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Development of wound healing scaffolds with precisely-
triggered sequential release of therapeutic nanoparticles

This article describes the development of novel
collagen-based tissue engineering scaffolds that have been
functionalized with on-demand delivery system capable

of releasing nanoparticles in response to ultrasound to
coordinate regeneration.
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Natural bioactive cue profiles are generally transient with cues switching on/off to coordinate successful
outcomes. Dysregulation of these sequences typically leads to disease. Successful wound healing, for
example, should progress sequentially through hemostasis, inflammation, granulation tissue formation,
and maturation. Chronic wounds, such as diabetic foot ulcers, suffer from uncoordinated signaling, and
arrest and cycle between the inflammation and granulation stages. Traditionally, therapeutic delivery in
tissue engineering has focused on sustaining delivery of key signaling factors; however, temporal and
sequential delivery have increasingly come into focus. To fully take advantage of these signaling systems,
a scaffold or matrix material that can house the delivery system is desirable. In this work, we functionalized
a collagen-based scaffold — which has proven regenerative potential in wounds — with on-demand deliv-
ery of nanoparticles. Building on our previous work with ultrasound-responsive alginate that shows near-
zero baseline release and a rapid release in response to an ultrasound trigger, we developed two novel
scaffolds. In the first version, homogeneously-distributed microparticles of alginate were incorporated
within the collagen-glycosaminoglycan (GAG) scaffold; ultrasound-triggered release of platelet derived
growth factor (PDGF) loaded gold nanoparticles was demonstrated; and their maintained bioactivity
confirmed. In the second version, pockets of alginate that can be individually loaded and triggered with
ultrasound, were incorporated. The ability to sequentially release multiple therapeutics within these
scaffolds using ultrasound was successfully confirmed. These platforms offer a precise and versatile way
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attributed to its overabundance of vascular endothelial growth

Introduction
factor (VEGF) signaling." By contrast, it has been shown that a

The majority of biological processes follow carefully sequenced
steps or stages (e.g., protein synthesis, wound repair, fracture
healing) and have timed signals that co-ordinate these
sequences. When these sequences are dysregulated, pathology
generally ensues. For example, tumor vasculature is associated
with tortuous, disorganized vessels, and leakiness; this is
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strategy for blood vessel growth that delivers VEGF protein fol-
lowed by a delayed delivery of platelet derived growth factor
(PDGF) resulted in a more mature and developed structure
versus either factor alone.>® Another example is the persistent
inflammation observed at chronic wound sites. The normal
healing sequence is an early presence of pro-inflammatory
‘M1’ polarized macrophages and their subsequent reduction
followed by a predominant presence of pro-repair ‘M2’ polar-
ized macrophages;*® this progression does not occur in
chronic wounds. Successful wound healing is carefully
sequenced: (I) hemostasis - blood clot formation; (II) inflam-
mation - cells fight infection and remove debris; (III) granula-
tion - fibroblasts lay down immature matrix and provide sig-
naling to initiate epidermal regeneration and angiogenesis;
(IV) remodeling - the matrix is matured. Chronic wounds,
such as diabetic foot ulcers (DFUs), fail to progress through
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this sequence. DFUs are complex skin wounds prevalent in
13% of American diabetics (6.3% globally) and an estimated
25% of all diabetics will suffer from a DFU in their lifetime.*’
These wounds are refractory to most treatments and, if they
remain chronic, they have the devastating consequence of
lower-leg amputation; globally, an amputation occurs every 30
seconds.® There are a diverse number of factors that contribute
to the poor healing of DFUSs, including vascular impairment,
neuropathy, dysregulated inflammation, impaired growth
factor production, and sub-optimal extracellular matrix depo-
sition. The collective result is that DFUs have ineffective, unco-
ordinated signaling and fail to progress through the normal
wound healing cycle.’

These carefully sequenced biological events have motivated
the investigation of drug delivery systems that move away from
the traditional goal of sustained delivery,"® and instead focus
on sequential delivery to compliment natural sequences or
direct the correct sequence."*> On-demand delivery techno-
logies are predicated on the fact that a change to the local
drug delivery carrier can be triggered by an external signal
(e.g., light, ultrasound, magnetic field), which consequentially
adjusts the drug release rate.'®'> One of the earliest examples
of an on-demand drug delivery system utilized ultrasound to
destruct polymeric drug carriers to accelerate the release of
drug payload."® Inspired by this work and work on sonophor-
esis' (whereby ultrasound reversibly enhances absorption
through the skin), we previously developed an ultrasound-
responsive alginate hydrogel for the on-demand delivery of
small molecules, proteins, and nanoparticles.">'® In response
to ultrasound, the release rate of small molecules - which have
baseline diffusion from alginate - accelerates ~10-fold; due to
the self-healing property of the ultrasound responsive alginate,
when the ultrasound is stopped the release returns to baseline
levels."> The effectiveness of this system was demonstrated
both in vitro and in vivo for the delivery of a chemotherapeutic
drug in a breast cancer model."> Incorporation of nano-
particles into the alginate - with sizes larger than the alginate
pores (~10 nm) - further enhances control. As they are phys-
ically entrapped in the alginate hydrogel, baseline release is
near-zero. These nanoparticles are then only released in
response to ultrasound, with up to 5,000-fold increase in
release rate demonstrated with ultrasound on versus off.'®
These systems allow for the precise delivery of particles that
can be repeatedly dosed and due to the self-healing of the
hydrogel, this system switches release off again in the absence
of ultrasound. In modulating this system for complex tissue
engineering cases, it will be most effective when used in con-
junction with a tissue engineering scaffold.

