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a b s t r a c t

Cell replacement therapies have broad biomedical potential; however, low cell survival and poor func-
tional integration post-transplantation are major hurdles that hamper clinical benefit. For example,
following striatal transplantation of midbrain dopaminergic (mDA) neurons for the treatment of Par-
kinson's disease (PD), only 1e5% of the neurons typically survive in preclinical models and in clinical
trials. In general, resource-intensive generation and implantation of larger numbers of cells are used to
compensate for the low post-transplantation cell-survival. Poor graft survival is often attributed to
adverse biochemical, mechanical, and/or immunological stress that cells experience during and after
implantation. To address these challenges, we developed a functionalized hyaluronic acid (HA)-based
hydrogel for in vitro maturation and central nervous system (CNS) transplantation of human pluripotent
stem cell (hPSC)-derived neural progenitors. Specifically, we functionalized the HA hydrogel with RGD
and heparin (hep) via click-chemistry and tailored its stiffness to encourage neuronal maturation, sur-
vival, and long-term maintenance of the desired mDA phenotype. Importantly, ~5 times more hydrogel-
encapsulated mDA neurons survived after transplantation in the rat striatum, compared to unencap-
sulated neurons harvested from commonly used 2D surfaces. This engineered biomaterial may therefore
increase the therapeutic potential and reduce the manufacturing burden for successful neuronal
implantation.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, pre-clinical advances have increased the po-
tential of stem cell-based therapies for treating a range of human
diseases [1], particularly for tissues that lack the capacity for robust
regeneration from degenerative disease or injury, such as the
central nervous system [1]. In particular, Parkinson's disease (PD) is
a currently incurable, progressive neurodegenerative disorder
rsity of California, Berkeley,

fer).
characterized by motor and behavioral impairments that result in
large part from a loss of striatal innervation by midbrain dopami-
nergic (mDA) neurons within the substantia nigra. PD affects
approximately 1 in 800 people around the world and exerts a sig-
nificant social and economic burden. Prevalent treatments for PD
include dopamine agonists, such as Levodopa [2], and deep brain
stimulation [3]. Unfortunately, Levodopa often wanes in efficacy
due to desensitization, may lead to side effects such as dyskinesia,
and is rarely successful in the long term [4,5]. Moreover, while deep
brain stimulation can considerably alleviate motor symptoms, it
does not alter disease progression and may be accompanied by
intracranial hemorrhage and electrode-associated infections [6].

Replenishing mDA neuronal innervation, and thereby restore
functions lost in PD, is a promising alternative. Fetal-derived
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dopaminergic cells implanted in PD patients have yielded prom-
ising results [7e9]; however, this cell source has several disad-
vantages including poor availability, low purity, low reproducibility,
and ethical complications [10,11]. Fortunately, impressive progress
in the derivation of mDA neuronal progenitors from stem cell
sources, in particular pluripotent stem cells (PSC), has led to suc-
cessful preclinical results in animal models of PD [12e16]. These
safer and more readily available cell sources offer considerable
promise for clinical translation.

However, a major challenge for stem cell based replacement
therapies in general, and mDA neuron generation and trans-
plantation in particular, is low post-transplantation survival of
implanted cells [17e19]. The number of surviving tyrosine hy-
droxylase (TH, an essential enzyme for dopamine production)þ

mDA neurons is only < 1e5% of the total cells implanted in pre-
clinical models [12e14,20] or in clinical trials [21]. As anticipated,
this low survival rate reduces the efficacy of cell replacement
therapies and necessitates large numbers of functional mDA neu-
rons to be generated. For example, to treat the estimated 1 million
patients in the US alone, with a minimum of 100,000 dopaminergic
neurons required to survive post-transplantation per patient [19],
1 � 1013 mDA neurons would need to be generated in vitro to ac-
count for ~1% post-transplantation survival. Scalable bioprocesses
are being developed to increase the yield of mDA neurons gener-
ated in vitro [22,23], but on the other hand, new strategies are
needed to improve their post-transplantation survival and thereby
reducemanufacturing burden, while potentially increasing efficacy.

Several factors may underlie low post-transplantation survival
of cells: i) mechanical and/or enzymatic stress during cell harvest,
ii) mechanical stress during injection [24], iii) changes in the
environment from 2D in vitro culture to 3D in vivo tissue [24,25],
particularly when the latter is diseased, and iv) immune and in-
flammatory responses [26]. In prior studies, increased post-
transplantation survival was observed when robust, immature
stem and neural progenitor cells (NPCs) encapsulated within a 3D
biomaterial matrix were injected, likely by alleviating issues ii and
iii above [27e29]. However, for PD and other neurological disease
targets, it may be desirable to implant more mature, lineage-
committed neurons rather than NPCs, as the former can have a
higher fraction of cells committed to the desired neuronal fate as
well as reduce the risk of uncontrolled NPC proliferation [12,30].
Unfortunately, mature neurons including mDA neurons are typi-
cally more fragile than NPCs [31]. Moreover, when developing cell
implantation as an approach to treat key disease targets such as PD,
cell survival should be assessed at longer time points when disease
symptoms are typically alleviated, such as 16e18 weeks [12,15],
rather than the shorter term analysis typically conducted to date for
NPC survival [27,32e34].

