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Abstract Chemotropic proteins guide neuronal projec-
tions to their final target during embryo development and
are useful to guide axons of neurons used in transplantation
therapies. Site-specific delivery of the proteins however is
needed for their application in the brain to avoid degra-
dation and pleiotropic affects. In the present study we
report the use of Poly (ethylene glycol)-Silica (PEG-Si)
nanocomposite gel with thixotropic properties that make it
injectable and suitable for delivery of the chemotropic
protein semaphorin 3A. PEG-Si gel forms a functional
gradient of semaphorin that enhances axon outgrowth of
dopaminergic neurons from rat embryos or differentiated
from stem cells in culture. It is not cytotoxic and its
properties allowed its injection into the striatum without
inflammatory response in the short term. Long term
implantation however led to an increase in macrophages
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and glial cells. The inflammatory response could have
resulted from non-degraded silica particles, as observed in
biodegradation assays.

1 Introduction

Site-specific delivery of growth factors and other diffusible
molecules in the Central Nervous System (CNS) is a
challenging enterprise, due to the need to protect them
from degradation, thus avoiding pleiotropic effects, while
doing so through a minimally invasive and non-damaging
method. The use of transplanted cells, viral vectors, or
artificial devices, such as pumps and catheters for in situ
protein delivery to the CNS leads to several problems such
as inflammatory response, over expression, uncontrolled
cell transformation and growth, highly invasive procedures,
malfunction and infections [1-3]. The use of polymeric
biomaterials for delivery of neurotransmitters or neurotro-
phic factors in the form of microparticles [4—6], nanopar-
ticles [7] or injectable hydrogels [8—11] into the CNS has
been shown to be a feasible alternative. Delivery of
injectable polymers is particularly advantageous for
applications that require a well defined physical space and
specific delivery with a low invasive method, such as ste-
reotaxic surgery. Polymeric release systems include those
in which the drug is bound to the polymer either chemically
or via affinity interactions, and those in which the drugs are
physically encapsulated. Due to the simplicity of the latter
and to the fact that drugs are minimally exposed to harsh
conditions, physical encapsulation in injectable polymers
provides an appealing alternative for site-specific drug and
growth factor delivery in the brain [2, 12].

Chemotropic proteins are mainly expressed during
development of the CNS and are involved in the
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stereotypical projection of axons to establish the neuronal
connections. Chemotropic proteins exert their function
through the formation of gradients. The growth cones of
neurons detect small concentration changes across the
spatial span, and the magnitude and shape of the gradients
influence the growth cone, depending of the neuronal type
[13—15]. The lack of a concentration gradient or a similar
increase in concentration of the chemotropic proteins
induces the stop of axonal projections in retinal ganglio-
nar neurons, cortical and Til neurons respectively [14—
16]. Semaphorins (sema) are a family of chemotropic
glycoproteins with a characteristic extracellular domain of
500 amino acids [17]. Class 3 semaphorins are secreted
proteins and are mainly known for their repulsive effects
on neurites [18]. During development, repulsive effects of
sema 3A on the dorsal root ganglion neurons (DRG) helps
to target the nociceptive sensory DRG axons to the dorsal
root of the spinal cord [19]. Sema 3A, however, also
exerts attractive effects on other neurons like cerebellar
and cortical neurons [20, 21], and dopaminergic neurons
of the ventral mesencephalon [22]. In spite of the con-
siderable knowledge of semaphorin signaling, the factors
that influence attractive or repulsive effects are still under
study. Dual action of semaphorins of class 3 depend not
only on the affinity to the heterodimeric transmembrane
receptor of neuropilin and plexin proteins [23], but also
on intracellular contexts like cyclic nucleotides concen-
tration [24, 25], the interaction with adhesion molecules
of the immunoglobulin superfamily (IgCAMs) like L1
[26], or the engagement of integrin receptors to the
extracellular matrix [27, 28]. Class 3 semaphorins have
been implicated in the guidance of axons of dopaminergic
(DA) neurons during the formation of the nigrostriatal
pathway (NP) [22]. NP is a dopaminergic projection from
the ventral midbrain to striatum at the telencephalon, and
it is involved in motor and cognitive tasks; its degener-
ation in humans leads to the symptoms of Parkinson’s
Disease (PD). It has been observed that sema 3A and 3C
enhance axon outgrowth and that sema 3C also attracts
the axons of dissociated DA neurons obtained from rat
embryos, or by the differentiation of embryonic stem
cells, thus suggesting their use in directing and enhancing
the outgrowth of transplanted DA neurons for cell
replacement therapies of PD [29]. One major challenge in
neuronal replacement therapies is the correct projection
and innervation of the transplanted cells in the host brain
to reconstruct the degenerated neuronal pathways [30-35],
therefore the use of sema could be useful for the guidance
and enhancement of axonal outgrowth. Delivery of sem-
aphorins at the final target or near the intranigral trans-
planted neurons however, would be necessary to form a
gradient and to guide the projections of the transplanted
cells.
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Accordingly, in this paper we report the use of a novel
thixotropic hybrid poly (ethylene glycol)-silica (PEG-Si)
nano-gel for establishing a chemotropic gradient that could
be used to guide axons of grafted DA neurons. The PEG-Si
nano-gel is formed of aggregated nanoparticles, where the
PEG and silica phases are homogenously dispersed and
chemically interacting, so as to form a truly hybrid
organic—inorganic material. The weak association between
the particles is disrupted by moderate shear force that lig-
uefies the gel state [36], making it suitable for inclusion of
proteins and injection into the CNS. Our results show that
PEG-Si is able to deliver a functional sema 3A and to form
a gradient of concentration without in vitro cytotoxic
effects. In vivo experiments showed that it is suitable for
CNS injection, as well. However, a late onset inflammatory
response was observed that could be caused by the bio-
degradation products.