A therapeutic strategy to stimulate healing at precise time-
points will be a key advantage; however, this still does not
address two keys challenges in tissue engineering: maintaining
the space (i.e., preventing contraction or scar formation) where
the regeneration is to occur, and providing the right extracellu-
lar environment. One of the earliest tissue engineering
scaffolds - a porous collagen-glycosaminoglycan (CG) scaffold
- disrupts scar formation and provides a template that fills the
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space to be regenerated, facilitating cell attachment and gene-
ration of new tissue."” Many additional attempts to enhance
wound healing have been explored since, including efforts to
improve keratinization, such as an electrospun scaffold that
mimics rete ridges to enhance epithelialization;'® and donor
tissue derived scaffolds, such as human amniotic membrane
that promoted fibroblast growth and epithelialization."”® A
near-identical device to the original CG scaffold was approved
in 2016 by the FDA for diabetic foot ulcers (Integra’s
Omnigraft®) and other clinically-approved DFU treatments
(e.g., Apligraf®) have collagen ECM as key precursor materials.
Despite the proven regenerative potential of these scaffolds, to
expedite healing or, in particular, to enhance healing in chal-
lenging wounds (e.g., diabetic foot ulcers), instructing the host
cells to step through the sequential phases of wound healing
will be of great benefit. Clinical trials with Omnigraft® showed
successful wound closure in 50% of patients.?® This highlights
its potential for healing DFUs; but also, the need for further
functionalization to enhance healing. The previous demon-
stration of CG scaffolds as successful templates in skin wound
healing motivates their use as a core regenerative scaffold. In
broadening the applicability of the system, collagen-based
scaffolds are additionally promising, as they have been
adapted for a range of applications (e.g., bone,*' cartilage,**
tendon,*® nerve®*). Additionally, collagen-based scaffolds have
functionalized ~ for  sustained  drug  delivery.*™®
Functionalizing these scaffolds with on-demand therapeutic
delivery that orchestrates wound closure would provide an
exciting new technical capability to tackle complex wounds.

In this work, we developed two different generations of on-
demand delivery scaffolds (see Fig. 1). In the first, we have
functionalized CG scaffolds with the ability to have homoge-
neously distributed on-demand microparticles throughout the
scaffold, and confirmed the ability to release bioactive par-
ticles. To further enhance the functionality of this system, in
the second generation, we incorporated individual pockets
within the CG scaffold. These pockets can be individually trig-
gered by ultrasound and stimulated to release nanoparticles
sequentially from pockets. By developing this modular plat-
form, it can be readily adapted to deliver a range of regenera-
tive nanoparticles to mimic the body’s natural repair pro-
cesses, and the CG scaffold can also be separately modified to
diversify the applicability of this system for other applications.

Results and discussion

Development of a CG scaffold with homogeneously distributed
ultrasound-responsive microparticles

To develop the first generation of our on-demand scaffold
system, we mimicked previously published protocols for homo-
geneous distribution of microparticles in collagen-based
scaffolds (e.g., ref. 26 and 25). First, model gold nanoparticles
were generated following standard citrate reduction methods
and coated with thiolated PEG to enhance stability. These par-
ticles were mixed with alginate and electrohydrodynamically
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Fig. 1 Collagen-glycosaminoglycan scaffolds functionalized with on-demand nanoparticle delivery. (A) Microparticles of alginate capable of releas-
ing nanoparticles in response to ultrasound are homogeneously distributed within a collagen-GAG (CG) scaffold. (B) In a second generation, alginate
is incorporated in discrete pockets within the CG scaffold that can be individually loaded with different nanoparticles and triggered to release them
at distinct timepoints. (C) Schematic of release profile in response to ultrasound.

