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A B S T R A C T

Being part of the mature mammalian central nervous system, impairments of the retina and optic nerves caused 
by trauma or diseases often cannot be restored. Progressive degeneration of retinal ganglion cells (RGCs) in 
glaucoma and other optic neuropathies gradually leads to permanent vision loss, which currently has no cure. 
The purpose of this study is to develop a biocompatible scaffold to support RGC survival and guide axon growth, 
facilitating optic nerve repair and regeneration. We here report that electrical stimulation (ES) significantly 
promoted neurite outgrowth and elongation from primary RGCs, mediated through glutamate receptor signaling. 
To mimic prolonged glutamate stimulation and facilitate sustained nerve growth, we fabricated biocompatible 
poly-γ-benzyl-L-glutamate (PBG) scaffolds for controlled glutamate release. These PBG scaffolds supported RGC 
survival and robust long-distance nerve growth in both retinal explants and isolated RGC cultures. In contrast, 
control polycaprolactone (PCL) scaffolds with similar physical structures showed little benefits on RGC survival 
or nerve growth. Moreover, PBG scaffolds promoted the differentiation and neurite outgrowth from embryonic 
stem cell-derived RGC progenitors. The aligned PBG scaffold drove directed nerve elongation along the fiber 
alignment. Transplantation of PBG-coated biocompatible conduits induced robust optic nerve regeneration in 
adult mice following nerve transection. Together, the findings present the exciting possibility of driving optic 
nerve regeneration and RGC progenitor cell differentiation by imitating ES or glutamate signaling. PBG presents 
a permissive biomaterial in supporting robust and directed axon growth with promising clinical applications in 
the future.
Statement of Significance: We here reported compelling findings that demonstrate the potent regenerative effects 
of a bioengineered scaffold incorporating poly-γ-benzyl-L-glutamate (PBG) on the optic nerve. Retinal ganglion 
cell (RGC) axons, which form the optic nerve, are incapable of regenerating in adulthood, posing a significant 
hurdle in restoring vision for patients with optic nerve diseases or injuries. Built upon the finding that electrical 
stimulation promotes RGC axonal growth through glutamate signaling, we developed PBG scaffolds to provide 
sustained glutamate stimulation and showed their exceptional effects on driving directed axonal elongation in 
cultured RGCs and neural progenitors, as well as supporting robust optic nerve regeneration after transection in 
vivo. The findings hold great promise for reversing vision loss in patients with optic nerve conditions.
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1. Introduction

According to the World Health Organization (WHO), in 2023, an 
estimated 2.2 billion people suffer from vision impairment globally. 
Among the leading causes of vision impairment, trauma or diseases such 
as diabetic retinopathy, glaucoma, and age-related macular degenera-
tion causing retinal degeneration and optic nerve damage remains no 
effective cure [1,2]. As the prevalence of vision impairment is expected 
to increase with the growth of aging population worldwide, developing 
feasible treatments for retinal degenerative diseases is an urgent and 
imperative task [3].

The retina contains light-sensitive photoreceptors that transduce 
light into chemical and electrical signals. These signals pass through 
bipolar and amacrine cells and reach retinal ganglion cells (RGCs) in the 
retina. RGCs collectively convey signals into action potentials through 
their axons in the optic nerve, which transmit visual information to the 
brain [4]. Optic nerve injuries and retinal degenerative diseases often 
lead to the progressive death of retinal neurons, causing nerve damage 
and resulting in permanent vision loss. Mature mammalian RGCs have 
limited regenerative potential. Once the degeneration has occurred, 
they are unable to regrow axons and undergo apoptosis, leading to 
permanent vision loss [5-7].

Increasing evidence suggests that electrical stimulation (ES) has the 
potential to preserve retinal neurons, including RGCs [8-10], and pro-
motes nerve regeneration in retinal degenerative disease models 
[11-16]. ES is also reported to protect other retinal neurons by stimu-
lating neurotrophic factor release to increase survival and reduce 
apoptotic signals [13,17].