2 Materials and methods
2.1 Diffusion of proteins

To measure the diffusion of proteins included in the PEG-
Si nano-gel, Mouse IgG coupled to Alexa 488 (Invitrogen,
Carlsbad CA) was mixed with the polymer at a final con-
centration of 80 ng/ul, a drop of 2 pul was added to a
microscope slide and polymerized for 10 min at 37°C.
After polymerization, 35 pl of a rat tail collagen solution
was added to the PEG-Si nano-gel, maintaining the drop of
the polymer on one side of the collagen gel, and poly-
merized for 40 min at 37°C (Time 0). To measure the
diffusion of fluorescent immunoglobulins into the collagen
matrix, the gels were mounted with a coverslip at several
time points and observed under an epifluorescent micro-
scope (Olympus, Center Valley PA). Micrographs of the
fluorescent images and their equivalent phase contrast
images were obtained to register all the gel area, and
reconstructed images were obtained using Photoshop CS2
software (Adobe Systems, San Jose, CA). Fluorescent
signals were measured by obtaining the optical density
trough a traced area in the collagen gel image that com-
prised from the more proximal area of the PEG-Si gel to
the more distal zone of it, using the Image Pro Plus soft-
ware (Media Cybernetics, Inc., Bethesda, MD). Calibration
of the intensity parameters was done as follows: 0% of
intensity was calibrated at an area where no collagen gel
was present, 100% of intensity was calibrated at the center
of the PEG-Si gel.

To measure the diffusion of proteins in the culture
medium, PEG-Si gels containing 80 ng/pl of IgG Alexa488
and included in a collagen gel as mentioned before, were
incubated at 37°C with Optimem (Invitrogen). The culture
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medium was collected at several time points and the fluo-
rescent intensity of each sample medium was measured
immediately with a luminometer coupled to a fluorescent
module (Turner BioSystems Inc. Sunnyvale CA). As a
positive control, Optimem medium plus IgG coupled to
Alexa 488 (80 ng/ul) was incubated at 37°C for the same
period of time as the collagen gels and the fluorescence
signal was measured as previously described.

2.2 DRG culture and collapse assay

DRGs were obtained from E14 rat embryos and cultured
over a poly-L-ornithine (Sigma, St Louis MO)-treated
coverslip incubated with laminin (0.01 mg/ml) (BD bio-
sciences, Franklin Lakes NJ). DRG explants were incu-
bated for 24 h to allow axonal outgrowth in basal medium
as described previously [37], plus 15 ng/ml of NGF
(Invitrogen). For the collapse assay explants were pre-
incubated for 40 min with basal medium plus 5 ng/ml of
NGF, and after the incubation a drop of 2 pl of PEG-Si
nano-gel containing the recombinant sema 3A-Fc (R&D
Biosystems, Minneapolis MN) (0.5 pg/ml) or recombinant
IgG-Fc (R&D Biosystems) (0.5 pg/ml) was added near
them. Growth cone collapse effects were recorded under
phase contrast inverted microscope (Olympus) by obtain-
ing micrographs every 15 min. The percentage of collapsed
growth cones was calculated in the proximal and distal area
to the PEG-Si gel as shown in Fig. 2f, using images
obtained by confocal microscopy of cultures previously
incubated for 30 min with rhodamine phalloidin (Sigma),
and the differences between means were calculated using
the Student’s #-test (P < 0.05).