sprayed to generate microparticles. Next, we modified standard and rapidly mixed using luer lock syringes. The slurry and
fabrication techniques for CG scaffolds by adding an microparticles were then cast in stainless steel molds and pro-
additional step to incorporate the microparticles, prior to cessed in a freeze-dryer. Macroscopically, the resultant
freeze drying (see ESI Fig. 11). Following formation of the stan- scaffolds had the standardly observed porous collagen archi-
dard collagen-GAG slurry, an additional 20% volume was tecture; however, red/wine spheres (indicative of gold nano-
added containing the ultrasound-responsive microparticles particle loaded alginate microparticles; see Fig. 2A) were
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Fig. 2 Collagen-glycosaminoglycan scaffolds with homogeneously distributed on-demand delivery microparticles. (A) Photograph of wet and dry
scaffolds following fabrication reveals the microbeads of alginate loaded with gold nanoparticles (which color the microparticles red/wine). (B) SEM
imaging reveals a consistent pore structure between the scaffolds. Alginate microparticles can be identified within the scaffold. (C) Following cross-
linking with UV, DHT, or EDAC, scaffolds had very low baseline diffusion. Treating the scaffolds with ultrasound (3 x 5 min, 25% amplitude, once per
hour) resulted in a rapid release of nanoparticles (n = 3—4; error bars represent mean + SEM; Student's t-test, *p < 0.05).
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clearly visible and distributed throughout the scaffold. On
SEM imaging, the porous architecture of the collagen scaffold
was not disturbed when compared with control. Distributed
within the pores were regions where alginate could be identi-
fied (see Fig. 2B).

Prior to ultrasound treatment, we screened three different
crosslinking strategies for the CG scaffolds (in order of low to
high crosslinking): ultraviolet,>® dehydrothermal treatment,
and EDAC crosslinking.>® FTIR analysis confirmed amide
bond formation for each of the crosslinking techniques and
revealed no detectable differences in between samples irre-
spective of crosslinking method or inclusion of alginate micro-
particles (ESI Fig. 2t). These scaffolds were each treated with
ultrasound (3 x 5 min, 25% amplitude, once per hour) and the
release profile measured (see Fig. 2C). Whereas diffusion-
release is negligible or zero, application of ultrasound success-
fully stimulated release of particles up to approximately 35%.
Interestingly, we observed that as the collagen crosslinking
was enhanced, there was a decrease in the quantity released in
response to ultrasound. This was unexpected as the alginate
microparticles should not be directly affected by the cross-
linking; this crosslinking is designed to act on the collagen
scaffold. Although there is previous evidence of a slight pore
size reduction following EDAC crosslinking,*® given the large
pore size (>100 pm) relative to the nanoparticles used
(~50 nm), this is expected to have only a minor effect on
release; instead it is possible that reinforcing the collagen
confers a protection on the alginate microparticles.

To assess whether the CG scaffolds alone could be used as
an on-demand system, gold nanoparticles were directly incor-
porated into the CG slurry and freeze-dried. These scaffolds
released negligible amounts of nanoparticles over the course
of days, which suggested that the gold nanoparticles would
only release in response to degradation of the scaffold. By
applying ultrasound to UV-crosslinked scaffolds, a robust
release of nanoparticles was observed (see ESI Fig. 2bft);
however, this was associated with breakdown of the UV-cross-
linked scaffold (see ESI Fig. 2ct). Interestingly, when EDAC
crosslinked scaffolds with gold nanoparticles directly incorpor-
ated within them were treated with ultrasound, release of gold
nanoparticles was observed. Thus, direct incorporation of gold
nanoparticles into the CG scaffold may be an alternative
approach that could be considered. Further work is required to
confirm whether bioactive nanoparticles can be successfully
incorporated and released using this approach.

For the alginate microparticle-loaded scaffolds, it was also
noted that as collagen crosslinking was decreased, the
scaffolds began to break up, with the UV scaffolds almost com-
pletely broken up by the ultrasound. These results conflict
with what the project is aiming to design, ie., a high ultra-
sound release quantity with minimal degradation to collagen.
To overcome this, in a second iteration of this homogeneously
distributed scaffold, the two aspects of the device were separ-
ated into two layers, resulting in a bilayered scaffold design
(see Fig. 3). In this bilayered scaffold design, the lower ‘regen-
erative layer’ is EDAC cross-linked and then, using a combi-
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Fig. 3 Bilayered collagen-glycosaminoglycan scaffolds with a regen-
erative layer and a sacrificial therapeutic delivery layer. (A) Schematic
overview of scaffold. (B) Photograph of scaffolds following fabrication
reveals the individual layers and microbeads of alginate loaded with gold
nanoparticles within the sacrificial layer. (C) Following crosslinking
(EDAC in the regenerative layer, followed by UV when the sacrificial layer
was added), no observable diffusion was recorded. Nanoparticles were
successfully released in response to ultrasound (3 X 5 min, 25% ampli-
tude, once per hour; n = 3; error bars represent mean + SEM; Student’s
t-test, *p < 0.05).

nation of manufacturing techniques previously described?'*?

and the above fabrication processes, a second layer - the sacri-
ficial drug delivery layer — is added on top. These scaffolds
were successfully fabricated and the ability to release model
nanoparticles from these scaffolds using ultrasound was suc-
cessfully confirmed (see Fig. 3).