To investigate and address these survival challenges, we
matured and transplanted mDA neurons encapsulated within an
optimized 3D biomaterial platform. We first generated mDA pro-
genitors within a 3D PNIPAAm-PEG gel, which can support large
scale cell production, as previously described [22,23]. However,
since the PNIPAAm-PEG polymer is non-biodegradable, we transi-
tioned and further matured these mDA progenitors for several days
in a rationally designed biodegradable hyaluronic acid (HA)-based
hydrogel before transplantation. Maintaining cells in a 3D culture
both avoided harsh conditions involved during harvesting from a
2D surface, which can damage the fragile neuronal processes and
lead to reduced cell viability, as well as offered a protective envi-
ronment during and after transplantation. HA e a readily available,
biodegradable, naturally occurring polymer that is part of the
extracellular matrix e is a favorable material choice for many
biomedical applications [35e39] and has been successfully used to
improve post-transplantation survival of encapsulated stem and
progenitor cells [27,32,33]. Additionally, as it is fully-defined and
brain-mimetic [40], HA may be a stronger candidate for a brain
transplantation material compared to other options such as
Matrigel and Alginate. However, HA has not yet been tested for the
encapsulation, maturation, and engraftment of more delicate cells
[31] such as hPSC-derived neurons. To address this need, we
designed a tunable HA hydrogel based on bio-orthogonal click
chemistry for rapid, non-toxic gelation under physiological condi-
tions, that enabled 3D encapsulation of neural progenitors. Func-
tionalizing the HA with an adhesive peptide (RGD) to promote cell
adhesion [41] and adding heparin, a glycosaminoglycan with neu-
rotrophic factor binding properties [42,43], increased dopami-
nergic differentiation and neurite extension in our 3D HA gels
compared to non-functionalized gels, and also led to functional
cells that fire action potentials. Finally, hydrogel encapsulation
increased the post-transplantation survival of hESC-derived mDA
neurons in the rat striatum ~5-fold compared to the current stan-
dard method of injecting unencapsulated neuron clusters. Opti-
mized biomaterials therefore offer the potential to enhance graft
survival while reducing cell manufacturing scale.

2. Results

2.1. Optimizing HA gels for mDA development

We first aimed to engineer a biomaterial platform to meet the
following requirements (Fig. 1a): i) the capacity for fast, non-toxic
gelation through bio-orthogonal crosslinking [44,45], ii) tunable
stiffness tailored to support neuronal development [46], iii) the
capacity for functionalization with bioactive ligands, iv) material
stability for extended in vitro culture to allow neuronal maturation
in 3D, and v) subsequent biodegradability and low immunogenicity
[47] to facilitate injection in vivo. We therefore proceeded to opti-
mize an HA hydrogel that could address these criteria. Although
several HA gelation schemes have been developed previously
[27,35,48], precisely tunable methods that result in rapid gelation
under physiological conditions to allow encapsulation with low
stress and high cell viability are not well-established. Here, we used
Strain-Promoted Azide Alkyne Cyclo-addition (SPAAC) [44,45,49],
which is a fast, catalyst-free, bio-orthogonal click reaction that
proceeds to stoichiometric completion under physiologically rele-
vant temperature and pH conditions. We first functionalized HA
with dibenzocyclooctyne (DBCO) [50] (seeMethods) and controlled
the gel stiffness by tuning the HA-DBCO weight fraction and the
degree of crosslinking via addition of different ratios of the PEG-
diazide crosslinker. Through empirical optimization, we found a
gel formulation with a storage modulus of ~350 Pa that supported
culture of mDA neurons in vitro for up to 25 days. Importantly,
complete gelation was achieved within ~5 min (Fig. 1b), which
resulted in genuine 3D encapsulation of cell clusters and permitted
rapid re-introduction of media to minimize cellular stress.

Next, we tuned the material to support mDA neuronal matu-
ration, including functionalization via SPAAC with an azide-
modified RGD-containing peptide and with DBCO-modified hepa-
rin. RGD incorporation has been shown to generally enhance cell
adhesion and migration [41], and encourage axonal growth of non-
mDA neurons [51,52]. Additionally, heparin binds several factors
known to enhance survival of mDA neurons e such as glial-derived
neurotrophic factor (GDNF) [53], brain-derived neurotrophic factor
(BDNF) [54], pleiotrophin (PTN) [55], and fibroblast growth factor
(FGF) [56] e and incorporation of heparin into transplanted bio-
materials reportedly enhanced neurite sprouting in an injured
spinal cord [57], primarily via controlled release of neurotrophic
heparin-binding growth factors [58]. Thus, we hypothesized that
inclusion of heparin in our HA gels could enhance maturation and



Fig. 1. Characterization of HA hydrogels and differentiation of mDA neurons. a) Depiction of the RGD- and heparin-functionalized HA hydrogel crosslinked with PEG-diazide
crosslinkers. b) Gelation kinetics, as determined by time evolution of elastic (blue) and loss (red) moduli of RGD and heparin functionalized HA hydrogels constructed with 3.5% w/v
HA. c) Schematic for generation of mDA neurons from hESCs in 2D vs 3D for implantation on D25; RI - ROCK inhibitor, NPC - neural progenitor cells. d-g) Confocal images showing
expression of TH and TUJ1 in mDA neuronal clusters cultured within HA hydrogels d) without RGD and heparin, e) functionalized with RGD, f) functionalized with heparin, and g)
functionalized with RGD and heparin; scale bars are 100 mm. h) Number of extended neurites per mDA neuronal cluster for mDA neurons cultured within various HA hydrogels. i)
Fraction of cells expressing TH in mDA neurons cultured within various HA hydrogels. Data are presented as mean ± s.e.m for n ¼ 3 independent experiments. *p < 0.05 by Student's
unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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post-transplantation survival of hESC-derived mDA neurons via
immobilization of exogenously-added or cell-secreted growth fac-
tors during culture and post-transplantation.