2.3 Culture of dopaminergic neurons

Ventral mesencephalic explants of E14 rat embryos were
obtained in Hank’s solution (Invitrogen) and partially di-
saggregated as described previously [22]. The cells were
resuspended in a rat tail liquid collagen mix at a proportion
of 0.5 explants per 35 pl of collagen. The mix of collagen
plus the neurons was poured into a 24 well tissue culture
plate where a 2 pl drop of PEG-Si nano-gel had been
previously polymerized. After 40 min of polymerization at
37°C and 5% CO,, 350 pl of culture medium containing
50% DMEM-F12 (Invitrogen), 50% DMEM (Invitrogen),
1.5% glucose, B-27 supplement (Invitrogen) and 1% pen-
icillin- streptomycin (Invitrogen) was added to each well.
Differentiated dopaminergic neurons were obtained as
follows; R1 ES cells were differentiated using the five
stage protocol as previously reported [38]. Briefly undif-
ferentiated ES cells were seeded on bacterial culture dishes
to form embryoid bodies. Embryoid bodies were trans-
ferred to a tissue culture plate and incubated for 7-11 days

with serum-free medium supplemented with insulin,
transferrin, selenite and fibronectin (ITSFn) to select nestin
precursor cells. Nestin populations were expanded with N2
medium (Invitrogen) supplemented with FGF2 (Peprotech,
Rocky Hill, NJ), FGF8b (Peprotech) and Shh (R&D Bio-
systems) for 4—6 days. Final differentiation was induced by
incubation with N2 medium supplemented with ascorbic
acid (Sigma).

2.4 Cytotoxicity assay

Collagen gel cultures containing dissociated dopaminergic
neurons exposed to PEG-Si polymer were incubated for 2
or 8 days without changing the culture medium. Gels were
washed with Optimem medium (Invitrogen) and incubated
in a mix of Calcein AM and Ethidium homodimer-1
according to the manufacturer instructions (Invitrogen).
After incubation gels were washed 2 times with PBS,
mounted on a slide and observed under an epifluorescent
microscope. Ten fields per gel (n = 3) were recorded on
micrographs and the percentage of live (green) versus dead
(red) cells was obtained. Differences between means of
control and PEG-Si gel exposed cultures were statistically
analyzed using Student’s t-test (P < 0.05).

2.5 In vivo injection of PEG-Silica polymer

Adult Wistar rats were anesthetized using a mix of Keta-
mine-Xylazine (70 mg/kg—6 mg/kg). All the surgical pro-
cedures were performed under aseptic conditions. The skull
was exposed and a hole was drilled using a high speed
dental drill. Bilateral stereotaxic injections were performed
into the center of the striatum using a Hamilton micro
syringe coupled to a 21-gauge needle. The coordinates
were: 0.7 mm anterior posterior from Bregma, 2.8 mm
mediolateral from Bregma and 4.0 mm from the cortical
surface. Right hemispheres were injected with sterile saline
solution and left hemispheres with UV irradiated PEG-Si
nano-gel, previously liquefied by vigorous shaking. After
the needle reached the striatum it was left to equilibrate for
5 min, 3 or 5 pl of saline solution or PEG-Si were slowly
injected (about 5 min), and the needle was slowly removed
after being left inside for three additional minutes. The
wound was sutured and the animals were left to recover
from the anesthesia under a lamp to avoid hypothermia.
Animals were kept in their home-cages with free access to
food and water until the day of euthanasia. All the proce-
dures were performed in accordance with the regulation of
Mexican government regarding the use of laboratory ani-
mals for research purpose (NOM-062-ZOO0O-1999), and
following the guide for the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources,
U.S. National Research Council (1996).
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2.6 Immunostaining

Collagen gels previously fixed with 3.5% paraformaldehyde
(PFA) were incubated with rabbit anti-TH antibody (Pel-
Freez, Rogers, AK) as previously described [22, 29]. Brains
obtained after transcardial perfusion with PBS and 4% PFA
were post fixed overnight with the same fixative, extensively
washed with PBS and cryoprotected using Tissue-Tek O.C.T.
compound. 20 pum cryostat serial sections were obtained and
mounted on slides. Slides were washed with PBS, pre-incu-
bated with 5% goat serum in PBS, and incubated overnight
with antibodies against activated macrophages (ED-1)
(Millipore) and/or GFAP (Millipore). Slides were exten-
sively washed with PBS and incubated with the appropriate
secondary antibody (anti-rabbit or anti mouse IgG coupled to
Alexa 488 or Alexa 546; Invitrogen). Slides were mounted
using anti-fade mounting medium and observed under con-
focal microscopy (Zeiss, LSM510). Panoramic images of the
sections were obtained using Photoshop CS2.

2.7 Raman spectroscopy

PEG-Si samples were incubated in SBF [39] for different
lengths of time at 37°C and 5% of CO,. Overnight dried
samples were measured in a Raman microspectrometer
(Senterra Bruker, Billerica MA), equipped with an Ar laser
emitting at 760 nm, coupled with an Olympus Bx51M
microscope with a 20x objective, at 100 mW, 10 s of time
integrated and 6 scans. All measurements were carried out
at room temperature with no special sample preparation.