On-demand release of PDGF-functionalized gold nanoparticles
from CG scaffolds

The monolayer and bilayer scaffold offer two options for on-
demand release from homogeneously distributed microparti-
cles within CG scaffolds. To confirm that this system could be
used with a bioactive particle, we developed platelet derived
growth factor (PDGF) coated gold nanoparticles. The applica-
bility of PDGF for wound healing is evidenced by its previous
clinical use for diabetic foot ulcers.? It is of additional interest
in on-demand delivery systems as it is known to mature blood
vessels, particularly when it is delivered at the right time.>?3
A range of strategies have been tested for attaching proteins
to gold nanoparticles, with the simplest strategy taking advan-
tage of cysteine residues in proteins forming thiol bonds with
the gold surface.'®* Where stability is an issue, a hybrid
method has been attempted, that covers some of the surface
with PEG and leaves some available for protein attachment.?®
Alternatively, double thiol PEG can be coated on the gold
nanoparticles, leaving available thiol groups to attach to the
PDGF. We evaluated all three strategies, and measured the
increase in hydrodynamic size of the particles, colloidal stabi-
lity, and association efficiency of the PDGF (see Fig. 4). The
PEG coatings added an additional 10-20 nm onto the hydro-
dynamic radius, with the PDGF only increasing the mPEG
coated samples by a small amount (<10 nm) but the
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Fig. 4 Development, release, and bioactivity testing of PDGF-conjugated gold nanoparticles. (A) Change in hydrodynamic size of gold nano-
particles (AuNPs) following PEGylation and PDGF conjugation. AuNPs were incubated with different species of PEG (either mPEG, thiol-PEG-thiol, or
50:50 mix thereof) before being conjugated to PDGF. Changes in hydrodynamic size (hm) at each step were measured using a zetasizer. (B)
Following conjugation reactions with PDGF, the supernatants and washes were assayed and the percentage of PDGF bound to AuNPs calculated
subtractively (n = 3; error bars represent mean + SEM). (C) Images of nanoparticles pre- and post-PDGF conjugation. The mPEG-SH group was most
stable and selected for bioactivity studies. (D) hMSCs from different donors were incubated with PDGF, PDGF-AuNPs (AuNP) or PDGF-AuNPs
released by ultrasound from alginate microspheres (Alginate_AuNP_US). (E) BJ fibroblasts were incubated with PDGF or PDGF-AuNPs released by
ultrasound (US) from either alginate microspheres (ES Alginate_AuNP) or CG scaffolds (either single or bilayered). For (D) and (E), treatments were
added at an effective PDGF concentration of 100 ng ml™* for 24—48 hours and cellular DNA measured by PicoGreen. Data is presented as the fold
increase in DNA content over untreated controls (broken horizontal line at y = 1) (n = 3—4; error bars represent mean + SEM; 2-way ANOVA with
Bonferonni post-hoc, *p < 0.05, **p < 0.01).

SH-PEG-SH samples dramatically (~100 nm). When no PEG scaffold groups outperforming negative controls, and match-
was added to the nanoparticles, however, they were colloidally ing the PDGF positive control (see Fig. 4E). This data success-
unstable and precipitated to the bottom of the microcentrifuge fully demonstrated the ability to trigger release of bioactive
tubes following washing steps (see Fig. 4C). In contrast, the particles from within a regenerative collagen-based scaffold.
mPEG-SH/PDGF combination appeared to be the most stable However, the homogeneous distribution of particles does not
and these were brought forward for further testing. The PDGF  allow for individual triggering of therapeutics. This motivated
association efficiency — determined by subtractive ELISA — was the development of a second scaffold, with discrete alginate
approximately the same (~34%) for all three types of PEG com- pockets that could be individually filled and triggered with
binations; however, the recorded variation was very large. ultrasound. Additionally, for the homogeneously distributed
Thus, we additionally directly estimated the association scaffold, all regions of the scaffold are required to be targeted
efficiency for mPEG-SH/PDGF nanoparticles by SDS-PAGE/ by ultrasound, which can have adverse effects on cell viability
silver staining and the association efficiency was determined and/or attachment. To test this, we applied ultrasound
to range between 38-71% (see ESI 3%). To bring forward the diffusely to scaffolds seeded with fibroblasts and measured
PDGF particles to bioactivity studies, from these two datasets, cell content (see ESI Fig. 41). Cell numbers in these scaffolds
we estimated a value of 50% PDGF binding efficiency. were reduced by up to 55% after three cycles of ultrasound.

The bioactivity of these nanoparticles was then confirmed Although this is not desireable, the full deleterious effect of
by incubating them with hMSCs and demonstrating enhanced ultrasound needs to be assessed in vivo as the distribution of
proliferation per previous studies in our lab (ref. 37; see the ultrasound signal is different in a more homogeneous
Fig. 4D). These studies confirmed that the coated AuNP - both environment, especially as the pores fill with regenerated
freshly made, and following encapsulation and release from tissue (cells were only seeded for three days prior to ultrasound
the microparticles - demonstrate a bioactive effect, consistent in these experiments and are unlikely to have generated
with previous work for BMP-2 coated nanoparticles in the sufficient extracellular matrix to be embedded within).
system.'®

