation, and poses an interesting dilemma as to whether it is
better to have less infiltration of inflammatory cells, or a change in
their activation state to a more regulatory phenotype. Studies show
that changes in the activation state of macrophages can dramati-
cally alter the tissue response and therapeutic benefit of bio-
materials therapies in the ischemic heart [62] and injured
peripheral nerve [63], while macrophage phenotype plays a role in
vascularization of collagen scaffolds [64].

The combination of IL-6 siRNA delivery and eNOS pDNA from
the collagen sphere-in-hydrogel system resulted in modulation of
the expression of both inflammatory and angiogenic factors at
seven days. As shown in Fig. 6A, there is both a reduction in in-
flammatory factors (IL-6, TNF-a and GMCSF), consistent with
reduced volume fraction of inflammatory cells, and increased
expression of angiogenic factors. The combined effect of IL-6 siRNA
and eNOS pDNA is clearly visible in terms of protein expression,
with the reduction in inflammatory factors and increase in angio-
genic factors similar to that of the individual treatments alone. In
this way we clearly see the combinatorial effect of dual delivery of
IL-6 siRNA and eNOS pDNA through the collagen sphere-in-
hydrogel system, as compared with the same system delivering
either factor separately.

At 14 days, we see similar anti-inflammatory/pro-angiogenic
effects. Increased expression of IL-10, along with that of IL-4 and
IL-13, suggests an alternative macrophage activation, in which
macrophages are more regulatory than pro-inflammatory in na-
ture. As with the eNOS pDNA group, there was also an increase in
FADD, an anti-inflammatory mediator. In terms of angiogenesis, the
expression of angiogenic factors is quite consistent throughout the
two time points, with factors such as VEGF and PDGF-AA promi-
nent. This consistency is matched in terms of surface and length
density of blood vessels, which remains relatively stable across
time points.

In this study, Raman microspectroscopic analyses were per-
formed on 30 mm tissue sections, which revealed changes in the
Raman patterns are associated with GAGs and PGs present in ECM.
In detail, we identified increased chondroitin-4-sulfate (C4S) in the
IL-6 siRNA treated-group, while chondroitin-6-sulfate was
increased in all three treatment groups (IL-6 siRNA, eNOS pDNA
and the combination of both) comparedwith the control. Therewas
also an increase in chondroitin sulfate proteoglycans (CSPGs) in the
IL-6 siRNA and eNOS pDNA combined group compared with the
control (sphere-in-hydrogel system alone). The effect of ECM
changes, particularly that of GAGs in the ECM, on inflammatory and
angiogenic processes is established [65]. Here, following changes in
inflammation and angiogenesis in the tissue, we observed changes
with regard to GAG sulfation and also GAG and PG content of the
ECM using Raman microspectroscopy.

In order to confirm changes revealed by Raman micro-
spectroscopy, we used the DMMB assay to measure total sGAG
content. Relative amounts of CS and HS were determined using a
specific GAG degradation method. With regards to the total sGAG
content extracted from tissue, no difference was observed between
groups at 7 or 14 days (see Supplementary info). However, this
must be taken with the caveat that the DMMB assay measures only
sulfated GAGs, and not hyaluronic acid (HA), which is non-sulfated.
Low molecular weight HA or HA fragments can act as damage-
associated molecular patterns (DAMPs) and trigger immune re-
sponses. However, any changes in HA cannot be detected by this
method. However, although the global GAG composition in a tissue
can be detected as unchanged, it is possible that the sulfation
pattern changes as a consequence of physiological and pathological
events or as a result of treatment. Changes of sulfation patterns are
not detected by the DMMB technique, but can be observed by the
capacities of GAGs to interact with growth factors. Thus, ELISA
competition assays were used as a means to assess the relative
binding capacities of extracted sGAGs towards two angiogenic
factors, VEGF165 and bFGF. At seven days, there was a significant
increase in the binding of sGAG with both growth factors tested in
eNOS pDNA treated groups. For VEGF165 binding, it is noticeable
that there is an increase in sGAG binding at seven days in the eNOS
pDNA treated samples versus the control or IL-6 siRNA treated
samples. Binding to bFGF shows a similar effect, with an increase
observed in the eNOS pDNA treated groups compared with the
control and the IL-6 siRNA alone treated groups. Previous studies
have shown that the binding of growth factors by sGAGs and sGAG-
mimetics potentiates and increases the activity of growth factors
[36,66]. Thus, the binding studies indicate a potential ‘priming’ of
the sGAG content of the ECM toward a more angiogenic capacity
due to treatment with eNOS pDNA. However, this appeared only to
be a temporal change, as by 14 days the eNOS pDNA treated sam-
ples returned to baseline for bFGF binding. Interestingly, for
VEGF165, there was a greater reduction in binding with the eNOS
pDNA treated samples at fourteen days. Similarly, sGAG binding of
bFGF was unchanged between samples at 14 days. This may be due
to the temporal nature of the angiogenic process. The early stages of
angiogenesis, such as pericyte detachment, increased vascular
permeability and endothelial cell proliferation, are primarily gov-
erned by VEGF165 and bFGF activity [67]. However, in later stages,
other factors such as platelet-derived growth factor (PDGF) and
transforming growth factor-b (TGF-b) are more dominant in pro-
cesses such as pericyte attachment and maturation and basement
membrane deposition. Thus it appears that the sGAG content of the
ECM changes its affinity towards growth factors over time. In
addition to the factors tested, it is likely that the sGAG affinity to-
wards multiple factors changes over time. This may include a range
of other growth factors as well as cytokines that influence the
progression of both angiogenesis and inflammation. The impor-
tance of changes in ECM compositions as well as activity are known
in tumour progression, where dynamic changes in the ECM in-
fluences inflammation and angiogenesis in the tumor microenvi-
ronment, promoting tumor growth [29]. Similar effects have been
observed with the ECM during cardiovascular disease, where the
balance between inflammation and angiogenesis is shifted [28].

5. Conclusions

A collagen sphere-in-hydrogel system has been developed and
optimized for the delivery of IL-6 siRNA (from the hydrogel phase)
to modulate inflammation and eNOS pDNA (from the microsphere
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phase) to increase angiogenesis in an in vivo subcutaneous model.
Dual delivery of the optimal IL-6 siRNA and eNOS pDNA doses
through the collagen sphere-in-hydrogel system resulted in a
reduction in the infiltration of inflammatory cells and an increase in
blood vessels at 7 and 14 days. Protein expression analysis revealed
an overall reduction in the expression of inflammatory cytokines
and an increase in the expression of angiogenic factors. Raman
microspectroscopy displayed a change in the ECM of the treated
tissue, particularly with regard to bands associated with GAG
content and sulfation. Analysis of the total sGAG content and ratio
of CS:HS following treatment revealed no changes between groups
at both 7 and 14 days. However, further investigation showed a
change in the binding capacity of tissue-extracted sGAG to growth
factors VEGF165 and bFGF, which was in line with the increase in
blood vessels observed following treatment with eNOS pDNA,
whether with or without co-delivery of IL-6 siRNA.
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