3 Results

3.1 PEG-Silica thixotropic nano-gel is suitable
for protein diffusion and formation of a protein
gradient in collagen matrices

Chemotropic proteins exert either an attractive or repulsive
effect by a concentration gradient that is sensed by the
axonal growth cone. To evaluate the diffusion rate of
proteins included in a PEG-Si nano-gel and the ability to
form a concentration gradient of a protein in an extracel-
lular matrix such as collagen, immunoglobulins coupled to
the fluorophore Alexa 488 were included in a PEG-Si
polymer and a 2 pl drop of the mix was included in a 35 pl
drop of collagen solution (Fig. 1a). After 40 min of poly-
merization (time 0), the diffusion of the fluorescent signal
was observed at different time-points under an epifluores-
cent microscope, the intensity of the fluorescence was
calculated based on the optical density of the images, and
expressed as percentage of the fluorescent observed at the
center of the PEG-Si gel (Fig. 1b). A gradual diffusion of
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fluorescence through the collagen gel was observed, indi-
cating the formation of a concentration gradient of the
protein (Fig. 1c). Two hours after incubation, 69% of the
fluorescent signal was detected adjacent to the PEG-Si
nano-gel and less than 2% at the more distal zone. After
6 h of incubation, the fluorescent signal increased to almost
80% at the area adjacent to the PEG-Si nano-gel, and about
20% at the more distal part of the collagen gel (Fig. 1b, c).
A full day later, the gradient of proteins was still detectable
but became less pronounced than that observed at 6 h
(Fig. 1b, c). The fluorescent immunoglobulins contained in
the collagen gel did not diffuse outside the collagen matrix,
since no fluorescent signal was observed in the culture
media, as compared to the fluorescent signal obtained in
the media when the immunoglobulins were directly added
to it (Fig. 1d). These results show that proteins included in
a PEG-Si nano-gel can form a concentration gradient
within an extracellular matrix like a collagen gel.

3.2 Recombinant Semaphorin 3A included in a PEG-
Silica nano-gel exerts a repulsive effect on axons
of dorsal root ganglion neurons

Sema 3A is a chemotropic protein originally described to
induce the collapse of axonal growth cones of dorsal root
ganglion (DRG) neurons [40]. To evaluate whether the
inclusion of recombinant sema 3A (sema3A-Fc) in a PEG-
Si nano-gel has the previously described collapse effect on
DRG neurons, we cultured DRG explants obtained from rat
embryos at the development stage (E) 14, adjacent to a
drop of PEG-Si plus 0.5 pg/ml of sema 3A-Fc, or PEG-Si
nano-gel plus 0.5 pg/ml of recombinant IgG immuno-
globulin (IgG-Fc), as a control. The growth cone mor-
phology of DRG neurons exposed to the gels was
monitored in a phase contrast microscope. After 50 min of
incubation, no growth cone collapse was observed when
the DRG explants were exposed to the control gel (Fig. 2a,
b). Nevertheless, exposure of DRG explants to the sema
3A-Fc containing gels induced the collapse of the growth
cones (Fig. 2c, d). More growth cone collapse was
observed on the proximal quadrant than on the distal
quadrant of the explants (Fig. 2f). To quantify the differ-
ences in growth cone collapse between the proximal and
distal quadrants of the DRG explants, cultures exposed to
sema-3A-Fc gel or control gel were fixed and the actin
fibers were labeled with rhodamine-phalloidin to visualize
the growth cones by confocal microscopy (Fig. 2g, h). A
higher percentage of collapsed growth cones was observed
at the side facing the gel containing sema 3A-Fc as com-
pared to the side facing away from it. No difference in
growth cone collapse was observed between the proximal
and distal quadrants of the explants in control gel-exposed
cultures (Fig. 2i). These results show that recombinant
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Fig. 1 Diffusion of fluorescent protein included in a PEG-Si nano-gel
and gradient formation in a collagen gel. Immunoglobulins coupled to
Alexa 488 were mixed with the PEG-Si nano-gel to a final
concentration of 80 ng/ul, 2 pl drops of the mix were polymerized
and included in 35 pl of collagen solution which was polymerized for
40 min at 37°C (Time 0). The diffusion of the fluorescent protein was
registered with an epifluorescence microscope at 0, 1, 2, 6, and 24 h.
a Light interference microscopy reconstructed image of the PEG-Si
nano-gel (PS) (delimited by yellow dotted lines) included in a

sema 3A included in a PEG-Si nano-gel maintains its
collapse-inducing activity and diffuse gradually in the
culture media, being more effective on the proximal sec-
tion of the explants.