To complete the development of the scaffold, we then incor-
porated these nanoparticles within our monolayer (EDAC
crosslinked) and bilayered scaffolds, and stimulated them with  First, we designed stainless steel molds with posts on the base
ultrasound. The maintained bioactivity of these scaffolds was that protrude into the collagen slurry to yield a hollow pocket
confirmed by incubating released nanoparticles with fibroblast after the freeze-drying process (see Fig. 5). These scaffolds
cells (key cells in wound healing), with the single and bilayered were crosslinked with DHT followed by EDAC. Next, we went

Development of a CG scaffold with individual pockets that can
be triggered to release nanoparticles on demand

4282 | Biomater. Sci,, 2021, 9, 4278-4288 This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Development and testing of collagen-GAG scaffolds with ultrasound-responsive alginate pockets. (A) Photographs of mold and resultant
collagen-GAG scaffold following freeze-drying. (B) Collagen-GAG scaffold pre- (left) and post-crosslinking and alginate loading (right). Alginate
loaded with gold nanoparticles (AuNP) has a red/wine color; alginate loaded with iron oxide nanoparticles has a grey/brown color. (C) Sequential
release profiles from two-pocket scaffold with the AUNP pocket triggered first (left bars) or FeNP pocket triggered first (right bar). Release of FeNP
during AuNP triggering was not significantly different to diffusion release. Following AuNP triggering, the FeNP were then successfully released by
targeting the FeNP alginate pocket (n = 3—4; error bars represent mean + SEM; one-way ANOVA (AuNP groups and FeNP groups compared individu-
ally) with Bonferonni post-hoc of all groups versus diffusion release only, *p < 0.05). (D) Bilayered scaffolds were placed under the skin of an ex vivo
chicken thigh and triggered with ultrasound (left scaffold) or left untreated (right scaffold). (E) 4-Pocket collagen-GAG scaffold pre- (left) and post-
crosslinking and alginate loading (right) with individual pockets loaded with alginate containing AuNP or FeNP. (F) and (G) Sequential release profiles
from 4-pocket scaffolds with pockets (F) 2.5 mm deep, or (G) 3.5 mm deep. AuNP pockets were sequentially triggered ('AuNP Pckt 1, 2 US’) — with
non-significant changes in FeNP release ('FeNP (during AuNP Pckt 1, 2 US)’) versus diffusion controls — followed by ultrasound triggering of FeNP
pockets (‘FeNP Pckt 1, 2 US (after AUNP US)’) (n = 3—4; error bars represent mean + SEM; one-way ANOVA (AuNP groups and FeNP groups compared

individually) with Bonferonni post-hoc of all groups versus diffusion release only, *p < 0.05). Scale bar on (A), (B), (D) and (E) represents 10 mm.

through a series of iterations to identify a suitable injectable
alginate formulation that could fill and remain within the
scaffold pockets, without spreading into the surrounding parts
of the scaffold (see ESI 5t). A two pocket and four pocket
version of the scaffold was successfully fabricated and the
pockets filled with alginate loaded with PEGylated gold nano-
particles (AuNP) or PEGylated iron nanoparticles (FeNP).
Following successful fabrication of these scaffolds, baseline
diffusion from the scaffolds remained low (<20%).

Beginning with the two-pocket scaffold (see Fig. 5C), the
gold nanoparticles showed robust release in response to ultra-
sound treatment directed at that pocket (AuNP US). When
compared with the diffusion release (FeNP diffusion), only a
small additional amount of iron nanoparticles were released
while the gold nanoparticle pocket was being stimulated
(‘FeNP (during AuNP US)). However, when ultrasound was
directed at the iron nanoparticle pocket, a robust response to
ultrasound was observed (‘FeNP (after AuNP US)’). The release
value matched the value for when the iron nanoparticle pocket
was struck first (‘FeNP US (before AuNP US)’).

Next, picoGreen was used to assess fibroblast cell numbers
with or without ultrasound in these scaffolds, when the ultra-
sound trigger is directed at the alginate pocket only. Whereas
the homogeneously distributed ultrasound signal reduced cell
number, when the signal was directed at the pocket alone - in
the same manner as in the release studies — no reduction in
cell numbers was observed for up to three cycles (Fig. 5D and
ESI Fig. 41). To further assess whether this device is capable of
translation in vivo, an ex vivo release experiment was con-

This journal is © The Royal Society of Chemistry 2021

ducted using chicken thighs as previously described.*® When
the devices were placed under chicken skin and stimulated
with ultrasound, there was a visual loss of color compared to
the diffusion-only scaffold (indicating nanoparticle release),
and some staining apparent in the scaffold area surrounding
the pockets. To understand whether multiple pockets can be
sequentially triggered, we next tested the release profile from a
four-pocket scaffold, one with pockets 2.5 mm deep (Fig. 5F),
and one with pockets 3.5 mm deep (Fig. 5G). For both
scaffolds, both gold pockets released individually in response
to ultrasound (‘AuNP Pckt 1, 2 US’). During stimulation of the
gold pockets, a small amount is released from the iron
pockets, but this is consistent with the amount released from
the diffusion-only control scaffolds (separate, non-stimulated
scaffolds). Similar to the two-pocket scaffold, both iron nano-
particle pockets released sequentially in response to ultra-
sound stimulation.