To generatemDA neurons (Fig.1c), hESCs were first cultured and
differentiated for 15 days within 3D PNIPAAm-PEG gels, a system
we have previously found to be highly effective for mDA neuronal
progenitor generation, and then harvested as neuronal clusters by
dissolving the thermoresponsive gel as previously described
[22,23]. Clusters were then encapsulated in HA gels and cultured
until day 25 (Fig. 1c). Four different HA gel designs were used: i)
non-functionalized HA (RGD-/hep-), ii) HAþRGD (RGDþ/hep-), iii)
HAþhep (RGD-/hepþ), and iv) HAþhepþRGD (RGDþ/hepþ).
Importantly, the degree of crosslinking was adjusted such that all
four gels had the same stiffness (Fig. S1).

Using immunocytochemistry on day 25 (Fig. 1dei), we found
that HA gels functionalized with RGD showed a higher number of
neurites per cluster compared to gels without the peptide (Fig. 1h).
Neurite outgrowth and extension is essential for integration of
mDA neuronal grafts with the surrounding neuronal architecture,
and crucial for reforming the neuronal circuitry lost in PD [59].
Furthermore, gels dually functionalized with both RGD and heparin
showed significantly higher numbers of neurites compared to all
other conditions, including a 25-fold increase in neurite extension
relative to non-functionalized HA gels (Fig. 1h). Additionally,
hydrogels with heparin, with or without RGD, increased the frac-
tion of THþ cells compared to gels without this glycosaminoglycan
(Fig. 1i, though differences were not statistically significant),
consistent with mechanistic studies showing that heparin poten-
tiates signaling by binding to factors such as GDNF and PTN, which
are critical for mDA neuronal maturation and survival [43,60].
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mRNA levels of other markers of interest e such as PAX6 for
neuronal commitment [61], FOXA2 and LMX1A for floorplate-
derived midbrain regional specification [12], and NURR1 and DAT
for dopaminergic maturation [62] ewere comparable between the
different gel conditions (Fig. S2). Based on these results, for all
subsequent work in this study, we used RGD and heparin func-
tionalized HA gels, which promoted cell maturation in vitro and
could potentially enhance survival and integration of transplanted
mDA neurons in vivo.

2.2. HA hydrogels support mDA neuronal differentiation and long-
term in vitro maturation

Current mDA cell replacement therapy approaches conduct cell
differentiation and maturation on 2D surfaces and subsequently
harvest cells prior to implantation [12,15], a process that involves
potentially harsh enzymatic and mechanical treatments. Here, we
hypothesized that maturing and then transplanting cells within the
3D HA hydrogels could enhance their survival throughout these
manipulations compared to cells differentiated andmatured on 2D.

Since cell maturation stage at the time of implantation can in-
fluence post-transplantation survival [31], we investigated the
phenotype of cells generated on 2D and in 3D using immunocy-
tochemistry and qPCR. Specifically, mDA neuronal progenitors were
generated in PNIPAAm-PEG gels as previously reported for 15 days
(Fig. S3) [22,23], then either transferred onto 2D poly-L-ornithine/
laminin coated surfaces or encapsulated in 3D HA-hep-RGD gels
(Fig. 1c). Immunocytochemistry and qPCR at D25 (Fig. 2) showed
high level expression of markers indicative of a floorplate derived
midbrain fate [12], FOXA2 and LMX1A, in both the 3D platform and
2D platforms (Fig. 2g). FOXA2 expression, however, was higher in
the 3D platform, consistent with our recent findings [23]. By
comparison, TH was expressed at equivalent levels in both plat-
forms. qPCR analysis further confirmed that there was no signifi-
cant difference in expression of several key markers e LMX1A, TH,
the neural marker PAX6, and the neuronal marker TUJ1 e between
the 2D and 3D platforms (Fig. 2h). Thus, with the exception of
FOXA2 expression, the mDA differentiation state at day 25 was
apparently similar on cells matured in the 3D HA gel versus on the
standard 2D surface.

While our subsequent experimental design involves cell im-
plantation on day 25 (Fig. 1c) as previously reported [12], we also
investigated whether the gel would support the maintenance and
maturation of themDA phenotype for longer periods of time in vitro
(Fig. 3). On day 40, high levels (~70e90%) of FOXA2/LMX1A
expression were observed in both 2D and 3D platforms, demon-
strating continued maintenance of the floorplate-derived midbrain
fate [12]. Importantly, at this stage, both the dopaminergic marker
TH and the pan neuronal marker TUJ1 were expressed in a higher
fraction of cells in 3D compared to 2D.

We additionally verified the expression of mature, region spe-
cific markers of dopaminergic neurons - GIRK2, PITX3, and DAT -
using qPCR (Fig. S4), which suggested that 3D HA-hep-RGD gels
may offer a neurogenic environment amenable for the long-term
development and maturation of mDA neurons. Furthermore, us-
ing previously established methods with voltage-sensitive dyes
[63,64], we demonstrated that mDA neurons matured in HA
hydrogels could rapidly change their membrane potentials (Fig. S5),
which is a hallmark of neuronal maturity and function.