3.3 Recombinant sema 3A included in a PEG-Silica
nano-gel increases axonal outgrowth
of dopaminergic neurons obtained from embryonic
ventral mesencephalon or from differentiated
embryonic stem cells

To evaluate whether recombinant sema 3A included in a
PEG-Si gel could exert its previously reported attractive
effect on dopaminergic neurons [29], disaggregated ventral
mesencephalic dopaminergic neurons (mDA) from E14 rat
embryos were included in collagen gels, together with a2 pl
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collagen gel (delimited by blue dotted lines) at time 0. b Epifluores-
cence microscopy reconstructed images of collagen gels with
fluorescent immunoglobulins at different times of incubation. ¢ Fluo-
rescence intensity distribution in the collagen gels from the area
adjacent to the PEG-Si nano-gel to the more distal area at different
times of incubation. d Fluorescent signal of IgG-Alexa 488 in the
culture media when directly added to medium (circles), or included in
a PEG-Si nano-gel plus collagen gel (triangles). n = 3. Scales bars in
a and b 500 pm

drops of PEG-Si nano-gel containing different concentra-
tions of sema 3A-Fc or control IgG-Fc. After 48 hin culture,
the dopaminergic neurons were detected by immunostaining
with an anti-tyrosine hydroxylase (TH) antibody. Axonal
outgrowth of immunostained neurons was measured from
confocal images. An increase of 53 and 68% in dopami-
nergic axon outgrowth was observed when neurons were
exposed to PEG-Si with 2 pg/ml (Fig. 3b,c) or with 5 pg/ml
(Fig. 3e, f) of sema 3A-Fc, as compared to cultures exposed
to equivalent concentrations of IgG-Fc (Fig. 3a, d). No
increase in axonal outgrowth was observed when neurons
were exposed to 10 pl/ml of sema 3A-Fc (Fig. 3g—i).
Evaluation of the percentage of live and dead mDA
neurons in the cultures exposed to PEG-Si nano-gels
showed no cytotoxic effect at a time point equivalent to
that used to evaluate the effect of sema 3A-Fc (2 days), or
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after 8 days of exposure (Fig. 3j). An increase in the per-
centage of dead neurons was observed in control and PEG-
Si treated cultures after 8 days of culture, likely due to
the exhaustion of nutrients in the culture medium.
When dopaminergic neurons differentiated from embryonic
stem cells were exposed to PEG-Si nano-gel containing
2 pg/ml of sema 3A-Fc or an equivalent concentration of an
IgG-Fc, 45% increase in axonal length was observed in
sema 3A-Fc treated cultures as compared with control cul-
tures (Fig. 4a—c).
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<« Fig. 2 Effect of recombinant Semaphorin 3A included in a PEG-Si

nano-gel on DRG neurons growth cone collapse. E14 rat embryo
dorsal root ganglion explants cultured on laminin-coated coverslips
were exposed to PEG-Si gel containing IgG-Fc (a, b) or PEG-Si gel
containing recombinant sema 3A-Fc (¢, d), and phase contrast
microscopy images were obtained at 0 min (a, ¢) or 50 min (b, d) of
incubation. No growth cone collapse was observed with the polymer
alone, only the movement of the growth cone was observed (b,
arrowheads). A complete collapse of a growth cone is observed in
DRG neurons exposed to sema 3A-Fc (d, arrowhead). (e) Phase
contrast micrograph at low magnification showing the DRG ganglion
exposed to the polymer (p). (f) Schematic representation of a DRG
explant to show the outgrowth on the quadrants of distal and proximal
areas with respect to the sema 3A-Fc containing PEG-Si gel. (f')
Phase contrast micrograph of the distal area. (f”) Phase contrast
micrograph of the proximal area. (g) Growth cones of the distal area
of sema 3A-Fc treated cultures stained with rhodamine phalloidin.
(h) Growth cones of the proximal area exposed to sema 3A-Fc and
stained with rodhamine phalloidin showing collapsed growth cones
(arrows). (i) Graph showing the percentage of collapsed growth cone
in distal and proximal areas of DRG explants exposed to polymer
with sema 3A-Fc (3A), or without it (control), (¥*P = 0.05, according
to Student’s r-test) (n = 4 explants per condition). Scale bars in
d 20 pm and applies to a—c, e 50 um, £ 20 pm and applies to ',
h 20 pm and applies to g

