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Abstract:

Cell transplantation is one of the most promising, yet to be realized strategies for the

minimalWreatment of a raft of injuries and diseases. However, a standing challenge to its

efficacy is survival due to a lack of mechanical protection during administration and an

unsupporti ereafter. In response, we engineered a shear-injectable nanoscaffold vector

consideﬁnEree equal requirements of protection, support and survival. Here, the

programm ide assembly of tissue-specific epitopes presents a safe sanctuary
microenvir@nment for the transplantation of brain cells. For the first time, a mechanistic
understandi the multifactorial role of the nanoscaffold vector in promoting cell survival and
function isfpré@senied, where initial cell survival was dependant on the fluid mechanic process of

droplet formation (as opposed to continuous flow) rather than solely on shear rate, as we observed

a threshold in cellfsurvival within increasing flow rate. However, we provide the first report of the
most critical nent of a transplantation vector, distinguishing feigned biological support from

mechanicalproperties from true ongoing biological support post transplantation. This was achieved

via the presentation of rationally designed amino acid constituents that significantly improved the
efficacy of th tor compared to a biocompatible, yet inert analogue. Together, our peptide
programmed hydrogels enable fundamental rules for the engineering of advanced treatment
strategies ide reaching implications for tissue repair, biofabrication, drug and gene delivery

and cell:i ive 3D culture.

Main Text:O

CeSra nervous system lesions can arise due to a variety of reasons, including traumatic
injury, . fection ™. Functional deficiencies, however, are not solely caused by the initial
insult, bm result of a secondary injury which manifests as rapid necrotic death of cells and

degradation o: tESOwI extracellular matrix (ECM) within the penumbra B This results in large,

unstable, arised regions, which over time collapse and distort the surrounding tissue. This

confoundi ctor autonomically inhibits regeneration across brain lesions within the adult
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mammalian central nervous system (CNS), thereby presenting a major neurological challenge for
clinical treatments ). However, recent research into the potential of multicomponent, nanocellular

and syWolds[G] has shown the potential to integrate with the tissue to provide a

biomimetic tic ECM capable of filling voids ® 7\, This scaffold fulfils two critical functions: 1)
mechanica avoid tissue distortion and collapse®, and 2) to provide a supportive milieu to
endogempussamelfer delivered replacement cells in the case of cell replacement therapy (CRT) ® ),

CRHW attractive treatment option for neurological injury and disease, whereby
replaceme< cells’re grafted into the site of injury to regenerate and repair the neural circuitry
providing immediate symptomatic relief with longer term systemic repair (19 validation of the

(E}m’v

efficacy of e human brain has been clinically shown in Parkinson’s disease patients. Fetal

derived do i eurons have been transplanted into the striatum, with some patients displaying
symptomatic relis evidence of transplanted cell integration within the host circuitry 11 However,

significant y was reported in both the cell viability post administration and in functional

[12]

recovery between patients Major variations in cell survival and innervation were observed

within the issuie, attributed, in part, to the non-conducive regenerative environment within the
(damaged)fad ain 3, This significant obstacle has resulted in these studies being abandoned
with a | h effort instead focusing on the improving cell survival and reinnervation. During

the direct inj of cells, (preferably via syringe administration to minimise iatrogenic injury), the

cells e damaging shear regime, leading to mechanical membrane disruption and

deformation, which accounts for a large percentage of cell death ™. When cells are carried through

the variougiimedia, they typically act like a passive tracer, and are strongly influenced by the strain

[15]

rate associated. with the flow field . In an effort to reduce such issues, and to improve

reinnervat successful grafting of cells, we hypothesised that a rationally designed

biomaterial scaffold that supported the cells during injection, and, once implanted, provided a safe

sanctuary microenvironment for the cells, would improve CRT outcomes. These materials should be

engineereito i) u.dergo a shear induced capillary flow, enabling injection and ii) mimic the native

ECM with a highly hydrated nanofibrous structure, capable of providing the mechanical support and

the biochemical signals required for cell adhesion and cellular functions, such as survival, migration

and differentiatigagd"®.
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Currently, electrospun nanofibres and a variety of hydrogels have been investigated to
improve CRT due to their inherent characteristics, such as ease of production, biocompatibility,
biodengrphology, and chemical biofunctionalization ™). Of these biomaterials, physical
shear thinnj ogels are amongst the most promising. These hydrogels present excellent shear
induced flmistics to mechanically protect the cells, whilst also allowing minimally invasive
administratiemmwith void filling capabilities > ™. They are also highly hydrated, similar to
physiologim allowing rapid nutrient exchange and cell penetration "’ ! and subsequently
providing mvourable cellular milieu post administration ?°. Indeed, we have implanted such

hydrogels
reduce thmted inflammatory cascade, and encourage endogenous cell infiltration €U To

e brain and shown that they interface well with the surrounding parenchyma,

achieve this¥ previously pioneered the synthesis of biologically active and shear-thinning

molecular Eyzroas, and have investigated their utility as transplantation vectors for stem cells,

demonstra Ir ability to promote neural tissue repair and circuity reconstruction in rodents,

along withSotor recovery.

GloballyWe remain one of the few groups currently pioneering these short self-assembled

peptid rials for this application, and as such there are many different aspects of the material
that need rther understood. Here, in order to better understand how our material has
achieve entioned results and to optimise the system further for translation, we have

studied the dynamic properties of material that has previously only been studies in static form. We
have demh the capacity of this hydrogel as a transplantation vector to significantly increase
cell surviv iding a dynamically responsive, and mechanically protective microenvironment
during cell ntation. To gain insight as to the mechanism of cell protection we employed and
validated namic fluid model, which allowed a detailed interrogation of the mechanism of
mecharﬂion during injection provided by self-assembling peptides (SAPs). We have