2.3. Hydrogel encapsulation enhances mDA neuron recovery
following harvest and injection in vitro

Several steps of the implantation process can potentially
compromise cell survival and recovery, including cell-harvesting
from a 2D surface with potentially harsh enzymatic and mechani-
cal treatments and injection through a needle. To assess the effects
of the first step, cells were harvested from the 2D laminin-coated
surface or from within the 3D gel (Fig. 4a). Strikingly, 70% of the
cells were lost during the process of harvesting from 2D (Fig. 4b, red
bars), compared to less than 3% lost when collecting cells from 3D
HA-hep-RGD gels. While we cannot rule out cell losses from 2D
during centrifugation and transfers, this substantial difference is
likely due to cell death primarily from adverse mechanical stress
during the 2D harvesting. To examine the effects of syringe injec-
tion, we analyzed survival of equal numbers of live mDA neurons
harvested from 2D surfaces, or encapsulated within the 3D gel,
which were injected through a 26-gauge needle (Fig. 4a). The dis-
tribution of live, dead, and lost cells for this step did not change
between injected vs. uninjected cells in either 2D or 3D (Fig. 4b),
indicating that the passage through the needle did not affect cell
viability, in accordance with a prior report [65]. In sum, encapsu-
lation within 3D HA-hep-RGD gels apparently avoided the cell
losses associated with harvest from a traditional flat 2D tissue
culture surface, and thus resulted in an overall enhanced cell re-
covery and survival.

2.4. Hydrogel encapsulation enhances survival of implanted mDA
neurons

Next, we hypothesized that encapsulation within HA-hep-RGD
hydrogels may also increase the post-transplantation survival of
mDA neurons by providing a neurogenic and neuroprotective
environment during and following transplantation into the adult
striatum. We therefore investigated post-transplantation survival
of mDA neurons implanted as cell clusters in suspension, or
encapsulated within HA-hep-RGD hydrogels. Based on reports that
mDA neurons need to persist at least 4.5 months post-
transplantation to alleviate disease symptoms in PD rodent
models [12,15], we analyzed grafts at this time point. Furthermore,
to account for differences in cell recovery from harvest (Fig. 4) and
thereby enable a fair comparison of post-transplantation survival,
we injected similar numbers of viable cells (~100,000 per animal)
for each platform. For injectionwith or without the HA biomaterial,
tissue immunohistochemistry at 4.5 months post-injection showed
that a high fraction of human cells e marked by human nuclear
antigen (HNA) e co-expressed TH and FOXA2 as well as the
neuronal marker TUJ1, and demonstrated the continued mainte-
nance of a floorplate-derived midbrain dopaminergic fate (Fig. 5).
On average, ~1400 HNA positive cells (corresponding to ~1.6% of
transplanted cells) survived when transplanted as a cell suspension
following harvest from the 2D laminin-coated surface. In contrast,
~82000 HNA positive cells (corresponding to ~9% of transplanted
cells) survived when transplanted in 3D HA-hep-RGD hydrogels, a
5.6-fold improvement (Fig. 5f).

Of the surviving HNA positive cells in the 2D cell suspension
graft, on average ~1200 cells were TH positive (Fig. 5f). This number,
which represents ~80% of surviving cells and 1.3% of total trans-
planted cells, is comparable to prior reports of ~1% THþ neurons (as
a percentage of total transplanted cells) surviving 4 months after
injection of standard 2D-differentiated cells [13,14]. In contrast,
~6400 THþ neurons (corresponding to ~85% of surviving cells, and
~7% of transplanted cells) survived in the 3D HA-hep-RGD hydro-
gels (Fig. 5f). The level of THþ neuronal survival was therefore 5.4-
fold higher with the 3D transplantations, a substantial improve-
ment compared to current standards in the field. Additionally, a
higher level of neurite extension was observed within the graft for
mDA neurons that were transplanted after encapsulation within
the HA-hep-RGD hydrogels (Fig. S6), a desirable feature indicative
of successful graft integration [59]. Quantification of neurite



Fig. 2. Characterization of D25 mDA neurons matured on 2D laminin coated surfaces or in 3D HA hydrogels. a-f) Representative fluorescence images illustrating differences
between 2D and 3D cultures. Immunocytochemistry analysis showing (a,d) FOXA2 (green)/LMX1A (red), (b,e) MSX1 (green)/PAX6 (red), and TUJ1 (green)/TH (red). Nuclei are
labeled with DAPI (blue). g) Quantitative immunocytochemistry comparing mDA marker expression at day 25 between 2D (blue) and 3D (red) cultures. Data are presented as
mean ± s.e.m for n ¼ 3 independent experiments. *p < 0.05 by Student's unpaired t-test. h) Comparative gene expression analysis by qRT-PCR on day 25 between 2D (blue) and 3D
(red) generated mDA neurons. Data are presented as mean ± standard deviation from triplicates.
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density, measured by labeled THþ cell-intensity, showed almost
twice as much neurite growth in 3D (900,000 relative intensity)
compared to 2D (500,000 relative intensity) grafts. Another
important hallmark for functional neural integration is synapse
formation, typically indicated by expression of synaptophysin in
grafted cells [59,66,67]. We accordingly observed higher levels of
human synaptophysin expression among 3D-grafted cells
compared to 2D (Fig. S7), providing further evidence of continued
in vivo maturation and integration of HA-encapsulated mDA
neurons.