As a primary neurotransmitter of RGCs and other neurons, glutamate 
mediates point-to-point transmission across the synaptic cleft in excit-
atory synapses, conveying nerve impulses between axons and dendrites 
[18,19]. Additionally, it is a critical player in the majority of neuronal 
regulatory events, including neurogenesis, neurite outgrowth, synapto-
genesis, neuron survival, and homeostasis in the mammalian nervous 
system [20,21]. Glutamate primarily activates two groups of receptors: 
ionotropic glutamate receptors (iGluRs) and metabotropic glutamate 
receptors (mGluRs). Elevated extracellular concentrations of glutamate, 
due to excessive activation of glutamate receptors, can cause excito-
toxicity, leading to rapid RGC degeneration and sudden onset of 
ischemia, as well as contributing to chronic neurodegenerative diseases 
such as Alzheimer’s and Huntington’s diseases [21-23]. In contrast, at 
appropriate concentrations, glutamate is essential and plays a crucial 
role in promoting neural differentiation and nerve growth during 
development. Properly harnessing glutamate signaling could offer a 
potential strategy for optic nerve regeneration.

Recent research has been focusing on nerve regeneration through 
tissue engineering approaches, contributing to significant advancements 
in the field [24-26]. Tissue engineering requires a combination of cells, 
biocompatible scaffolds, and suitable biochemical or physicochemical 
signals to repair, restore, or replace damaged biological tissues [27]. In 
peripheral nerve regeneration, Jiang et al. constructed an artificial nerve 
conduit that enabled nerve regeneration across large defect gaps 
through new synthetic polymers [28]. However, to repair the central 
nervous system (CNS), such as the spinal cord, remains challenging [29,
30].

In the past decade, electrospinning has intensively attracted re-
searchers due to its versatility in fabricating fibrous structures [31-33]. 
This technique produces materials with a high surface-area-to-volume 
ratio, resulting in extensive interconnected porous networks. Electro-
spun fibers can be designed with various alignments and orientations for 
specific application requirements. In one instance, Kador et al. demon-
strated a biodegradable electrospun scaffold designed to direct the 
growth of RGC axons radially, mimicking the natural orientation of 
axons in the retina [33].

In this study, we demonstrated that PBG bioscaffolds, mimicking the 
controlled glutamate release or glutamate signaling of ES, promote 

robust neurite outgrowth and elongation. The molecular weight of PBG 
ranges from 200 to 300 kDa, and glutamate is immobilized as benzyl 
glutamate units in PBG [34,35]. We previously reported that the side 
chain of polybenzyl glutamate hydrolyzes into benzyl alcohol and pol-
yglutamic acid when the polypeptide main chain remains intact during a 
42-day hydrolytic degradation test [35]. The large molecular structure 
of PBG polymer prevents the rapid release of glutamate and 
glutamate-excitotoxicity at the site of transplantation. We found that the 
PBG scaffold with aligned fibers is biocompatible, supporting cell sur-
vival and promoting substantial growth of long neurites in primary 
cultured RGCs, retinal explants, and RGCPs that extended along the 
direction of the fibers. By imitating the environment with a bioactive 
scaffold for RGCs to grow on, the PBG scaffold presents a bioengineered 
strategy that promotes directed axon growth and may serve as a feasible 
treatment for restoring and preserving vision from retina degeneration 
and optic nerve damage.

2. Materials and methods

2.1. Animals

Adult C57BL/6J mice were purchased from Jackson’s Laboratory 
(Stock # 000,664; Bar Harbor, ME, USA) and maintained in the Animal 
Facility of Schepens Eye Research Institute of Massachusetts Eye and Ear 
for breeding and in vivo transplantation purposes. All animal experi-
ments were performed following protocols approved by the Institutional 
Animal Care and Use Committee of the Schepens Eye Research Institute 
and followed the Association for Research in Vision and Ophthalmology 
(ARVO) standards of using animals in research. The mice were kept in a 
12-hour light/dark cycle with free access to food and water. Pups were 
decapitated for the isolation of retinal cells and explant cultures. Adult 
mice were euthanized by CO2 asphyxiation at the experimental 
endpoint.