S

trated that

demon the cells experience significantly reduced shear stress when embedded within

these dynﬂ’esponsive hydrogels compared to administration as a suspension, the gold-

standard d ute. Interestingly, while it is accepted that shear causes cell membrane damage

leading to th, our quantitative cell survival results between different fluids with different
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shear profiles demonstrate that the situation is not as straightforward. We suggest that cell survival
may be more mechanistically dependant on the fluid mechanic processes of droplet formation (as

oppose ous flow) than on the simple shear rate, as this threshold fluid behavioural

observatio ted with the measured cell viability, yet a continuous correlation with changing
shear rate erved. More importantly, we have also demonstrated the importance of the

transplamtatiommwector in providing a safe sanctuary milieu post administration, where we

{

distinguishwd biological support from mechanical properties of transplantation vectors from

true ongomical support. This timeframe dependence of biological support has previously

been a lar plored component of cell transplantation. We have now demonstrated that an
improved £éll splantation vector should firstly increase viability during and immediately
following iWsStration; but secondly and most importantly (by comparison with an
unfunctio@t mechanically similar analogue), we demonstrate that for therapeutic relevant
cell surviv ministration it is imperative the transplantation vector provides a safe sanctuary

milieu. Thig'study provides clinically relevant guidelines for the rational design of multifunctional

hydrogels e cell transplantation, in this case the direct injection of neural cells, to promote
their imprmlong—term survival.
Dynamica onsive hydrogels as vectors for the direct injection of cells

Here,se used a previously developed dynamically responsive laminin-inspired hydrogel,

designed to provide additional support to primary cortical neurons via the inclusion of a functional
domain frin (Fmoc-DDIKVAV; referred to as Fmoc-Lam hereon), that spontaneously
assembles tOf0rm a nanofibrous scaffold 1?2 2 ¥ This was a deliberate target due to laminins
being aﬁm::onent of the neural stem cell niche™, with a demonstrated ability to influence
stem c ce, survival, differentiation and plasticity 261 In order to demonstrate the need
for the namoscaffold to be optimised for the cell and tissue targets, we have also investigated two

further epitope c5taining hydrogels; a Fmoc-FRGDF hydrogel that includes the functional domain

from fibro , chosen as it can provide a neuroprotective role!”!

<

, and co-assembly of this system

This article is protected by copyright. All rights reserved.
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with Fmoc-Lam to present both RGD and IKVAV at equivalent density on the surface of the individual
peptide fibres. Unlike the rationally designed Fmoc-Lam hydrogel, these two systems are not
”ideally’Med for the specific cellular microenvironment of the cells deployed (here, primary
cortical ne@of-of-concept), highlighting the clinical need to design the vector toward both
the tissue Il type. The reason for this is that fibronectin is only presented in small
quantit!s e Y ain compared to laminin®® and as our self-assembly mechanism presents very

high densihunctional epitopes to the cells ®, which in the case of RGD is not physiologically

representa@a further control we have utilized the commercially available and structurally

homologous, on-epitope containing, Fmoc-diphenylalanine (Fmoc-FF), which also presents as a

dynamicallwive nanostructured hydrogel . The chemical structures of each hydrogel are
igure IA.

shown in F They both self-assemble through a conserved mechanism of molecular ordering

of aromatic inte;ctions (-t stacking) and hydrogen bonding to give similar nanoscaffolds
(confirmation of higher order assembly to a consistent morphology is shown in Figure 1A and S2).
The shortgeptide chains then assemble into supramolecular nanofibrils with external B-sheet

domains (presenting the peptide sequence) and a hydrophobic core, that bundle into a hierarchical

self-assemfled ofibrous network that is analogous in scale and morphology to the ECM found in

vivo. The resultant hydrogels are transparent and self-supporting (Figure 1B (Fmoc-Lam and Fmoc-
FF) an Fmoc-FRGDF and co-assembled)). During cell transplantation, this dynamically
responsiv protects the cells by redistributing the shear-forces away from the cell location.
As a comparison, the gold standard transplantation of cells suspended in PBS was used with a

schematic gpresentation of cell administration depicted in Figure 1C.

were subjected to extensive characterization to confirm their structure and

ies (Figure 1 D-H, and Figure S2). All four dynamically responsive hydrogels
displayed n istically difference in modulus and the same assembly mechanism (Figure S2E&F
and S2G&HR). They also all presented as a highly porous, hydrated fibrous nanoscaffold suitable for

deploymei as a 'ell transplantation vehicle. However, while the Fmoc-FF system did present a

nanofibro ology, it was different to the other, epitope laden hydrogels tested, with a

statistically signifi

like morph&is is in agreement with other studies 2> and is discussed further below.

This article is protected by copyright. All rights reserved.
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Dynamically reSﬁrnsive hydrogels improved cell viability post syringe injection

Next, d the cell-protective properties of the dynamically responsive hydrogels

immediﬁemadministration using live/dead viability staining. Here, we have again used the
gold stande transplantation of cells suspended in PBS to serve as our control BU After isolating

the dynam ponsive hydrogels (or diluted further for the control) so that the final number of

primary corfical mgurons, a concentration of 10’ cells/mL was prepared in PBS. This was mixed with
|
cells admimwas 5x10° cells. In the PBS only control groups we observed that immediately

following ation only approximately 75% of transplanted cells were viable (Figure 1I). In

contrast,gdynamically responsive hydrogels that presented biologically active epitopes

(Fmoc-La RGDF and their co-assembly) achieved approximately 85% viability following
injection. -FF hydrogel provided the best protection, with ~95% of the transplanted cells
being viab gh the hydrogel stiffnesses were not statistically different (Figure 1G and S2),
TEM imagimls that while all SAPs formed an entangled nanofibrous network structure, the

Fmoc-FF fi a broad ribbon like structure (Figure 1E), whereas the longer, more charged