Furthermore, a safe graft should exhibit low cell overgrowth and
low fractions of contaminating cell types. Investigation of the
hydrogel-encapsulated mDA neuron graft showed no overgrowth
(Fig. 5a). Additionally, we found negligible fractions of serotonergic
neurons, GABAergic neurons, and glial cells within the graft
(Fig. S8). Collectively, almost all cells in the field of view were
positive for at least one of these markers (5HT, GABA, or GFAP), but
did not express HNA, which indicated that most were endogenous
rather than implanted cells (Fig. S8). In conclusion, the absence of
undesirable neuronal phenotypes demonstrated graft safety and
maintenance of the mDA neuronal fate in vivo.
3. Discussion

Stem cell-based regenerative therapies are progressively
entering the clinic [1]; however, significant technological chal-
lenges need to be addressed to increase chances for clinical efficacy.
As a prominent example, lowcell viability post-transplantation is in
general a significant hurdle with implications for both clinical
probability of success and manufacturing burden [17,68,69]. By
encapsulating, maturing, and implanting hESC-derived neurons
within a functionalized, biodegradable, click-chemistry cross-
linked HA hydrogel, we have increased in vivo post-transplantation
cell survival 5.6-fold relative to implantations of unencapsulated
cells generated on a standard 2D surface, a result with strong im-
plications for cell replacement therapies in the clinic. Previous
studies have reported increased post-transplantation survival of
stem and progenitor cells after encapsulation in hydrogels
[27,32,33]. Importantly, here we demonstrate improved survival of
encapsulated post-mitotic neurons, which are more delicate than
progenitor cells. Furthermore, the HA-hep-RGD hydrogel used in
this study was specifically designed for the dual purpose of
neuronal maturation and transplantation, making it distinct from



Fig. 3. Characterization of D40 mDA neurons matured on 2D or in 3D HA hydrogels. a-f) Representative fluorescence images illustrating differences between 2D and 3D cultures.
Immunocytochemistry analysis showing (a,d) FOXA2 (green)/LMX1A (red), (b,e) MSX1 (green)/PAX6 (red), and TUJ1 (green)/TH (red). Nuclei are labeled with DAPI (blue). g)
Quantitative immunocytochemistry comparing mDA marker expression on day 40 between 2D (blue) and 3D (red) cultures. Data are presented as mean ± s.e.m for n ¼ 3 in-
dependent experiments. **p < 0.005 by Student's unpaired t-test.
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previously developed HA-based systems. The modular nature of
our design facilitated optimization of gel properties towards this
goal, allowing independent control of gel stiffness and incorpora-
tion of ECM derived ligands e RGD and heparin e into the HA
hydrogel. Moreover, rapid, non-toxic, click-chemistry mediated
gelation allowed for fast encapsulation of cells with high viability.
The resulting HA-hep-RGD hydrogel enabled efficient mDA
neuronal differentiation, producing a 3-fold higher fraction of THþ

neurons and a 25-fold higher level of neurite outgrowth compared
to non-functionalized HA gels in vitro. Furthermore, this encapsu-
lation platform enabled significant improvements in viability both
during cell harvest for implantation as well as post-implantation.
Specifically, using this 3D platform, we observed a 3.5-fold higher
in vitro cell survival after harvest and simulated injection, and an
additional 5.4-fold higher post-transplantation survival of THþ

mDA neurons compared to injection of unencapsulated cell clusters
in suspension.

Several features of the 3D biomaterial platform may have
enhanced the survival of transplanted THþ neurons compared to
unencapsulated cell injections. Prior to implantation, cell genera-
tion in the 3D material obviates the considerable stresses involved
in cell harvest from 2D culture [24]. Furthermore, after injection the
material may provide a supportive environment that may enhance
survival following transition from the in vitro to the in vivo envi-
ronment [25]. Future work may also analyze the potential for
protection from inflammatory responses, which has been consid-
ered before [26,68]. Our in vitro tests indicated that the act of in-
jection alone induced minimum harm to the cells, whether or not
they were encapsulated within 3D HA gels (Fig. 4). These results
could potentially be attributed to our use of a needle bore wider
than convention, for reduced mechanical stress during injection in
rodents [65]. However, our data suggest that the largest contributor
to cell loss was harvest from the 2D surface (Fig. 4). Furthermore,
the viability of 2D cultured cells that survive the harsh harvesting
process may be adversely affected in the long-term in vivo. Fortu-
nately, by maturing and administering cells within a 3D material,
we forego the conventional need to harvest cells matured on 2D-
adherent surfaces and thereby avoid these unnecessary losses.

Successful transplantation of D25 mDA neurons rather than
earlier stage neural or neuronal progenitors may offer several ad-
vantages. Transplanting at a higher level of maturity may reduce
the risk of persistence or uncontrolled proliferation of immature
progenitors following injection. In addition, it may also reduce the
risk of progenitor differentiation into undesired neuronal lineages
typically associated with side effects [11], as well as ultimately
result in a higher number of engrafted THþ neurons. Mature



Fig. 4. In vitro lactate dehydrogenase (LDH) test as a measure of mDA neuron survival following harvest and injection. a) Illustration of the experimental setup. Cells harvested
from 2D or 3D were either lysed, re-seeded, or re-seeded after injection through a 26-gauge needle. b) LDH levels were measured at different stages for cells harvested from 2D or
3D platforms and presented as a percentage of total cells prior to harvest. Percentage of live cells (green), dead cells (orange), and lost cells (red) were calculated for each condition.
Data are presented as mean ± s.e.m for n ¼ 3 independent experiments. **p < 0.001 by one-way ANOVAwith Bonferroni's correction for multiple comparisons for the percentage of
cells alive (green bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. In vivo survival of mDA neurons transplanted with or without encapsulation within 3D HA hydrogels. a) 3D graft morphology at 4.5 months post-transplantation,
showing expression of HNA (red), TH (cyan), and FOXA2 (yellow). b) Coexpression of TH (cyan) and FOXA2 (yellow) in surviving HNAþ (red) cells in 3D graft. c) Coexpression
of TUJ1 (cyan) and HNA (red) in 3D graft. Coexpression of TH (cyan) and HNA (red) in neurons transplanted d) while encapsulated in 3D hydrogels or e) as a cell suspension
injection. f) Quantification of total number of HNAþ and THþ surviving cells from n ¼ 7e8 animals/group for neurons transplanted while encapsulated in 3D hydrogels (red) or as a
cell suspension injection (blue). Data are presented as mean ± s.e.m. * ¼ p < 0.05 for Mann-Whitney test.