2.2. Retinal ganglion cell isolation and culture

Primary mouse retinal ganglion cells (RGCs) were isolated from the 
retinas of postnatal day 0–3 (P0–3) C57BL/6J mice as previously 
described [36-41]. All data were repeated from at least 3 independent 
cultures. For each culture, RGCs harvested from mouse pups of the same 
age were pooled and cultured in corresponding control groups. This 
allowed us to eliminate potential variations due to age, sex, and indi-
vidual pups. Furthermore, no significant differences were found in the 
survival rates of primary RGCs isolated between P0 and P3 pups, as 
determined by an unpaired t-test (data passed the Shapiro-Wilk 
normality test) (Supplementary Fig. 1). In brief, retinas were 
dissected in Neurobasal-A medium (Gibco, Cat # 10,888,022; Grand 
Island, NY, USA), and cell dissociation was performed using a papain 
dissociation system (Worthington Biochemical Corp., Cat # LK003150; 
Lakewood, NJ, USA) according to the manufacturer’s instructions. 
Retinas were dissociated in the pre-warmed papain solution at 37 ◦C for 
5 min, after which an equal volume of inhibitor solution was added to 
terminate the papain digestion. Cells were spun down at 300 relative 
centrifugal force (RCF) for 10 min, re-suspended in 500 μL of rinsing 
solution (Cat # 130–091–222), and incubated with 30 μL of CD90.2 
magnetic microbeads (Cat # 130–121–278) for 15 min at 4 ◦C. The cell 
suspension was then loaded into pre-wet columns (Cat # 130–042–201) 
with 30 μm pre-separation filters (Cat # 130–041–407) and washed 3 
times with rinsing solution. All items for cell separation were purchased 
from Miltenyi Biotec (Bergisch Gladbach, Germany). RGCs were 
collected after eluting the cell suspension through a magnetic column to 
remove CD90.2-negative cells and seeded at a density of 125 cells/mm2 

in sterile 8-well chamber slides (Nunc Lab-Tek II Chamber Slide System, 
Cat # 154,534; Thermo Scientific; Waltham, MA, USA) that were 
pre-coated with poly-D-lysine (PDL, 10 μg/mL; Cat # A-003-M) and 
merosin (2 μg/mL; Cat # CC085) from MilliporeSigma (Burlington, MA, 
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USA). The RGC culture medium contained serum-free Neurobasal-A 
medium supplemented with 25 μM L-glutamic acid (MilliporeSigma, Cat 
# G1251; Burlington, MA, USA), 2 mM L-glutamine (Cat # 35,050,061), 
B-27 (Cat # 17,504,044), and Penicillin-Streptomycin (Cat # 15,140, 
122), all purchased from Gibco (Grand Island, NY, USA). Additionally, 
the medium was supplemented with neurotrophic factors BDNF (50 
ng/mL; Cat # 450–02) and CNTF (10 ng/mL; Cat # 450–13) from 
PeproTech (East Windsor, NJ, USA), as well as insulin (5 μg/mL; Cat # 
I9278) and forskolin (5 μM; Cat # F3917) from Sigma-Aldrich (St. Louis, 
MO, USA). Embryonic stem cell-derived RGC progenitors (RGCPs) and 
the cultural medium were provided as a courtesy gift by Astellas Pharma 
US, Inc., and the cells were maintained according to the standard pro-
tocol provided by Astellas.

2.3. Retinal explant cultures

Retinal explant cultures were performed as described [42]. Briefly, 
mouse retinas were dissected from postnatal day 10 (P10) C57BL/6 J 
and B6.Cg-Tg(Thy1-YFP)16Jrs/J (Thy-1 YFP) mice (Jacksons Labora-
tory, stock # 003,709; Bar Harbor, ME, USA). Retina flat-mounts were 
cut into 6 pieces and placed with the ganglion cell layer facing onto 
different scaffolds that were situated in 6-well cell culture inserts 
(Corning, Cat # 353,090; Corning, NY, USA) and cultured in the RGC 
medium mentioned above. Half of the medium was replaced every 2–3 
days. After 5–7 days of incubation, retinal explants were fixed and 
stained as described below for visualization and quantification purposes.