Fmoc-S | yielded finer fibrils (Figure 1D, E and S2B, C). Considering it is on nanoscale
dimension at h the bulk morphological differences occur, with a conserved microscale
morph not expect them to influence cell viability during injection through a syringe. On

further investigation it appears that it is the gelation kinetics which is the critical parameter. We
explored t&ﬁelation recovery times post removal of shear stress for all of the hydrogels (Figure 1
G&H). Statisai only the Fmoc-FF group showed a difference from the other hydrogel groups,
recovering ore rapidly (104 and 870 seconds for the Fmoc-FF and Fmoc-Lam hydrogels
respectivelyahi 1H). Each of these systems is governed by the same basic molecular rules,
meaninﬁ eg is shear reversible (Figure 1G), and they have similar shear thinning kinetics (Figure
S2D). HWOC-FF was designed soley to assemble as efficiently as possible, and as such

recovers re rapidly into a robust nanoscaffold upon shear removal, meaning it can

mechanically su rt administered cells more rapidly. Conversley, the epitope containing hydrogels

are a co?{ between stability and incorporating and presenting sequences that enalbe

This article is protected by copyright. All rights reserved.
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functionalisation 2. This difference in gelation kinetics explains the improved protective capacity of
the Fmoc-FF system immediately following administration and as such, when considered only via this

paramelHior. However, these results indicate that irrespective of functionalization, all four
of the dymsponsive hydrogels provided mechanical protection during transplantation,
thereby pr cells from the severe shear stresses that arise from the flow regime during
adminisﬂaEwever, it is clear when engineering for transplantation vectors, faster in situ

gelation ti esirable.

O

Long-termil céll viability post syringe injection.

All of the d;amically responsive hydrogel systems offered superior protection upon direct

injection co to control, thereby satisfying the first requirement of a CRT (i.e. a vector to offer

mechanicalQprotection from shear). Importantly, the commercially available Fmoc-FF hydrogel out

preformed of our rationally designed biologically relevant hydrogels due to its more rapid
gelation (o] but all four systems showed increased viability immediately following
admini t, we wished to explore the long-term effects (defined here as 5day cultures) of

concomitan inistration of cells with our dynamic hydrogel on long-term cellular outcomes. This
was ne for realizing the second requirement of CRT: enabling the regenerative potential of
transplanted cells. Therefore, to examine the survival and maintenance of transplanted cells
within our dynamically responsive hydrogels, we cultured injection administered

primary cortical neurons out to 5 days, using an administration density of 2.5x10° cells/well.

e observed negligible cell death on the two-dimensional (2D) PDL controls in
long term (Figure 2A). This was due to the initial cell death that was caused during
adminiiﬁthe initial 75% viability post injection reported above). Unable to attach to the
PDL suerinistration, the initial dead cells were undetectable during the 5-day study.

Importantl:long—term cultures where cells were administered within the vector Fmoc-Lam,

no reducti Il viability was observed post administration (Figure 2 B, C, E). This was a

significa&lidating our dynamically responsive hydrogel as a cell transplantation vector, as

This article is protected by copyright. All rights reserved.
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the dead cells that were present immediately upon administration remained entrapped within the
hydrogel upon spontaneous self-assembly, and hence were detected at the 5-day timepoint. This

indicateH was no further cell death post administration in long-term culture, validating

that the pino acid constituents within our dynamically responsive hydrogel provide a

bona-fide d y milieu for transplanted cells.

H I
In cof@trast, no viable neurons were observed on the commercially available Fmoc-FF

dynamicallygespansive hydrogel (Figure 2D, E). Therefore, we have demonstrated in long-term
culture thwlly defined laminin based molecular hydrogel provides a static and stable

microenvi\rmpost dynamic cell transplantation that significantly increases long-term cell

survival. th hydrogels (Fmoc-Lam and Fmoc-FF) significantly enhance cell survival

immediatesynamic cell administration by providing mechanical protection and redistribution

of shear fo functionalized Fmoc-Lam supported post injection cell survival. This has allowed

us to distimtween feigned biological support (support offered by the hydrogels immediately

following tation) that is dominated by the mechanical properties of the transplantation

vector fromngoing biological support post transplantation. These results highlight the

importanc presentation of relevant biological signals and their temporal dependence, in

additio
sanctuary micr i
we rati i

to the system i) fully synthetic (as opposed to whole protein inclusion), ii) the epitope has been

echanical and morphological cues found in the native ECM to provide a safe

ronment for the long-term maintenance of transplanted cells. For instance, here

ed the peptide hydrogel to include the laminin-based epitope IKVAV. This is due

shown to ;&mote neuronal adhesion and differentiation *%, and iii) presents more efficiently than

the entire lagimigprotein due to the increased density of its presentation on the peptide fibril &2,
We ha ly demonstrated that a combinatorial strategy is essential to improve the efficacy
of current ransplantation technologies, as simply protecting cells during administration does not
guaran cell survival. The Fmoc-FF system was statistically superior immediately post-
injectiowot clinically relevant as it does not satisfy both requirements of a CRT material

with no via@being detected after 5 days of in vitro culture.

<C
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Next, we wanted to investigate our dynamically responsive hydrogel as a transplantation vector
further to understand the relationship between the density of transplanted cells within the hydrogel
and thew viability. Here, we employed two different hydrogel volumes (20 and 100 pl)
that both 5x106 cells to determine the effect of cell density on viability (Figure 2B, C, E).
In the 20 gelisample, a slight increase in cell death from 3.6+ 2.8% in 100 uL hydrogel to
9.6+ 6.78 WHSGBrved. However, while this indicated that decreased density may be appropriate
to improvLival upon administration within the Fmoc-Lam hydrogel (Figure 2E), as discussed

above thef€ is econd requirement regarding the presentation and availability of relevant

G

biological s to promote long-term survival. Furthermore, we hypothesise that at higher
densities, ilf isflikel}y that non-apoptotic cell shedding occurs caused by cell overcrowding *. This
means that there will be an optimal cell density within a transplantation vector that is highly

dependent on thédindividual hierarchical properties of the nanoscaffold and the cell phenotype

Ul

delivered, where lower densities are insufficient for appropriate cell-cell interactions result in death,

as does ov@rcrowding at higher densities.