This work develops two novel scaffolds and lays the foun-
dation for in vivo studies that will first confirm the full thera-
peutic potential of the device, and secondly, enable the ability
to explore the effect of therapeutic delivery timing - and
sequential therapeutic delivery timing — on wound healing pro-
cesses. In future work, the ability to release these nano-
particles in vivo and for them to have a therapeutic effect will
be explored. Previous authors have successfully demonstrated
the ability to stimulate release of therapeutics from within
scaffolds using acoustic energy by making the drug carriers
susceptible to different ultrasound levels.*® Their system
yielded a steady release from the embedded capsules over
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several days following triggering, which is desirable for certain
applications. The devices described here show a more abrupt
release profile, which offers the advantage of having a precise
timepoint as a tool to probe the timing of therapeutic delivery
and their effect on biological processes. Future work will also
refine the size and distribution of scaffold pockets and focus-
ing of the ultrasound to ensure that sufficient nanoparticle
dosing is delivered throughout the scaffold.

Conclusions

Herein, we successfully developed novel platform technologies
for precisely-timed delivery of therapeutic nanoparticles. In
the first system, where a single payload - or a single triggering
event - is all that is required, fabrication of a collagen-GAG
scaffold with homogeneously distributed microparticles was
developed. The ability to incorporate and release bioactive
nanoparticles on-demand from this system was then demon-
strated. In the second system, discretized pockets within the
scaffold can be individually triggered to release their payload
on-demand, which allows for precise, sequential delivery of
therapeutics within a scaffold. These tools show great promise
for interrogating the optimum profile for carefully sequenced
delivery of therapeutics to wound sites, and bring us closer to
mimicking the exquisite temporal control observed in natural
processes.

Materials and methods
AuNP synthesis, PEGylation, and PDGF coating

Core AuNPs were formed using standard citrate methods.?”
400 mL of 98.5 mg mL™" gold(m) chloride trihydrate (Sigma
Aldrich, St Louis, MO) was stirred on a hotplate. 10 mL of a
sodium citrate (Sigma Aldrich) solution (7.5 mg mL™") was
rapidly added, leading to the formation of AuNPs of roughly
30 nm diameter. The solution was allowed to cool to room
temperature before proceeding.

For PEGylation, 1 mM solution of methoxy-polyethylene
glycol-thiol (mPEG-SH) and thiol-polyethylene glycol-thiol
SH-PEG-SH (both MW = 5000 Da; Jenkem Technologies) was
prepared and sterile filtered. Core AuNPs were sterile filtered
(Steriflips) and mPEG-SH or SH-PEG-SH solution was added
dropwise with stirring. PEGs were added at a ratio of 2.5 PEG
ligands per nm”> of AuNPs; mPEG-SH, SH-PEG-SH, or a
50 : 50 mixture of the two were added to AuNPs. Samples were
agitated overnight at room temperature on an orbital shaker.

For PDGF coating, AuNP-PEG were aliquoted into 15 ml
tubes and sterile filtered trehalose (Sigma T9449) solution
(final concentration 100 mg mL™") was added. Recombinant
human PDGF (1.61 ng ml™"; rh220BB R&D) was added drop-
wise to a mix of AuUNP-PEG/trehalose at a ratio of 1 ng PDGF
per pg of AuNP-PEG, similar to previous authors.>® The
mixture was agitated overnight at room temperature on an
orbital shaker. Particles were characterized followed by cen-
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trifugation (13 000 rcf) to remove excess unbound PDGF and
trehalose and washed with DI water 3 times. Supernatant and
pooled washes were saved for analysis by ELISA. Washed nano-
particles were redispersed in sterile water for cell assays and
silver staining. AuNPs with or without PEG and PDGF coating
were characterised using a Zetasizer (Malvern).

PDGF quantification on nanoparticles using ELISA

Supernatants and pooled washes from PDGF conjugation reac-
tions (see Methods section above) were analysed by enzyme
linked immunosorbent assay (ELISA) to quantify the amount
of unbound PDGF according to kit manufacturer’s instructions
(DY220, R&D systems). Direct quantification of PDGF bound to
nanoparticles by ELISA did not yield reliable results as the
nanoparticles could not be immobilized in ELISA plates for
the assay. The amount of PDGF bound to nanoparticles was
therefore deduced by a subtractive method (i.e., by analyzing
washes and supernatant). Quantification by silver stain is
described in ESI 2.}

Electrohydrodynamic spraying of alginate and incorporation of
PDGF-AuNPs into electrosprayed alginate beads

Low molecular weight (LMW; Sigma Aldrich, Germany) and
high molecular weight (HMW; (Pronova)) sodium alginate
powder were dissolved in phosphate buffered saline (PBS) to
form final concentration stock solutions of 2.5% and 2.0%
respectively. These solutions were mixed with PDGF conju-
gated AuNPs 10 times in luer lock connected syringes to
obtain a final 1% LMW:0.25%HMW alginate. The mixture was
then sterile electrohydrodynamically sprayed at 250 pL min "
with a 22G needle @18 kV into 100 mM CacCl, and crosslinked
for 30 min. PDGF-AuNPs incorporated alginate microparticles
thus obtained were washed with sterile water and stored in
PBS (with Ca®" ions) until used.