2.4. In vitro electrical stimulation (ES)

STG4000 stimulus generator (Multi Channel Systems; Reutlingen, 
Germany) was used to apply ES to primary RGCs cultured in the defined 
medium mentioned above. After overnight incubation, cultured RGCs 
received ES through platinum/iridium microelectrodes that were 
immersed in the culture medium and connected to the stimulus gener-
ator. A single session of biphasic ramp waveform of ES at 50 μA and 20 
Hz for 15 min was delivered. Sham stimulation was delivered by 
immersing the microelectrodes into the culture medium without deliv-
ering electricity. Cell viability tests were performed 24 h after ES. The 
neurite occurrence rate and neurite lengths were quantified at 5 days of 
culturing post-ES, as described below.

Glutamate receptor blockers were used to investigate the relation-
ship between ES and glutamate in RGC neurite outgrowth. The gluta-
mate receptor blockers used in this study included: d-(-)− 2-amino-5- 
phosphonopentanoic acid (AP5, 30 μM; Cat # A8054), (5S,10R)(+)− 5- 
Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine 
hydrogen maleate (MK-801, 50 μM; Cat # M107), 6-Cyano-7-nitro-
quinoxaline-2,3‑dione disodium salt hydrate (CNQX, 10 μM; Cat # 
C127), 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sul-
fonamide disodium salt hydrate (NBQX, 10 μM; Cat # N183), and 
(±)-α-Methyl-(4-carboxyphenyl)glycine (MCPG, 600 μM; Cat # M196) 
[43,44]. All blockers were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Glutamate receptor blockers were added to the culture media 
5 min before ES to ensure sufficient time for action (these block-
ers/antagonists typically begin to take effect within minutes). The 
blockers were present in the medium throughout the ES session and the 
cultural period to ensure the blockade of glutamate signaling induced 
during and after the ES. For quantification, 10 random images were 
taken from each culture well, and each experiment was repeated with 3 
independent cultures.

2.5. Cell viability analysis

Cell viabilities were evaluated as described previously [36-39] using 
a live/dead staining kit (Invitrogen, Cat # L3224; Waltham, MA, USA), 
in which the green-fluorescent calcein-AM dye stains live cells by the 
intracellular esterase activity, while red-fluorescent ethidium 

homodimer-1 (EthD-1) dye labels dead cells whose plasma membranes 
lose integrity. To perform the staining, culture wells were washed with 
phosphate buffered saline (PBS, Boston BioProducts, Cat # BM-220; 
Milford, MA, USA) to remove non-adhered cells. Then, 200 μL of 
staining solution (0.125 % calcein-AM and 0.25 % Ethd-1 in PBS) was 
added to each well and incubated for 30 min at room temperature (RT). 
After staining, cells were washed twice with PBS, and 10 random images 
were taken from each well immediately using a fluorescence microscope 
(Leica Microsystems DMi8; Wetzlar, Germany).

2.6. Immunocytochemistry staining

Immunocytochemistry staining was performed as previously re-
ported [37,45]. Cells or retinal explants were fixed with 4 % para-
formaldehyde (PFA; Electron Microscopy Sciences, Cat # 15,710; 
Hatfield, PA, USA) at RT for 10 min. Mouse eyeballs and optic nerves 
were fixed in 4 % PFA overnight at 4 ◦C. After fixation, retinas were 
dissected from eyeballs for whole-mount staining. Fixed eyeballs were 
cryoprotected in 20 % sucrose solution, embedded in optimal cutting 
temperature (OCT) compound (Sakura, Cat # 4583; Torrance, CA, USA), 
and cryo-sectioned into 10 µm-thick slices. Specimens were rinsed with 
PBS before immunocytochemistry. Retinal sections and fixed cells were 
blocked with the blocking buffer of PBS containing 0.3 % Triton X-100 
(Cat # T8787) and 1 % bovine serum albumin (BSA; Cat # A7030) from 
MilliporeSigma (Burlington, MA, USA), while retinas and retinal ex-
plants were blocked with PBS containing 1 % Triton X-100 and 5 % BSA 
solution for 30 min at RT. Primary antibodies against mouse β-III tubulin 
(1:400; Cat # MAB5564) or Brn3a (1:500; Cat # MAB1585) from Mil-
liporeSigma (Burlington, MA, USA) were incubated with the blocking 
buffer at 4 ◦C overnight. Specimens were washed with PBS and incu-
bated with Cy3- or Cy2-conjugated anti-mouse secondary antibody 
(1:500; Cat # 715–165–150 and 711–225–152) from Jackson Immu-
noResearch (West Grove, PA, USA) in a blocking buffer at RT for 2 h. 
After washing, specimens were mounted with a mounting medium 
containing 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI; 
Abcam, Cat # ab104139; Waltham, MA, USA) and sealed with coverslips 
by clear nail polish. Finally, samples were visualized under a fluores-
cence or confocal microscope (Leica Microsystems TCS SP5, Wetzlar, 
Germany). The number and length of neurites were quantified and 
analyzed using Fiji/ImageJ software to show as results.