Al

To fur, mine this effect, long term cultures were performed at further decreased cell

d

density (1. lIs/well) on top of each hydrogel. Importantly, we have shown in such cultures

that ce ly and extensively infiltrate these molecular hydrogels 2. Cells were plated on

top of a prefo hydrogel to ensure that once seeded on the control and the top of our 3D

\

hydrog cell distribution and density were the same. i.e. the tendency of cell-cell
communication on the hydrogel and PDL control were controlled. However, as cells infiltrated the

3D scaffoldj the tendency for supportive cell-cell interactions to occur would reduce. Again, the

]

Fmoc-FF hyduegel, and both hydrogels presenting the RGD epitope had detrimental effect on

neuronal hich is attributed to a lack of biologically active sequences to support cells

(Figure 3C) ted above. We have previously reported that RGD is not an optimal epitope to

[36]

support nélirons as fibronectin is not abundantly present within the brain >, which is further

[

supported here. en culturing cells at the decreased density, we observed 14.5% cell death in the

{

Fmoc-Lam , showing an increase compared to the 2D PDL control group where the reported

cell dead was applbximately 2.7% (Figure 3A, B, D). This increase in cell death on the dynamically

4

responsive hyd Is highlights the importance of appropriate cell density to facilitate cell-cell

A
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interaction/communication in long term cultures, which is particularly relevant when moving from a
2D surface to a highly porous 3D scaffold with significantly greater surface area. We suggest that this
results Higniﬁcant increase in surface area, requiring significant cellular secretion of
paracrine ors to support viability and development of synaptic interactions and
connectio : i at decreased cell density the cells are too widely dispersed to provide such
support.‘TM from this study it is inferred that when optimal transplantation densities are
unknown (elifi this is the most likely scenario), higher transplantation densities are optimal,
even congideringWcell overcrowding effects. This has other implications, particularly in cell
transplanta ®Therefore, this sytem, with its ability to expand cell numbers ex-vivo, presents

further adv@nta@gesifor its use.

In thiahe dynamically responsive hydrogels were shown to be capable of offering

mechanica

transplantCost administration when the cell concentration was 2.5x10’ cell/mL in the Fmoc-

ion during administration, whilst also promoting the long-term survival of

Lam vector,

Hydrodynamic;uid model for flow through a small gauge needle

Hazmed that cell administration and long-term culture within our dynamically

responsive hydrogel resulted in significantly improved cellular outcomes, we explored the

mechanisnSor this phenomenon. Here, we wished to confirm the expected shear thinning profile in

our SAP gels validated the discussion of shear rates within the respective fluids to understand how

this profile es cell survival. While it is accepted that shear causes cell membrane disruption

and subsequently death during needle administration, our quantitative cell survival results in

different flllids with different shear profiles to demonstrate that the situation is not straightforward

(discussed ‘urther'below). We empirically confirmed a hydrodynamic fluid model of the cell

administration in SAP hydrogels, and utilised the theoretical model to probe the reason for the
observed increasdlin cell viability immediately following administration for the SAP hydrogels

compared to cells delivered in PBS.

This article is protected by copyright. All rights reserved.
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In the present experiment, a flow rate Q (=1 mL/min) was maintained during administration.
The decrease in diameter from syringe to needle (Dsyinge/Dneedle = 9.4) results in an increase in
averagthy of the medium in the needle by a factor of D% inge/D*needie (~88.36). For this
reason, cemperience greater strain inside the needle bore compared to the syringe, and
subsequen able to damage and even death under this hydrodynamic force. Furthermore,
the strdfh Mpendent on the viscosity of the medium 13 hence when utilizing hydrogels as a
repIacemeLedia that is typically used for cell transplantation there will be a significant
difference fin the RWydrodynamic forces that must be understood and optimized. Here we have used
two differe iums: PBS, treated as a Newtonian fluid with a constant viscosity similar to cell
culture mediaf@ndilour Fmoc-Lam hydrogel, which behaves like a time independent non-Newtonian
fluid. To obtain the strain rate field, we used an intuitive fluid model as described in Figure S3. Under
our experimental ;nditions, the Reynolds number (which is defined as the ratio between the inertia
and viscous force) of the flow was small, and flow remained laminar inside the needle as shown in

Figure 4A @nd 4B. The fully developed laminar velocity profile, u (m/s), for the PBS medium was

parabolic, whereas the profile became flattened for the hydrogel (Figure 4B), which is characteristic

for shear thin uids ™. In both cases, the velocities peaked at the central line and were zero at

the bore wall. Profiles of the strain rate as a function of distance from the central line, r, for each
medium strated in Figure 4C. PBS shows a linear variation of the strain rate over the cross-
section aximum shear rate of 1358.1 s at the wall of the needle bore, and an average
across the cross-sectional area of 905.4 s™. Though the maximum strain rate for the hydrogel was
much largeg than that of PBS, lower values of strain rate persist over a significant portion (~80% by
diameter, area) of the bore cross-section, with an average strain rate of only 792 s across
the cross- W area (a 12.5% reduction from PBS) as shown in Figure 4C. These hydrodynamic
fluid mode r with our experimental data, predicting that the cells experience lower strain
rate inmel medium (i.e. the hydrogel provides mechanical protection), resulting in
enhanc cell viability compared to PBS (the current state-of-the-art for cells replacement
technolwantly, we believe that there may be multiple mechanisms at play and the effects
we observm viability did not correspond to a proportional linear relationship between shear

rate and

below).<

This article is protected by copyright. All rights reserved.
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Experimental velicity data for validation of the hydrodynamic fluid model

of the model was pursued using a microfluidic setup to simulate the cell

administration process using polystyrene microspheres as cell substitutes. Not surprisingly, excellent
H I

agreemen!between the hydrodynamic fluid model and the microfluidic data validates the

theoretical model, confirming that SAP hydrogels can be modelled as time independent non-

Newtoniangfluids.