3.4 Biocompatibility of PEG-Silica nano-gel
in the central nervous system

To evaluate if the PEG-Si nano-gel is an appropriate
vehicle to deliver the recombinant sema 3A into the brain,
we implanted the polymer into the striatum of adult rats, a
potential site for the injection of semaphorins. Bilateral
injections of 3 or 5 pl of sterile saline solution in one
hemisphere, and the same amount of PEG-Si polymer
mixed with fluorescent dextran or with Hoechst dye was
performed by stereotaxic surgery. Three, 12 or 30 days
after the injection the brains were obtained, cryoprotected,
and coronal sections (20 pm) were immunostained with an
antibody to detect activated macrophages and microglia
(ED-1), and/or with anti GFAP antibody to detect gliosis.
Three days after injection, accumulation of macrophages
was observed in the cortex and near the pial surface in the
clot formed at the entry of the needle (Fig. 5a, b, arrows),
both in saline solution and PEG-Si injected hemispheres.
ED1 positive cells were also observed at the deepest area of
injection in the striatum (Fig. Se, f), however the recruit-
ment of macrophages was restricted to the injury site in the
control and PEG-Si treated tissue. ED-1 positive cells were
observed in the PEG-Si nano-gel identified by the fluo-
rescent dextran (Fig. Sc—d, g—h), or by the blue staining of
Hoechst (Fig. 5j). GFAP immunostaining showed a small
amount of gliosis at the injury site in saline and polymer
treated hemispheres (Fig. 5i, k). Twelve days after injec-
tion ED-1 cells were still observed limited to the injury
site, with a similar appearance in both control and treated
hemispheres (Fig. 51, n). GFAP staining showed accumu-
lation of glial cells mainly in the cortex, near the pial
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Fig. 3 Recombinant
semaphorin 3A included in a
PEG-Si nano-gel increase axon
outgrowth of ventral
mesencephalic dopaminergic
neurons. Ventral
mesecencephalic dopaminergic
neurons obtained from E14 rat
embryos were disaggregated
and included in a collagen gel
containing a PEG-Si nano-gel
drop with recombinant human
1gG-Fc (control) (a, d, g) or
recombinant sema 3A-Fc (b, e,
h). (c, £, i) Comparison of the
outgrowth of tyrosine
hydroxylase-positive (TH™)
axons in cultures with PEG-Si
gels plus IgG-Fc (CT) (n = 4),
or PEG-Si nano-gels plus sema
3A-Fc (3A), at a concentrations
of 2 pg/ml (¢) (n = 4), 5 pg/ml
(®) (n = 3), or 10 pg/ml

i) (n =4), (*P <0.05,
according to Student’s r-test).
(j) Percentage of live and dead
neurons present in cultures of
partially dissociated embryonic
ventral mesencephalons (CT),
or in cultures exposed to PEG-
Si gels for 2 or 8 days, no
differences were observed
between the two conditions

2pg/ml

5pg/ml

10pg/ml

(P > 0.05, according to

Student’s ¢-test) (n = 3 cultures 150 1
per condition). Scale bars

20 pm 100 4

% of neurons  w.

50 1

CT PEG-Si
2d

surface in both conditions (Fig. 5m, o). After 30 days of
injection however, an important increase in the inflamma-
tory response was observed in the polymer injected hemi-
sphere. A wide mass of ED-1 positive cells was detected at
the injury site surrounded by GFAP positive cells (Fig. 5r,
s); but also outside the area of injection, such as in the
choroid plexus in the ventricular area (not shown). GFAP-
positive cells were also observed invading the injury site
(Fig. 5s). In the control hemisphere ED-1- and GFAP-
positive cells were observed only at the injection site in the
scar formed at the point of entry of the needle, similar to
what was observed at earlier time points (Fig. 5p, q).

The amount of ED1 and GFAP positive cells in the
ventral part of the striatum were quantified each 60 pm
using the serial sections that included the injury area. Three
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and twelve days after the stereotaxic injection no differ-
ences were observed between polymer and control hemi-
spheres (P > 0.05), indicating that the observed
inflammatory reaction was mainly due to the wide pene-
trating lesion. However, 30 days after injection an increase
in ED-1- and GFAP-positive cells in the polymer injected
hemispheres was observed as compared to saline injected
hemispheres (P < 0.05) (Fig. 6a).

3.5 Biodegradation of PEG-Silica nano-gel
It was difficult to ascertain if the gel remained in the brain
or was degraded in implanted rats, due to the loss of

Hoechst staining and the diffusion of fluorescent dextran;
however we were able to observe the in vitro degradation
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Fig. 4 Recombinant semaphorin 3A included in a PEG-Si nano-gel
increase axonal outgrowth of dopaminergic neurons differentiated
from embryonic stem cells. Dopaminergic neurons differentiated
from embryonic stem cells were disaggregated and included in a

of PEG-Si by incubating it in Simulated Body Fluid (SBF),
and by evaluating its biodegradation by Raman scattering
spectroscopy at different incubation times. We observed
the characteristic absorption bands of the PEG-silica sys-
tem at 1136 and 1063 and 1043 cm ™" corresponding to the
C-O-C group, two bands at 2958 to 2883 cm ™' within the
interval from 3000 to 2800 corresponding to the wide
absorption band assignment of the —H(CHj3) group [41],
and an absorption corresponding to the vibration of the
C—H group at 1470 cm™"' [42]. The bands at 3130, 2500
and 486 cm™! corresponded to silica groups within the
system. Absorptions due to the salts of the SBF were
present at 945 and 760 cm ™' [43] (Fig. 6b). We observed
PEG-Si sample degradation after the first 24 h of incuba-
tion: the band at 1136 cm ™' is deformed over time into two
bands, this can be appreciated as a hump around
1133 cm™' and it becomes more evident after 72 h of
incubation in the absorption bands at 1129 and 1141 cm™"
(Fig. 6c, inset). The degradation of H-(CH3) groups in the
interval from 2800 to 2945 cm™' is observed in the for-
mation of the peaks at 2890 and 2950 cm™' (Fig. 6d). In
contrast, the silica bands of 2500 cm~! and 3130 cm™!
remained unchanged, even after 30 days (Fig. 6d). From
these results we concluded that degradation occurs mainly
by the interaction of PEG with the salts in the SBF whereas
the silica phase remains virtually undegraded.