2.7. Scanning electron microscopy imaging

The ultrastructure of various electrospun scaffolds, 3D conduits, and 
cell morphologies on PBG scaffolds were visualized using scanning 
electron microscopy (SEM). For cell morphology, specimens were 
washed twice with PBS, fixed with 4 % PFA for 2 days at 4 ◦C, and then 
transferred to ½ strength Karnovsky’s fixative. The specimens were 
subsequently dehydrated, dried, and observed under the SEM.

2.8. Scaffold preparation, evaluation, and glutamate release assessments

Polycaprolactone (PCL, Mw: 280 kDa, PDI: 1.3) was purchased from 
Sigma Aldrich (Cat # 440,752; St. Louis, MO, USA), and poly-γ-benzyl-L- 
glutamate (PBG) polymer (Mw: 200–300 kDa, PDI: 1.2–1.3) was syn-
thesized using ring-opening polymerization method (Supplementary 
Fig. 2). Both materials were then fabricated into fibrous scaffolds by 
electrospinning as previously reported [34,35]. In brief, a high voltage 
was applied to the needle tip of a syringe containing the polymer solu-
tion. When the charge on the surface of the drop became sufficient, the 
polymer jet was pulled out and deposited on the collector to form fibrous 
scaffold sheets. Two fiber alignments, isotropic and aligned scaffolds, 
were designed. Isotropic scaffolds were prepared on the stationary metal 
collector, while aligned scaffolds were prepared on a rotating drum 
metal collector.

Fibrous sheets of the PCL and PBG were vacuum-dried overnight 
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before water contact angle and thickness measurements. Isotropic or 
aligned PBG scaffolds were incubated in PBS at 37 ◦C with 5 % CO2 for 
the degradation and pH tests, as previously reported [34]. The weight 
change of the scaffolds and the pH value of the solution were measured 
every 7 days for up to 42 days. The glutamate concentration was 
measured using a glutamate assay kit (Sigma-Aldrich, Cat # MAK004; 
St. Louis, MO, USA) according to the manufacturer’s instructions. The 
assay was conducted on days 0, 7, 14, and 28 to assess the concentration 
of glutamate released from isotropic or aligned PBG scaffolds in PBS 
solution at 37 ◦C with 5 % CO2. Sterilized O-rings were used to ensure 
the scaffolds were fully immersed in the solution during incubation.

Scaffolds were cut into 7–8 mm circular specimens, detached from 
aluminum foil sheets, and placed into 48-well cell culture plates. All 
scaffolds were sterilized in the culture plates by ultraviolet (UV) light 
irradiation for 30 min before use. Coating substrates of PDL, PDL com-
bined laminin/merosin, and Matrigel are all commonly used for primary 
RGC cultures [36-41]. We noted that while all three coatings supported 
RGC survival and neurite outgrowth. PDL plus merosin promoted 
significantly higher RGC survival and longer neurite lengths than PDL 
alone, while Matrigel performed the best in promoting longer neurite 
lengths (Supplementary Fig. 3). To ensure optimal cell adhesion and 
create a more physiologically relevant environment that mimics in vivo 
conditions [46,47] and maximizes neurite/nerve growth, Matrigel (10 
mg/mL; Corning, Cat # 356,230; Corning, NY, USA) was used for 
coating the scaffolds in both in vitro and in vivo according to the man-
ufacturer’s protocol.