M.M. Adil et al. / Biomaterials 136 (2017) 1e11 7
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neurons have also been reported to be less susceptible to excitatory
neurotoxicity in vivo from amino acids likely to be present at the
transplantation site [70]. Furthermore, transplanted human neu-
roblasts in PD patients take a long time to develop and mature in
their new environment, leading to delayed treatment outcomes
[10]. Successful grafting of neurons at a higher maturity level may
thus reduce the time needed to alleviate disease symptoms.

However, the less robust nature of mature neurons, particularly
during processing in vitro, can reduce overall survival rates [31].
Fortunately, encapsulation within a 3D HA biomaterial matrix
increased the survival of thesemature neurons by ~5.4 fold, thereby
allowing the successful grafting of cells that would otherwise
perish from adverse stresses experienced during and after surgical
transplantation. Additionally, consistent with higher levels of
neurite extension seen in vitro within HA gels functionalized with
RGD and heparin (Fig. 1h), while both the 2D and 3D grafts showed
a high fraction of THþ cells, higher levels of neurite outgrowth were
observed with the 3D implants (Fig. 5d,e and S6). Importantly,
extensive neurite outgrowth has been associated with favorable
outcomes of clinical PD treatment and has been identified as an
underlying mechanism of successful graft integration and allevia-
tion of PD symptoms [59], a possibility that will be investigated
within animal models in future work.

We noted that while 70% of the cells survived one day after
injection in vitro (Fig. 4), 9% of total cells survived 4.5 months after
transplantation (Fig. 5f). This difference potentially indicates that 1)
stress experienced during the harvest and transplantation process
may continue to adversely affect graft viability in vivo, and/or 2)
implanted cells face amore challenging environment in vivo. Future
enhancements to the current design, for example functionalization
with survival and neurotrophic factors, may further increase post-
transplantation survival.

Finally, the modular nature of this 3D platform allows for easy
optimization of the appropriate biophysical (e.g., stiffness) and
biochemical (e.g., incorporated ligands) properties that may facili-
tate efficient culture of a variety of other cell types. This highly
versatile 3D HA gel may be used to encapsulate other classes of
neurons at different stages of development, as well as non-
neuronal cells, to increase post-transplantation cell survival in
regenerative therapies for a range of other conditions.

4. Conclusion

We have developed a strategy to effectively mature and trans-
plant hESC-derived mDA neurons encapsulated within a bio-
functionalized 3D HA hydrogel. mDA neurons matured in the 3D
HA-hep-RGD hydrogel demonstrated robust expression of
mature, lineage-specific markers. Moreover, mDA neuron encap-
sulation within the HA-hep-RGD hydrogels significantly increased
cell viability 3.5-fold during in vitro cell harvest compared to
unencapsulated cells, enhanced THþ neuronal survival by an
additional 5.4-fold compared to traditional injections of unencap-
sulated cells, and increased neurite outgrowth 2-fold within the
graft. Enhanced cell survival both during and post-transplantation
may increase therapeutic efficiency and reduce the need for
generating large number of transplantable cells in a multiplicative
fashion, thereby facilitating translation of highly promising cell
replacement therapies to the clinic.

5. Materials and methods

5.1. HA gel synthesis

HA hydrogels were prepared using the Strain Promoted Azide
Alkyne Cycloaddition (SPAAC) reaction to effect rapid crosslinking
and gelation [71]. First, hyaluronic Acid (HA) was functionalized
with dibenzocyclooctyne (DBCO) by reacting Sodium Hyaluronate
(average molecular weight 75 kDa, Lifecore Biomedical) with
DBCO-amine (Sigma-Aldrich). Briefly, 500 mg HA was dissolved at
1 mg/mL in 2-(N-Morpholino)ethanesulfonic acid (MES) buffer
(50 mM, pH 4.0), and the carboxylic acid groups were activated by
an equimolar amount of N-(3-Dimethylaminopropyl)-N0-ethyl-
carbodiimide (EDC) and N-hydroxysuccinide (NHS) for 1 h. DBCO-
amine was dissolved in dimethylsulfoxide (DMSO), and 0.6 equiv-
alents were added dropwise with stirring. After 48 h reaction at
room temperature, the reaction mixture was concentrated and
unreacted starting materials removed by centrifugation through a
concentrator with a 10 kDa cutoff, and HA-DBCO was precipitated
out by adding a fivefold excess of ice-cold acetone. The precipitate
was pelleted by centrifugation, washed once with ice-cold acetone,
and then dissolved in ultrapure water and lyophilized. Heparin-
DBCO was similarly synthesized starting with porcine heparin
(Sigma-Aldrich). 1H NMR was used to estimate the extent of
functionalization of HA and heparin with DBCO groups (approxi-
mately 10%).