Duriﬁg administration, we captured video sequences (150 fps) of microspheres flowing in
our channels. The exposure time (ET) for each frame was 0.2 ms. Here, we define the central velocity
as the velocity of the spheres in the middle of the channel during administration. The velocity profile
was determined as the velocity of all spheres captured during an exposure. Figure 4E shows the
central velocities, an average of the velocities of spheres that were located within 250 + 50 um from
the channel edge. The central velocity for the PBS was observed to be constant during the
administration time course, while the central velocity of hydrogel showed fluctuation. Our
dynamically responsive hydrogels have been engineered to be shear thinning; the physical bonds
forming crosslinking points within the hydrogel network are reversible, and can be broken by the
application of shear stress to allow the material to flow easily ¥. Rapid recovery is observed after
removal of shear, where the supramolecular fibrils are able to re-establish connections to form the
hydrogel (Figure 1G&H) “”. Upon application of flow, a low-viscosity region of hydrogel was
established, visualised by a constant, high velocity of the reporter spheres. However, a low velocity
region was also observed at different time points during administration. We suggest that the high
velocity region contributes to the shear induced solution phase while the relative low velocity

contributes to a slow moving, hydrogel phase.

To further characterize the velocity profiles across the channel, we studied two different
time points during administration. It is important to note that it was not possible to analyse spheres
close to the bore wall hence the velocity discrepancies in this region could not be experimentally

observed. However, the flat region (region of constant strain) within the velocity profiles for the

<
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hydrogel occupies 80% of the entire width of the channel. Figure 4E-G show the velocity profiles
within the hydrogel and PBS. The plots confirm our hydrodynamic fluid model showing that velocity
profiles of PBS at two time points display parabolic profiles, while again similar to our model the
profiles of the hydrogel are more uniform across the channel albeit with different offsets. Since the
velocity of the hydrogel is identical within these regions across the channel, the velocity gradient
within the hydrogel is much smaller than for PBS administration. For this reason, most cells
encapsulated within the hydrogel are mechanically protected from the shear force compared with
cells in PBS, which is consistent with the strain rate plot of the numerical model (Figure 4C) and our
experimental neuronal cell transplantation data. A combination of the experimental velocity data
with our numerical model is shown in Figure 4F and G for our dynamically responsive hydrogel and
PBS respectively. Overall, the numerical model shows good agreement with the experimental data.
Importantly, for future optimization studies there is inherent flexibility in the current experimental
model, such as the tunability of the stiffness of the PDMS that can also alter the shearing effects

close to the interface that can be tailored to suit other needle materials such as polymeric micro-

needles Y.
While we @Nn that shear stress close to the walls of the syringe is high, and shear stress is
known le of cell membrane disruption, we contend that the effects we see do not

correspond portional linear relationship between shear rate and cell death. We conducted

further g in PBS with increasing flow rates to further understand the influence of shear
rate on cell death where we observed a threshold effect on cell survival (Figure 4D). Even a

threshold ¥@lue of survivable shear forces would be expected to show as a continuous relationship

with cell vi as the non-constant shear profiles mean that proportion of fluid under the

ry continuously. In a further exploration of the mechanics and flow properties,
we found cel jval to correlate to the transition when the kinetic energy of the flowing solution
overcomesiits surface energy, distinguishable by continuous flow and fluid ejection from the needle,
as opposei to dr’)Iet formation (shown schematically in Figure 4D). When flow is increased the

shear rate Is increased, but more importantly the fluid begins to be ejected from the needle. This

property correlateiwith the threshold of reduced viability we observed shown in Figure 4D, where

at flows of >1 mifin the fluid is ejected from the needle. Interestingly, this is a threshold effect and
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when the fluid has more kinetic energy at 30 mL/min and is ejected further (shown in Figure 4D,
where the ejection distances were quantified) there was no further decrease in cell death supporting

the cth the effects on cell viability do not correspond to a proportional linear
relationshi en shear rate and cell death. Importantly, this further supports the conclusion
that when m a transplantation vector, the most critical component is the provision of vital
biological suppentapost administration, rather than a focus on improving cell viability as they travel

through a

In su@we present a design for a multifunctional peptide-based hydrogel as a

transplantmor to greatly improve the fate of cells administered to damaged tissue. A non-
(¢

covalent n Id was engineered by the self-assembly of functionalized peptide derivatives at
physiologi ), to provide an injectable, dynamically supportive material for the protection of
cells durin iffistration, as well as an optimal microenvironment for their growth. We have

demonstrac efficacy as a delivery vehicle for cell transplantation technology, increasing the

survival of

have devel&redictive model to provide critical insight when engineering or further optimizing

cell transpl

mecha tanding of cell protection provided by the hydrogel during administration.
Similarly, the v ty of cell proxy microspheres during simulated cell transplantation was tracked,

cells. In order to identify the critical design parameters for optimal function, we

vectors. Firstly, hydrodynamic fluid modelling was used, theoretically providing a

which proposed numerical model and to greater extent demonstrated the potential of
the nanofibrous hydrogel as a mechanically beneficial injectable delivery vector. However, our study
also sugges that cell survival may be more mechanistically dependant on the fluid mechanics
governing th

gcess of droplet formation (as opposed to continuous flow) than on the simple
@ threshold fluid behavioural observation correlated with the measured cell

shear rate
viability. Th chanism of cell death and cell protection during needle flow remains unknown,
and this manuscript provides new quantitative insight to direct further investigations. However, we
now kn is not the most vital function performed by a delivery vector; rather the ongoing
biologicall ive parameters provided and their temporal dependence in influencing cell

survival and growlth must be considered and optimised. We have demonstrated that multiple

requiren&sential when engineering vectors for cells transplantation: firstly, that the vector
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should increase viability during and immediately following administration as much as possible; but
secondly and most importantly, (by comparison with an unfunctionalised yet mechanically similar
analoganstrate that post administration the transplantation vector must provide a safe
sanctuary e achieved by peptide programming to reflect the specific cellular
microenvir he tissue being repaired (in this case, the brain as proof-of-concept). We
suggest,‘bMthe studies presented here, that the latter of these factors is the most vital
considerathsure the therapeutic cells can survive and function; hence our hypothesis

suggests tmnsplantation vector must be specifically engineered the precisely mimic the
S .

(healthy) c icroenvironment of its intended deployment. Overall, our specifically engineered
dynamicall§f reSpofisive system protects cells during and post syringe administration and supports

their long-term “survival. The approach of presenting biologically relevant epitopes within a

dynamically respofisive hydrogel has far reaching material applications, including as vectors for the

administration of regenerative stem cells.