2.9. Constructing 3D conduits for in vivo transplantation

Since PBG and its hydrolyzed derivatives poly(benzyl glutamate)- 
γ-poly(glutamic acid) (PBG-γ-PGA) do not perform proper rheological 
behavior for Fused Deposition Modeling (FDM) 3D printing, we fabri-
cated 3D printed conduits by using PCL as the base structure. The 
architectural design of PCL conduits was conducted using SketchUp 
Make 2017 (Trimble Inc.; Sunnyvale, CA, USA). The STL file of the PCL 
conduit was sliced by Ultimaker Cura 3.3.0 software (Ultimaker B.V.; 
Utrecht, The Netherlands) to generate the g-code for 3D printing. The 
settings of line width, layer height, brim width, and print speed were set 
at 200 μm, 100 μm, 3 mm, and 15 mm/min, respectively. During 
printing, the temperature of the build plate and the nozzle were set at 30 
◦C and 180 ◦C, respectively.

The Ultimaker 2 Plus 3D printer (Ultimaker B.V.; Utrecht, The 
Netherlands) equipped with a 250 μm copper nozzle and a PCL filament 
(Facilan™ PCL 100 Filament) of 2.85 mm diameter was utilized to 
conduct 3D printing. After printing and removing the brim, PCL conduits 
were obtained. An elongated PCL (E-PCL) conduit was produced by 
stretching the PCL conduit to ~500 % of its original length. Following 
the construction of the PCL and E-PCL conduits, the inner walls were 
coated with 1 wt.% PBG/tetrahydrofuran (THF) solution and vacuumed 
dry at RT. All 3D conduits were sterilized, coated with Matrigel as 
described above, and cut into 1 mm size for optic nerve transplantation.

2.10. Optic nerve transaction and anterograde labeling of axons

Optic nerve transection (ONT) injury was carried out as previously 
reported [45]. Adult C57BL/6 J mice were anesthetized with a ketamine 
(12.5 mg/mL) and xylazine (2.5 mg/mL) mixture (0.1 mL/20 g). The left 
optic nerve was exposed infraorbital. To access the optic nerve, the dura 
of the optic nerve was opened using a 30 G needle, followed by optic 
nerve transection at about 1 mm from the posterior pole of the eyeball 
without damaging the ophthalmic artery running along the inferior 
dura. A 3D-printed PBG-coated conduit was inserted into the transected 
site (Supplementary Fig. 4). Two weeks later, an anterograde axon 
tracer, cholera toxin B subunit (List Biological Laboratories, Cat # 104; 
Campbell, CA, USA), was injected into the vitreous cavity 3 days before 
euthanizing to label optic nerve fibers. After sacrifice, eyeballs with 

optic nerves were collected, preserved in 4 % PFA overnight, cryo-
protected with 20 % sucrose, and cryo-sectioned at 10 µm thickness. 
Nerve sections were immunolabeled for cholera toxin B and imaged 
under the fluorescence microscope.

2.11. Statistical analysis

All data were derived from at least 3 independent experiments. 
Statistical analyses were conducted using the software GraphPad Prism 
(v. 8.3). The normality of data was examined by the Shapiro-Wilk test. If 
the data passed the normality test (alpha = 0.05), an unpaired t-test or 
one-way analysis of variance (ANOVA) was performed, followed by a 
post-hoc test to compare among groups. For data that did not follow a 
Gaussian distribution, non-parametric ANOVA (Kruskal-Wallis test) was 
used to investigate the relationship between parameters. Statistical 
significance was determined at a p-value of < 0.05. Significance levels 
are denoted * as p < 0.05, ** as p < 0.01, *** as p < 0.001, and **** as p 
< 0.0001. Results are presented as mean ± standard error of the mean 
(SEM) unless otherwise specified.