For making hydrogels, HA-DBCO was dissolved in phosphate-
buffered saline (PBS) and functionalized with an azide-containing
RGD peptide (K(az)GSGRGDSP, Genscript; where K(az) stands for
azidolysine) to a final concentration of 0.5 mM 0.07% (w/v in final
solution) of heparin-DBCO dissolved in PBS was added, and finally
the polymers were cross-linked using homobifunctional PEG-azide
(average molecular weight 1 kDa, Creative Pegworks). The amount
of HA-DBCO and PEG-diazide (mol %) were varied to obtain gels of
different stiffnesses as characterized by shear rheology using a
parallel-plate rheometer (Anton Paar) as previously described [72].
For encapsulating cells within the hydrogels, cell pellets were
resuspended in HA-RGD-heparin solutions before cross-linking
with PEG-diazide and plating. HA hydrogels used for 3D mDA
maturation and in vivo transplantation were composed of 3.5 wt%
HA-DBCO, 0.07 w/v % heparin-DBCO, 0.5 mM RGD, and 0.07 mol.%
(of HA-DBCO) PEG-diazide.

5.2. Dopaminergic differentiation

hESCs were differentiated to dopaminergic neuron progenitors
in PNIPAAm-PEG 3D gels (Mebiol, Cosmobio) using a protocol
adapted from previous differentiation techniques [12,15,23]. 5 days
after singe cell passage and maintenance in supplemented E8 with
10 mM ROCK inhibitor (Y27632, Fischer), differentiation was initi-
ated with Dual-SMAD inhibition using 100 nM LDN193189 (Stem-
gent) and 10 mM SB431542 (Selleckchem). Media conditions were
maintained throughout differentiation as previously described
[12,15]. After 15 days in PNIPAAm-PEG, cells were harvested with
cold PBS and triturated to yield small ~100 mm clusters, which were
then seeded onto a 0.01% poly-L-ornithine (Sigma-Aldrich)/20 mg/
ml laminin (Invitrogen) coated plate for 2D culture, or encapsulated
in gels for 3D culture. N2 (Invitrogen), B27 (Invitrogen), Glutamax
(Invitrogen), 100 ng/ml FGF8 (Peprotech, Rocky Hill, NJ), 3 mM
CHIR99021 (Stemgent, San Diego, CA), 20 ng/ml BDNF (Peprotech),
20 ng/ml GDNF (Peprotech), 2 mM Purmorphamine (Stemgent),
0.5 mM Dibutyryl-cAMP (Santa Cruz Biotechnologies), 10 mM DAPT
(Selleckchem), 1 ng/ml TGFb3 (R&D Systems) and 0.2 mM L-
Ascorbic Acid (Sigma-Aldrich) were used in medium formulations
as needed.

5.3. Quantitative immunocytochemistry

On D15 of differentiation, mDA progenitors were harvested from
the PNIPAAm-PEG platform by liquefying the gel with cold PBS. Cell
clusters were then seeded on 0.01% poly-L-ornithine (Sigma-
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Aldrich)/20 mg/ml laminin (Invitrogen) coated plate. For charac-
terization at D15 some of cells were fixed the next day with 4%
paraformaldehyde. At days 25 and 40 of mDA differentiation, cells
on 2D surfaces or in 3D gels were fixed with 4% paraformaldehyde.
Following threewasheswith PBS, cells were blocked for 1 h at RTon
a rocker with primary blocking buffer (2% BSA, 5% donkey serum,
0.3% Triton X 100 in PBS). Primary antibodies diluted in primary
blocking buffer were incubatedwith the cells, overnight for 2D cells
and for 48 h for 3D gels, on a rocker at 4 �C. Next, cells were rinsed
once with 0.2% Triton in PBS and washed three times with 0.1%
Triton in PBS, followed by a 2 h incubation with appropriate sec-
ondary antibodies diluted in 2% BSA in PBS. DAPI was added 30 min
before the end of secondary antibody incubation period. Cells were
subsequently washed three times with PBS and imaged on a Zeiss
fluorescence microscope for 2D cultures. The various primary and
secondary antibodies used and their respective dilutions are pre-
sented in Table S1. For the transcription factors FOXA2, LMX1A,
MSX1, PAX6, OCT4, and NANOG, the number of cells labeled posi-
tive was counted in Cell Profiler and expressed as a percentage of
total DAPI labeled cells in the image. The percentages of cells pos-
itive for neuronal markers TUJ1 and TH were manually counted
using the cell counter feature in ImageJ.

5.4. qPCR

At days 25 (for 2D and 3D HA cultures) and 40 (for 3D HA cul-
tures) of differentiation, cells were harvested and mRNA extracted
using a Qiagen RNeasy RNA extraction kit (Qiagen) according to the
manufacturer's instructions. mRNA was reverse-transcribed using
iScript reverse transcriptase (Bio-Rad), and quantified on an iQ5 RT-
PCR detection system (Bio-Rad). Data was normalized to GAPDH
expression and analyzed using the 2�DDCt method, with respect to
mRNA levels in hESCs. The primers used for qPCR are presented in
Table S2.

5.5. Voltage-sensitive imaging

Voltage-sensitive dyes were used to measure neuronal action
potentials as previously described [63,64]. Briefly, mDA neurons
differentiated in PNIPAAm-PEG for 25 days and matured for an
additional 20 days in HA hydrogels were incubated for 15 min in
37 �C HBSS with 2 mM RVF5 (from a 100� stock in DMSO), then
washed for 15 min in 37 �C HBSS. The gel was transferred to a slide
chamber containing HBSS for two-photon confocal imaging. Im-
aging was performed with a Zeiss LSM 880 NLO AxioExaminer
equipped with a Chameleon Ultra I laser (Coherent Inc.). Fluores-
cence images were acquired using a Zeiss BiG-2 GaAsP detector by
exciting RVF5 with 820 nm light using laser attenuation percent-
ages between 2 and 5%. Spontaneous activity images were recorded
for 6000 frames at 5 ms/frame in a 8 � 64 pixel array, which cor-
responded to ~425 � 52 mm. Cells demonstrating spontaneous
activity were identified with a pixel-wise analysis using Spike-
mapper, as described previously [64].