ExperimenMn:

Anima rials

All reag d animals used in this study were commercially available. All animal procedures

and m were conducted in accordance with the Australian National Health and Medical
Research Council’s published Code of Practice for the Use of Animals in Research and were approved

by the ANLsmmaI Care and Use Committee (animal ethics protocol: A2013/41).

Fmoc-, ted amino acids, Hydroxybenzotriazole (HOBt), O-Benzotriazole-N,N,N’,N’-
tetrameth -hexafluoro-phosphate (HBTU) and Wang based resins were purchased from GL
Biochem ( mand all other chemicals were purchased from Sigma-Aldrich (USA).

Tissu;ulturipolystyrene culture plates (TCP) were purchased from NUNC Inc., Denmark. All

primary coftical neurons reagents were purchased from Gibco except for gentamicin from Sigma.

-

<C
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Preparation and characterization of Fmoc-SAPs hydrogel

|

Fm re manually synthesized via solid phase peptide synthesis (SPPS) as previously

[

described was carried out in a rotating glass reactor vessel at a 0.4 mmol scale. Specifically,

R

synthesis i wise deprotection and coupling of bead resin-attached amino acid (AA) (e.g.

Fmoc—lﬂ( - g resin). Deprotection was carried out in 20% piperidine in DMF for 20 minutes.

§

Then, the f the next amino acid by the addition of Fmoc-AA mixture solution including an

excess of Fmoc-phletected amino acid (2 mmol), HBTU (1.92mmol, 720.00 mg), HoBt (2.00mmol,

G

272.00 mg), NiN=diisopropylethylamine (DIPEA) (4.8 mmol, 0.80 mL) and 8 mL DMF for 60 minutes.

After the final§collpling step, the resin was washed with ethanol and dried under the constant

S

vacuum over for 48 hours. A Kaiser test was used for the detection of free amines to confirm the

success of each deprotection and coupling step.

Ll

After e Fmoc-SAP was cleaved from the resin using trifluoroacetic acid (TFA) with 2.5%

distilled w

£

.5% triethyl silane (TES) for 2 hours with shaking every 30 minutes. The solution

was then hrough glass wool to remove the resin, before excess TFA was removed by

d

nitrogen spagg il the final volume of solution reduced to less than 5 mL. The solution was then
precipi ether, centrifuged and the collected powder placed under constant vacuum for

seven days.

M

Fmoc—SAlSydrogel formation

All hydieg ere prepared to a final concentration of 15 mg/mL. Briefly, 10 mg of peptide was
dissolved iof deionised water with 50 pL of 0.5 M sodium hydroxide (NaOH). Then 0.1 M of
hydrochlori i Cl) was added dropwise with continuous vortexing, until the solution reached
physiol@t pH (Oaktron pH 700 micro pH electrode, Thermo Scientific). Once the PBS was
added tWel up into 15 mg/mL concentration. For in vitro cell work, Hank’s buffered saline
solution (Hﬁco) was used in place of the PBS. Hydrogels (350 uL/well for 24 well-plate) were

loaded into wells dfter sterilisation by ultraviolet (UV) lamp for 2 hours, and PBS/HBSS was added on

top of hydro 24 hours and stored in the incubator (37°C, 5% CO,, prior to cell seeding to

This article is protected by copyright. All rights reserved.

17



WILEY-VCH

equilibrate. For control, cells were cultured on poly-D-Lysine (PDL)-coated coverslip without

hydrogel.

T

ThE al analysis was performed using a Kinexus Pro+ Rheometer (Malvern).
Approxima mL of hydrogel sample was placed on a 20 mm roughened plate (with solvent
trap, Loweff Geomegtry: PLS55 C0177 SS, Upper Geometry: PU20 SR1351 SS). The gap size was 0.2
mm, and m requency sweeps were performed for frequencies ranging from 0.1-100 Hz with a

0.1% oscillatonysti@in at a constant temperature of 25°C.

S

A line rate sweep from 0.01 s to 100 s was employed to characterise the shear

U

thinning ki the hydrogel. Shear-thinning and re-assembly experiments were performed by

applying a e at 0.01s-1 for 30s, then applying a shear rate at 792 s-1 (which matches the

N

average o ate of gel) for 30s, and finally applying shear rate at 0.01 s-1 for 30min to

determine ery kinetics of the SAP hydrogel.

d

Fourier tra infrared spectroscopy (FTIR)

W

FT rmed to monitor the interactions in the Amide | region (1550 to 1750 cm™) using
an Alpha Platinum Attenuated Total Reflectance (ATR) FTIR (Bruker Optics). Approximately 30 uL of

sample hy el was placed on the single reflection diamond and absorbance scans were obtained

3

for each pe nd a background buffer scan subtracted.

a

Circular dighrosim (CD)

i

Cir i ism (CD) was used to determine secondary structure using a Chirascan CD

Spectrome, ied Photophisics Limited). The hydrogel was diluted 1/100 with DiH,O to reduce
e dilut

{

scatter. Th gel around 400 pL was added into the cuvette with a 10 mm pathlength. CD

scans f& to 320nm with a step size of 0.5 bandwidths and a baseline (Di H20) was
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subtracted. The resulting data was averaged and smoothed post-acquisition using software provided

by Chirascan prior to analysis.

T

P

Transmiss microscopy (TEM)
Ne!at transmission electron microscopy (TEM) was performed on a Hitachi H7100FA
electron mi with a LaB6 cathode at 100 kV. Formvar-coated copper grids were prepared

with elect<n glo>discharge at 15 mA for 30 s, observing a purple plasma bloom. The formvar-

coated side grid was applied to the hydrogel sample for 30s, was washed with water (20 pL),
then treatw drop of UF (20 pL) and finally immersed into UF drop for 30 s, blotting off the
excess solution using filter paper between each step. The grids were then stored overnight before
imaging for TEM. We have validated this methodology for the Fmoc-hydrogels using cryo-TEM 3],

(22,38 and subsequently for even weaker

the Fmoc-DIKVAV hydrogel with atomic force microscopy
gels (< 10Q Pa) with both AFM, SANS and SAXS * *! analysis showing the morphology to be

reflective of the TEM analysis.