Fabrication of collagen-glycosaminoglycan scaffolds with
microbeads

Collagen-GAG (CG) was prepared as previously described.***°

Briefly, microfibrillar type I bovine tendon collagen (Collagen
Solutions Inc., Glasgow, UK) was blended with chondroitin-6-
sulfate, isolated from shark cartilage (Sigma-Aldrich,
Germany) in 0.05 M acetic acid. To prepare single layer algi-
nate-PDGF-AuNP doped scaffolds, 4 parts CG slurry with 1 part
alginate microparticles (with PDGF-AuNPs) was mixed using
luer lock syringes and freeze dried (see ESI Fig. 1}). The sus-
pension was cast in stainless steel molds and frozen to a final
temperature of —10 °C, which was constantly maintained for
60 min, and then sublimated under vacuum (100 mTorr) at
0 °C for 17 h.***® Cylindrical scaffolds were crosslinked by UV
cross-linked @ 365 nm for 15 min; dehydrothermal treatment
(DHT) using a vacuum oven (Vacucell, MMM Group, Munich,
Germany) at 0.05 bar and 105 °C over 24 h; or chemically cross-
linked (following DHT) wusing 1-ethyl-2-(3-dimethyl-
aminopropyl) carbodiimide (EDAC) in combination with
N-hydroxysuccinimide (NHS) as previously described. A
PerkinElmer Spectrum 100 was used for collecting attenuated
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total reflectance Fourier transform infrared (ATR-FTIR) spectra
in the spectral region of 650-4000 cm™". To prepare collagen-
gold nanoparticle scaffolds (without alginate beads), pegylated
gold nanoparticles were added directly into the collagen-GAG
slurry at the equivalent concentration to those incorporated in
the alginate microbeads, in 1 part the volume in diH,O to 4
parts collagen slurry.

To prepare bilayer scaffolds, the aforementioned procedure
was first completed (without the addition of microbeads). These
standard, EDAC crosslinked CG scaffolds served as base layers
for preparing bilayered scaffolds. Next, 0.025 M acetic acid was
added to the base layers spread in stainless steel molds. Excess
acetic acid was removed and second layer of slurry (containing
alginate microbeads) was added. This second (sacrificial) layer
was prepared by mixing 3 parts standard CG slurry with 1 part
alginate microparticles. Scaffolds were freeze dried as standard
and UV cross-linked @ 365 nm for 15 min.

Ultrasound (US) treatment of Alginate-PDGF-AuNP
microparticles and cell proliferation assays

In order to demonstrate their bioactivity, PDGF-AuNPs
entrapped within alginate microparticles were released by
application of US. PDGF-AuNPs-Alginate microparticles either
alone or when incorporated within CG scaffolds (both single
and bilayer) were suspended in 4.5 ml cell culture medium in
15 ml tubes. Ultrasound (Vibra-cell VCX 130 with 3 mm dia-
meter probe, Sonics & Materials Inc., Newtown, USA) at an
amplitude of 25% for 5 min was applied to PDGF-AuNPs-
Alginate microparticles and was sufficient to fully release
PDGF-AuNPs. For PDGF-AuNPs-Alginate microparticles incor-
porated within CG scaffolds, two US treatments were carried
out: 25% amplitude for 5 min and 30% for 2.5 min to fully
release the PDGF-AuNPs. Released PDGF-AuNPs from alginate
were filtered through tissue mesh or sieves to remove alginate/
CG debris. Alternatively, post-US mixture was centrifuged at
1200 rpm for 5 min and supernatants were collected for
in vitro cell proliferation assays.

Human mesenchymal stromal cells (hMSC; p4-p6) (n = 3
different donors) were isolated from bone marrow aspirates
obtained from the iliac crest of normal human donors 20-30
years old (Lonza Biologics PLC) or human BJ fibroblasts (p14-
p20; gift from Garlick lab, Tufts university, Boston) were
seeded in 24-well plates (20000 cells per well). Treatments
were applied two days after seeding in 300 pl per well for
24-48 hours. PDGF controls and PDGF-AuNPs released by US
application were applied at an effective concentration of 100
ng ml™'. In order to determine cell proliferation at each time
point, treatments were removed and cells washed with warm
PBS followed by cell lysis (sodium carbonate/Triton-X 100 lysis
buffer). Cellular DNA content was quantified with Quant-iT
PicoGreen dsDNA assay (Thermo Fisher Scientific,
Biosciences, Ireland) according to manufacturer’s instructions.