5.6. In vitro injection tests

mDA neuronal progenitors were generated in 3D PNIPAAm-PEG
and then transferred onto 2D or 3D platforms, as depicted in Fig. 1c.
Injection tests were performed at D25 of differentiation. For both
the 2D and 3D samples, cells were analyzed at three different
stages: 1) before harvest (control), 2) after harvest and reseeding,
and 3) after harvest, post-injection and reseeding (depicted in
Fig. 4a). Cells were harvested from the 2D platform using 0.5 mM
EDTA and gentle mechanical scraping, pelleted with centrifugation
at 200g for 1 min, and either reseeded directly or post-injection
through a 26-gauge needle on a 10 ml Model 701 RN glass syringe
(Hamilton) onto a Poly-L-Ornithine/laminin coated surface. Cells
from3D hydrogels were collected by simply pipetting up the 3D gel,
with the cells encapsulated within, and either reseeded directly or
post injection through the 26 gauge needle onto a plate. Cells in the
hydrogels remained encapsulated during harvest, injection, and
reseeding. After reseeding, all samples were fed with 1:50 B27
supplemented Neurobasal medium. 24 h later, the Lactate dehy-
drogenase (LDH) assay was used tomeasure the total cell counts for
each sample following the manufacturer's protocol (Promega). The
number of dead cells (x) was estimated from the LDH activity in the
supernatant, and the number of live cells (y) was estimated from
the LDH activity post-lysis of any remaining cells. The LDH activity
following complete lysis of all cells before harvest gave the initial
number of cells (z), allowing calculation of percentages. The per-
centage of cells lost during the harvesting/injection/reseeding
processes was calculated as (z-x-y)/z.

5.7. In vivo transplantations

All procedures were performed following the NIH Guide for the
Care and Use of Laboratory Animals, andwere approved by the local
Institutional Animal Care and Use Committee (IACUC), the Insti-
tutional Biosafety Committee (IBC), and the Stem Cell Research
Oversight (SCRO) committee.

For 2D cell suspension injections, D25 mDA neurons were har-
vested from 2D laminin coated surfaces, and dissociated to small
~50e100 mm clusters using 0.5 mM EDTA and pipette trituration.
For injections of HA encapsulated cells, 3D gels were pipetted up
from tissue culture wells and were first loaded into the backend of
the syringe using a positive displacement pipet before injections.
For all injections, a 26-gauge needle on a 10 ml Model 701 RN glass
syringe (Hamilton) was used. ~100,000 (on average 89500 for 2D
and 93800 for 3D) cells were implanted into the striatum of iso-
flurane anesthetized 150e200 g adult female Fischer 344 rats (at
stereotaxic coordinates AP: þ1.0, ML: �2.5, DV -5.0). For both 2D
and 3D injections, cells were first loaded into the syringe and a
3e4 ml sample injected out and counted to ensure a cell loading
density of ~100,000 cells/5 ml, and then injections into animals
were continued. 10 mg/kg/day cyclosporine was delivered using
Alzet osmotic pumps, which were subcutaneously implanted into
animals under isoflurane induced anesthesia 48 h before intracra-
nial surgeries. Pumps were refilled biweekly with cyclosporine. 4.5
months after cell implantations, animals were transcardially
perfused with 4% PFA. Brains were harvested and incubated in 4%
PFA overnight and transferred into a 30 (w/v) % sucrose solution the
following day.

4-5 days later, after the brains were sufficiently dehydrated and
had sunk to the bottom of the containers, they were sliced into
40 mm sections using a freezing microtome. Primary antibodies
diluted in primary blocking buffer (5% donkey serum, 2% BSA, 0.1%
Triton �100) were incubated with the brain sections for 72 h with
gentle rocking at 4 �C. Following incubation, brain sections were
rinsed once with 0.2% Triton in PBS and washed three times with
0.1% Triton in PBS, followed by a 4 h incubation with appropriate
secondary antibodies diluted in 2% BSA in PBS. DAPI was added
30 min before the end of secondary antibody incubation period.
Brain sections were subsequently washed three times with PBS and
mounted on coverslips. A Zeiss Axioscan Z1 automated slide
scanner was used to image the brain sections, and Zen 2.0 software
was used to analyze the images. For high-resolution imaging, a
Zeiss AxioObserver fluorescent microscope was used.

The percentage of cell survival was quantified using the cell
counter feature on ImageJ, as previously described [15] using a
method based on Abercrombie's technique [73]. All cells positive



M.M. Adil et al. / Biomaterials 136 (2017) 1e1110
for HNA and TH were counted from zoomed in pictures originally
acquired at 5�magnification on the Zeiss Axioscan slide scanner, of
every 5th brain section spanning the injection site (~8 sections
across ~50 total sections). The total numbers of HNA positive and
TH positive cells were then extrapolated from these counts.
Furthermore, all HNA positive cells were counted from three
representative sections for each rat brain, imaged at 20� magnifi-
cation on the Zeiss AxiObserver. Cells double positive for TH/HNA
were then identified for these pictures and counted. To avoid
double counting, any cells out of focus were disregarded. Neurite
density within the grafts was correlated to total THþ intensity
measured using ImageJ.
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