Mouse ical neuron culture
The plates were treated with 10 pg/mL of poly-D-Lysine (PDL) coating and placed in an

incubator overnight. Next day, culture plates were washed three time with PBS to remove PDL and

were storeSfor use.

Isolatiqa s culture of primary cortical neurons was performed as previously described !

unless oth @ oted. Briefly, mice were attained from Australian Phenomics Facility (APF) by
time-matet‘ ht and a vaginal plug on the next morning (as the embryonic day E 0.5) for
embryo colection at E14.5. Then, the pregnant mouse was sacrificed by cervical dislocation (CD) and
E14.5 fw collected, and cortical dissection for cortices without hindbrain, olfactory bulb

and menin performed under sterile conditions. The cortices were trypsinized for 20min in
the incubator ;37;, 5% CO2) in Hank’s balanced salt solution (HBSS) (Invitrogen) with 1x 0.25%

trypsin (Gibco DNAase (Gibco). After digestion, cells were washed three times with HBSS.
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Minimum essential medium (MEM) solution with 10% fetal bovine serum (FBS) was added to
dissociated tissue into dispersed cells and counted with a haemocytometer and trypan blue
exclusiloe desired cell density was loaded into the culture plates. For high and low cell
density ex;mells were seeded at 5x10° cell/mL and 2x10° cell/mL respectively to obtain 2.5
x 10° cells 0> cells/well. After 2 hours attachment, primary culture media containing
NeurobFsaf™fiediath (Gibco), 1% B27 serum-free Supplement (Gibco), 5 mM glutamine (Gibco) and
10 pg/mL Ln (Sigma) was used to replace the old medium for 5 days culture.

C

Cell admingstr. via syringe injection and quantification of viability

Cell viabilit; SSt direct needle injection: Cell injections were carried out via the needle/syringe
injection. ﬁSO uL gel mixed with 50 uL cells (5x10° cells/50 pL) which modified on the
ripti

previous d tion *°Y. Briefly, the hydrogel was vortexed for 1 min and then load cells into the
hydrogel whilesitsis in a liquid state. The mixture rapidly reforms into a hydrogel when shear is
removed (mmcs are shown in Figure 1). All cells are encapsulated in gels, which we refer to
as cells 3D. The mixture was injected into a coverslip plate by syringe fitted with 25G

Terumo® ne ith flow rate (1ImL/min) by a syringe pump (Dsyringe/ Dneedle=9.4). This flow rate was
selecte matches the maximum flow rate employed in our rodent stroke and Parkinson disease
models, where we administer cells through a 100 um Hamilton Syringe. Interestingly, it also
correspon(s to the threshold effect observed in cell viability between 0.5-1 mL/min for the 25G

needle deployed in this study. To investigate the effect of flow rate on cell survival, the flow rate was

varied bet @ 0.5, 1, 5, 10, 20, 30 mL/min. Cytocompatibility of gel and its cell protection was

tested post direct injection by live and dead staining. 500 pL mixture of live and dead staining was

performed!o count the number of cells with intact or damaged cells immediately postinjection.

Lon“ viability post syringe injection: 100 pL or 20 pL of cells/hydrogel mixture with
2.5x10° celzdulated were loaded on the corresponding hydrogel via the syringe injection and

then cultun ays following by the live and dead staining for cell viability.

<C
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Live and d jning

H I
Livgrand dead staining was preformed to evaluate cell survival. 0.5 uM Calcein AM and 2 uM

EthD-1 in per m S were added in accordance with Life technology protocol. After 45 minutes of

incubationf@t rooniitemperature, samples were washed three times with PBS. Imaging was observed

on quoresWscopy (Leica CTR6000) using LAS software to gather 5-10 randomly positioned

images, an@ céll ndimbers were counted by Image J software.

Microﬂuijtc ve;ocity measurement

Simul@tions were conducted using a microfluidic setup. This allowed the visualization
a

and quanti of the velocity profile of injected medium (PBS and our molecular Fmoc-Lam
hydrog needle during administration.
Mo rse polystyrene microspheres of diameter of 6 um were used as tracer particles.

They were suspended within our molecular hydrogels and PBS at a concentration of 2.10 x 10°
particles/n;. To visualize dynamic flow, we created a 3D polydimethylsiloxane (PDMS) microfluidic

chips with straight channel (500 um x 500 um x16 mm) to mimic the size of injecting needle

used for o ansplantation study. The microfluidic chip was fabricated with three-dimensional

(3D) printed¥@Uld and PDMS . The mould was designed using SketchUp 2015 software and

printed bySp Mini 3d Printer (Tiertime) with acrylonitrile butadiene styrene (ABS) plastic filament.
The tr MS provided a clear imaging window to track the tracers using brightfield
microscW

A syri@ (KDS LEGATO 200) was used to provide constant injection velocity of 1 mL/min

for botr& PBS. A specialized high-speed charge-coupled device (CCD) camera (Point Grey
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Flea 3FL3-U3-13Y3M) was attached to an inverted microscopy (Leica DM IL LED) to capture the
dynamic motion of microspheres in the channel during injection. A schematic diagram and the

experimHshowing the needle integrated within the microfluidic chip is shown (Figure S1).

Motio @ g techniques were employed to track the fast-moving microspheres. The velocity
of eachiplw calculated from single motion blurred image obtained from every frame “”. The
blurred trictory represented the moving distance during camera exposure time. In this case, the

equation

microspheres wege moving along a direction parallel to image plane of static camera. Therefore, the
v\wﬁed as velocity = (I, — dg)/ET, in which 1, is the length of blurred trace of the

sphere an the diameter of the sphere. Measurements of microspheres within both the

hydrogel a ere grouped by location (100 um interval) within the channel with a 25 um offset

to correctD in measurements, due to inability to measure within close proximately to the
X

channel w

Statistical cm

All are presented the mean * Standard Deviation (SD) of triplicate incubations. Data were
analysed b ay analysis of variances (ANOVAs) with Turkey post-hoc tests using GraphPad

imately 25 um).