4 Discussion

Cell replacement therapy for PD using dopaminergic neu-
rons from differentiated stem cells, and more recently from
induced pluripotent stem cells, is being actively explored.
Several evidences of the advantages of having a practically
unlimited source of neurons, and the feasibility to implant
them to obtain relief of some of the PD symptoms have
been reported [30, 32-35, 44]. However, the ectopic
transplantation of neurons into the striatum, outside their
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endogenous site in the mesencephalon, has shown limited
clinical efficacy without reconstruction of the NP. On the
other hand, transplants into the substantia nigra in the
mesencephalon do not project as to reach their target at the
dorsolateral striatum [45], or do so to a limited extent when
homotopic transplants are held [46, 47], or when transplant
consist of simultaneous grafts of neurons into the striatum
and the substantia nigra [45]. Reconstruction of the NP
however, allowed the restoration of complex sensory-
motor behaviors in hemiparkinsonian rats [45-48]. An
important observation is that axon regeneration and out-
growth in the CNS is better in developing and neonatal
neural tissue than in adult tissue. Reconstruction of the NP
by nigral grafts implanted into the ventral mesencephalon
of neonatal rats has been demonstrated as compared with
adult rats [49, 50], supporting the idea that a more per-
missive environment is present in younger animals. In the
adults, CNS myelin associated proteins can inhibit axonal
outgrowth after an injury; nevertheless neutralization of the
proteins by antibodies, or knock-out mice for myelin
associated proteins or their receptors failed to enhance
regeneration or did so to a limited extent [51-53]; sug-
gesting that additional factors, or the lack of them are
impairing the outgrowth. Extracellular matrices, proteo-
glycans and other guidance cues like chemotropic proteins
are involved in NP pathway formation [54], and could have
an important role during axon projection and regeneration.
Glial cell line derived neurotrophic factor (GDNF) for
example has a role in mDA axon growth [55], its mRNA is
differentially expressed in striatal dopaminergic areas in
developing and neonatal tissue versus adult tissue [56], and
their use in intranigral transplanted animals with fetal
ventral mescencephalic grafts improved axon outgrowth
[57]. Therefore, for a successful cell replacement therapy,
it is desirable to have a permissive extracellular environ-
ment that promotes axon projection, the correct innervation
of normal striatal targets and reconstruction of the NP. The
enhancement by sema 3A and 3C of axonal outgrowth and
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Fig. 5 Biocompatibility of
PEG-Si nano-gel after injection
into the striatum. Confocal
microscopy reconstructed
images of tissue sections of
saline solution (control) (a, e, i,
I, m, p, q) or PEG-Si gel (b—d,
f-h, j, k, n, o, r, s) implanted
striatum, obtained at 3 (a-k), 12
(I-0), or 30 days (p—s) after
injection. Coronal sections were
immunostained with ED-1
antibody to identify activated
macrophages or with GFAP to
identify glial cells. Dotted line
squares in a—d indicate the area
magnified in e-h. (¢, d) Images
showing the fluorescent signal
of the FITC-dextran loaded gel
at the striatum (St), and the
presence of some macrophages
at the dextran loaded gel,
(magnified in h), or Hoechst
loaded gel (j) (blue). (i, k) A
similar recruitment of GFAP
positive cells is observed in the
deepest point of the injection
site after 3 days of injection. CC
corpus callosum, Ctx cortex, CP
choroid plexus, St striatum,

V ventricle. Scale bars 100 pm
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Fig. 6 Quantification of ED-1 a

and GFAP positive cells at

injury site and biodegradation of

PEG-Si. a Quantification of 2500 1
EDI- or GFAP-positive cells in 3d
selected serial sections of saline 2000 1
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implanted striatum at different
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in ED1 and GFAP cells in PEG-
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compared with control samples

12d

1500 1

1000 4

# of cells

500 4

. Control

[Jrec-si

| o2

GFAP ED-1

was observed after 30 days, 04
(*P < 0.05, according to
Student’s r-test) (3 days, n = 4
rats; 12 and 30 days, n = 3
rats). b—d Scattered Raman

ED-1

(2]

GFAP ED-1

o

- Ohr
— 2401
— T2hr

30d

30d

*

*

Raman intensity (a. U.)

gégr ‘_J[_}le (R , . - 4 .
500 1000 1500 2000 2500 3000 3500
Wavenumber (cm™)

GFAP

spectroscopy of PEG-Si gel
incubated for different periods
of time in SBF. Code color in
b applies to ¢ and d

Raman intensity (a. U.)

1470

Raman intensity (a. U.)