Formation of pocketed scaffolds

As described above for the monolayer scaffolds, a standard CG
slurry was prepared, cast in modified molds, freeze-dried and
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crosslinked (DHT and EDAC). Next, the injectable alginate was
prepared. 600 pL and 675 pL of HMW and LMW alginate
stocks (8% w/v and 3% w/v, respectively) were loaded into a
3 mL luer-lock syringe. 375 pL of the AuNP stock (1.43 mg
ml ") was pipetted into the same 3 mL luer-lock syringe. 75 pL
of deionised water and 75 pL of 1.2 M Calcium Sulphate solu-
tion was added to a second 3 mL luer-lock syringe. Syringes
were connected by luer locks and mixed. The final solution
had concentrations of 3% LMW and 1% HMW alginate,
50 mM of Calcium Sulphate and 297.9 pg ml™' of AuNP.
PEGylated Iron oxide nanoparticles (FeNP, Sigma Aldrich,
St Louis, MO) were similarly mixed, and had a final concen-
tration of 175 pg m1~" of FeNP. Note that PEGylated iron nano-
particles were used here as an additional model nanoparticle
that could be independently measured, not for their magnetic
properties.

Ultrasound release from pocketed scaffolds

Ultrasound release studies were performed in six-well plates
with a sponge material placed on the base of each well. A two
or four pocket collagen-GAG scaffold that had been both phys-
ically and chemically crosslinked was then pinned at diagonal
corners to the base sponge material in each well (see ESI
Fig. 41). In this study, the two-pocket scaffold had a pocket dia-
meter and depth of 6 mm and 2.5 mm respectively whilst the
four-pocket scaffolds pockets had a diameter of 4 mm and
depths of either 2.5 mm or 3.5 mm. The AuNP and FeNP
loaded hydrogels that were freshly mixed, were then injected
into each pocket until the pocket was full, and allowed to com-
plete crosslinking for 40 minutes prior to the beginning of the
release study. After 40 minutes had elapsed, 3 mL or 3.5 mL of
PBS at room temperature was added to the well with to com-
pletely submerge the pocket scaffold. The tip of the ultrasound
probe (Vibra-cell VCX 130 with 3 mm diameter probe) was
then submerged into the PBS in alignment with one of the
pockets on the scaffold whilst ensuring that the distance
between the tip of the ultrasound probe and the pocket on the
scaffold was at least 3 mm (see ESI Fig. 47).

Each pocket was subjected to an ultrasound intensity of
25% for 2.5 minutes. The full 3 mL of PBS was withdrawn
from the well between each ultrasound cycle and placed into a
5 mL tube before a fresh 3 mL of PBS was then added before
commencing the next cycle. Control, diffusion samples were
separate from the ultrasound samples, and run in parallel.

The standard curve for each nanoparticle was determined
by doing serial dilutions of the stock solution of both the
AuNPs, which had a concentration of 1.43 mg ml™", and the
FeNPs, which had a concentration of 1 mg ml™". An iron col-
orimetric assay kit (Sigma Aldrich) was used to determine the
amount of FeNPs released during the ultrasound release study.
100 pL samples were taken from each ultrasound release point
in triplicate and added to a 96 clear well plate along with the
serial dilutions of the stock solution and a control PBS
sample. A spectrophotometer was used to measure the absor-
bance of the samples at a wavelength of 288 nm and 518 nm
for the FeNPs and AuNPs respectively and these values were
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related to the appropriate standard curve to determine the
amount of the nanoparticles that been released during the
ultrasound application.

Similar to methods described previously®' scaffolds were
placed under the skin of chicken thighs, from chicken carcass
(Dunnes Stores, Ireland). Ultrasonic coupling gel was used to
couple the US transducer to the skin and individual pockets of
the scaffold were stimulated will ultrasound twice each.

Effect of ultrasound on cell numbers in scaffolds

BJ cells were seeded on the scaffolds at a density of 2000 cell
per mm® and incubated for 30 min. To mimic ultrasound
application in the homogeneous on-demand delivery scaffolds,
scaffolds were incubated in 2 mL media for 3 days prior to
ultrasound. For the pocketed scaffolds, agarose was added to
the bottom of the wells to fix pocketed scaffolds in place prior
to seeding. Empty alginate, with no therapeutic was incorpor-
ated in the pockets. Agarose was added on the sides of the
scaffold to maintain it in place. After addition of 4.5 mL
media, scaffolds were left to proliferate for 3 days. Ultrasound
was applied as per release experiments, i.e., in 5.5 ml media in
conical tubes for 5 min 25% amplitude in a conical tube where
the scaffold is free to move; or directed at the alginate pockets
for the pocketed scaffold. Cells were lysed using a solution of
0.2 M sodium carbonate and 1% Triton X. DNA quantity was
evaluated immediately afterwards by PicoGreen (Quantlt
PicoGreen, Invitogen) according to manufacturer’s protocol.

Statistics and analysis

Graphs express averages + standard error mean (SEM) and n =
3 at a minimum was used in all experiments. For 2 sample
comparison, Student’s ¢-test was employed. One- or two-way
ANOVA with Bonferroni or Tukey’s post-hoc testing was used to
analyze multiple-comparison datasets. Results were considered
significant when p < 0.05 and indicated on the graphs as *.
Complete details are described in the figure legends.
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