Prism ad, San Diego, CA, USA). Differences at P < 0.05 were considered statistically

significant. **, *** and **** represent P<0.01, P<0.001, and P<0.0001

Supportil@mation

Supportin ion is available from the Wiley Online Library or from the author.
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Figure 1: bmthe chemical structure of peptides hydrogels tested (Fmoc-FF, Fmoc-Lam, Fmoc-

FRGDF), with' t o-assembled system consisting of a 1:1 ratio of Fmoc-Lam and Fmoc-FRGDF. B)
shows rsion test of the Fmoc-Lam (left, blue) and Fmoc-FF (right, green) hydrogels formed
after a pH_swi®A. C) is a schematic representation of cell injection with the dynamic responsive
hydrog p comparison, the gold standard administration route (i.e. cells in suspension
methodology). Unlike the standard methodology (PBS or media), the dynamically responsive

hydrogel he cells by redistributing the shear-forces away from the cell location. D-E)

Represent images of Fmoc-Lam and Fmoc-FF, respectively; F) Quantitative data comparing

the nanofib eter obtained from TEM imaging of Fmoc-Lam (blue), Fmoc-FRGDF(Orange), co-
assembly ( ), and Fmoc-FF (Green), respectively. There was no statistical difference between
the nanofi i ters of any of the hydrogels that included biologically active epitopes. The Fmoc-

FF systelHtically larger fibers do to the ribbon fibre structures formed during its assembly;

G) Characme recover of the shear thinning hydrogels upon removal of shear. This was
achieved g a shear rate at 0.01s-1 for 30 seconds, then applying a shear rate at 792 s-1

(which qe average of strain rate of hydrogel) for 30 seconds, before finally applying shear
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rate at 0.01 s-1 for 30 minutes to determine the recovery kinetics of the SAP hydrogel; H) Recovery
time of the different hydrogel systems, showing Fmoc-FF had the most rapid recovery of 104

secondch—Lam taking 870 seconds; 1) shows the percentages of dead cells post direct
injection. thights that irrespective of functionalization within a laminin epitope, all
dynamicall e hydrogels provided mechanical protection during transplantation, by
reducingtlmure of encapsulated cells to the severe shear stresses that arise from the flow

regime durhnistration, and that Fmoc-FF has the least percentage of dead cell. * represent P<

0.05. Scalefpars refresent 200 nm.
| }.

Figure 2: tatlve fluorescence images of primary cortical neurons at high cell density for

long-term mlty (5 days) post syringe injection. A) the PDL control B-C) Post injection of mixing

)

E)

Dead colls %

S
i
(
<

cellsand F hydrogel (total volume of injection: 20 pL and 100 L, respectively) on the Fmoc-

Lam hydrogé® oc-FF hydrogel, E) Percentages of dead cells post injection for long-term culture(
5days) igly density of cells in groups: PDL control, 20-iGel (20uL of Fmoc-Lam), 100-iGel

(100uL Hm),and Fmoc-FF. **, *** and **** represent P<0.01, P<0.001, and P<0.0001,

respectiveljars represent 100 um.

This article is protected by copyright. All rights reserved.

28



WILEY-VCH

Dead cells %

Figure 3. Representative fluorescence images of primary cortical neurons at a decreased cell density
for Iong-tes cell viability (5 days) post syringe injection. Importantly, cells were deliberately plated
on top of a_guefermed hydrogel to ensure that once seeded on the control and the four hydrogel
groups th @ | distribution and density were the same immediately upon plating. This was
designed tg that the tendency of cell-cell communication on the hydrogels and PDL control
were to sge initially before cells began to infiltration the hierarchical 3D scaffolds. A-C) PDL
control, Frmbc-Lam® and Fmoc-FF, respectively (noted that only an image of Fmoc-FF is represented
as the Fmag. and co-assembled systems also showed 100% death); D) Percentages of dead

cells on SAPs hydr@gels post 5 days and control group. * represents P<0.05. Scale bars represent 200

pum.
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Figure 4. S flow characteristics of PBS and our Fmoc-Lam hydrogel in a hydrodynamic fluid

model. A) eloped flow through the portion of the Terumo needle of diameter D =0.5 mm

§

and flow r mL/min along with cross-section of the needle bore; B) Laminar velocity profiles

of axial vel m/s), for two media as function of distance, r (mm) from the central line (shown

d

as dash-do ) of the needle bore; C) the distribution of the strain rate (s-1) over the cross-

section veraged strain rate for two media (hydrogel and PBS) where averaging is done

over circular e ing from the central line; D) Percentage of live cells post injection in PBS at

\

varied 1,05, 1, 5, 10, 20, 30 mL/min) and their respective flow traces where ejection
distances were quantified and have been shown schematically; E) experimental velocity data

obtained f

1

m designed microfluidic chip. Central velocities for the hydrogel and PBS during
injection (d othed with second order of smoothing polynomial and 6 neighbours to average

on each si i) velocity profiles every 100 um across the channel at Time 1 (with an ‘average’

O

velocity) a i (with high velocity), indicated by line and dash line respectively. The data was

q

smooth i ighbours to average on each size; F) Microfluidic velocity data of the hydrogel’s

velocity ime 1 and Time 2; G) Microfluidic velocity data of PBS’s velocity profiles at Time

{

1 (with av city) and Time 2 (with high velocity).

AU
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Short Summary

{

Peptide Pr ydrogels as Safe Sanctuary Microenvironments for Cell Transplantation

SCr

Yi Wang, Xd€fei Kiara F Bruggemanl, Bishakhdatta Gayen, Antonio Tricoli, Woei Ming Lee,
Richard J 1 avid R Nisbet

Cell transp is one of the most promising minimally invasive treatments to repair damaged

tissue. However, Ufhacceptably high numbers of cells die during the procedure before they can have

L

aregenera ct due to a lack of support. In response, we present here a mechanistic study of a

programm

el to support the cells before, during and after transplantation.

g
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