600

Wavenumber (cm™)

attraction of mDA neurons, including those derived from
differentiated embryonic stem cells have opened the pos-
sibility of using these molecules in cell replacement ther-
apies to guide the axons to their correct targets [29].
Delivery of sema 3A and 3C from transfected cells in
hemiparkinsonian rats transplanted with DA neurons dif-
ferentiated from embryonic stem cells led to axonal pro-
jections to the striatum, behavioral improvement, and
dopamine release in rats, as compared to intranigral
transplants without semaphorin expressing cells (unpub-
lished results). These promising results indicate that sem-
aphorins are useful complements to cell replacement
therapies. The use of a transfected cell line to deliver
semaphorins however, is not a suitable method for delivery
of semaphorins, since they could lead to immune response,
uncontrolled growth, and the consequent tumor formation.

The experiments in the present report are the first
attempt to use a nanostructured biomaterial as injectable
depots to establish a semaphorin gradient and to direct
axonal growth of DA neurons with potential use in
regenerative therapy for PD. The thixotropic formulation
used provides the benefit of avoiding the need for chemical
or photocrosslinking reactions in order to form the gel, as
the polymerization initiators for the latter processes may
have detrimental effects on viability of cells and proteins.
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The thixotropic, injectable system is further advantageous
as it is a low invasive method for introducing a hydrogel
depot into the desired region. Furthermore, the fast setting
properties of the gel (<1 min) prevents it from leaking into
the surrounding tissue and the diffusion of the protein out
of the depot and into the collagen gel leads to the formation
of a defined protein gradient. The value of PEG-Si nano-gel
for semaphorin delivery is also reflected in the in vitro
experiments where cells were either immobilized on lam-
inin (for DRG neurons) or within a collagen gel (for
dopaminergic neurons) and pronounced growth cone col-
lapse or axonal outgrowth responses were observed in the
DRG and dopaminergic neurons respectively. Although no
cytotoxic effect was observed when the neurons were
exposed to the PEG-Si nano-gel for several days in culture,
and no early immune response to PEG-Si nano-gel was
observed in the in vivo implantation experiments, evidence
of a late-onset immune response in the long-term gel
implants was observed. In vitro experiments showed deg-
radation of PEG, while no evidence of degradation of silica
particles was obtained; suggesting that the latter could be
inducing the inflammatory response.

The biocompatibility of silica nanoparticles is still under
study and the literature reports evidences of both biocom-
patible and non-biocompatible characteristics. There are
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reports of a fast and safe clearance of silica nanoparticles
from the animal body through renal excretion [58-60].
Single and repeated dose of mesoporous silica nanoparti-
cles under 80 mg/kg cause no toxicity after intravenous
injection in mice, while higher doses cause toxicity [61].
Moreover, the presence of silica in nanocomposites
of poly-2-hydroxyethylmethacrylate (pHEMA) or poly
(e-caprolactone) (PCL) improves cell attachment and
differentiation, without cytotoxic effects [62, 63], and
mesosporous silica nanoparticles did not impair macro-
phage phagocytosis nor did it affect macrophage secretion
of cytokines [64, 65]. On the other hand however; silica
particles activate the NLRP3 receptor in macrophages, also
called the inflammasome, inducing lysosomal rupture and
activating highly inflammatory cytokines [66]. It has also
been reported that nanosized mesoporous particles affect
viability of in vitro human dendritic cells and the expres-
sion of immune markers, as compared with microsized
silica particles [67]. It is important to mention that the
effects of silica nanoparticles in cell apoptosis, uptake and
migration depends on several factors like the shape of the
particles [68], the size, and the concentration [67], and
therefore the biocompatibility must be assayed for each
particular case. Moreover, the compatibility of amorphous
silica nanoparticles can be improved by coating the parti-
cles with the surfactant PluronicF127, these results were
directly related to the amount of protein adsorption to the
surface of uncoated particles [69]. PEG also reduces pro-
tein adsorption on the surface of silica nanoparticles, a key
factor that reduces immunogenicity and improves bio-
compatibility [70, 71]. The comprehension of the factors
that modify the compatibility of silica nanoparticles and
nanostructured biomaterials containing silica particles,
however, is incomplete, and many studies are needed to
improve the current knowledge; especially needed are
more long term, in vivo studies involving the use of
immunocompetent cells.

An aspect that has to be pursued in more detail
regarding the use of biomaterials for delivery of proteins in
the brain is the development of low viscosity formulations;
this would allow the use of finer cannulae for the implan-
tation procedures. As shown in previous studies, the local
trauma after the transplantation procedure is a determinant
factor for graft survival and for the lymphocytes and glia
reactions [34, 72-74], and reduction of this trauma could
avoid an extended and deleterious inflammation. Overall,
our results revealed a good in vitro performance of PEG-Si
nano-gel for the controlled delivery of proteins with
chemotropic properties upon growing axons. Long term in
vivo implantation, however, could lead to undesirable
effects at the lesion site. A detailed characterization of the
effects of delivery vehicles in the brain has to be done to
design the most suitable option to deliver proteins such as

semaphorins and to improve in vivo axonal outgrowth in
neuronal transplantation procedures.
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