3. Results

3.1. ES promotes neurite outgrowth in RGCs through glutamate signaling

To investigate the effect and underlying signaling events of whether 
ES improves RGC neurite outgrowth [48-50] in vitro, a single session of 
50 μA, 20 Hz biphasic ramp ES was applied to primary RGC cultures for 
15 min. We demonstrated previously that mouse RGCs exhibit dramatic 
loss of their intrinsic ability to regenerate axons a day before birth [42]. 
To assess particularly the ability of ES to promote RGC axon regenera-
tion in the postnatal stage, we used RGCs isolated from P0-P3 mouse 
pups. Cultured primary mouse RGCs, which were isolated following 
optic nerve transection and papain dissociation, mirror the survival and 
axon regeneration following acute axotomy damage in vivo. After 5 days 
in culture, a significantly higher percentage of cells bearing neurites and 
longer neurite lengths were noted in the ES-treated group compared to 
controls (Fig. 1). Stimulation with low current electricity enhanced the 
neurite outgrowth, resulting in longer and more complex neurites 
(Fig. 1A), without affecting RGCs survival (Supplementary Fig. 5A). 
Specifically, ES led to a 1.5-fold increase in the neurite occurrence rate 
(Fig. 1B), a 2.5-fold longer average neurite length (Fig. 1C), or a 4-fold 
higher in the longest neurite length (Fig. 1D) compared to control.

We tested whether the effects of ES involve glutamate signaling since 
it is known to play a crucial role in supporting neurite growth during 
development [20,21]. To this end, we used several glutamate receptor 
blockers, including AP5, a competitive antagonist for N-methyl--
d-aspartate (NMDA) receptors; MK-801, a selective non-competitive 
antagonist that blocks the ion channel of NMDA receptors; CNQX and 
NBQX, both selected as competitive glutamate receptor antagonists 
targeting α-amino-3‑hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA)/kainate receptors; and MCPG, a competitive antagonist against 
Group I (mGluR1 and mGluR5) and Group II (mGluR2 and mGluR3) 
metabotropic glutamate receptors. As reported, the neurite 
growth-inhibitory effect of glutamate antagonists is fully reversible 
[51-53].

As ES extensively increased RGC neurite outgrowth, the addition of 
any glutamate receptor blockers, including AP5, MK-801, CNQX, NBQX, 
and MCPG, significantly diminished the effects of ES on RGC neurite 
outgrowth (Fig. 1) without significantly altering RGC survival (Sup-
plementary Fig. 5A). In particular, the presence of these glutamate 
receptor antagonists reduced the neurite occurrence rate by 35–50 % 
and decreased both the average and longest neurite lengths by 60–90 % 
in ES-treated cultures, bringing these measurements to or below the 
levels observed in the non-ES-treated control group (Fig. 1B-D). These 
results indicate that glutamate signaling plays a critical role in sup-
porting ES-induced neurite outgrowth in RGCs.
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3.2. Designing glutamate-slow-release fibrous scaffolds

The finding prompted us to develop a polymer containing glutamate, 
poly-γ-benzyl-L-glutamate (PBG), which mimics the sustained ES- 
induced glutamate signaling to stimulate RGC neurite outgrowth. PBG 
was synthesized via a conventional ring-opening polymerization reac-
tion (Supplementary Fig. 2B). A widely used FDA-approved polymer, 
polycaprolactone (PCL), was selected as a comparative control [54,55]. 
Both materials were fabricated into fibrous scaffolds by electrospinning 
with either isotropic or aligned fiber alignments. As shown by scanning 
electron microscopy (SEM), the biomimetic electrospun scaffolds of PCL 
and PBG featured uniform fibrous structures and 3D porous networks 
with isotropic or aligned fibers (Fig. 2A). Both the isotropic and aligned 
fibrous PCL and PBG scaffolds demonstrated similar hydrophilicity, as 
measured by water contact angle analysis, and had comparable thick-
ness (Fig. 2B and C).

We also evaluated the pH level, degradability, and glutamate release 
kinetic of isotropic or aligned PBG scaffolds in PBS, incubated at 37 ◦C 
with 5 % CO2 over time. We noted a decrease in pH from 7.1 ± 0.1 to 6.0 
± 0.1 during the first 7 days of incubation, after which the pH remained 
stable between 6.5 and 6.6 for up to 42 days (Fig. 2D). As pH change 
may have a critical impact on cell survival and growth, we also moni-
tored pH value changes in RGC culture medium. Remarkably, we 
observed a steady pH value maintained constantly between 7.7 and 7.9 
over the entire period of 42 days of incubation in the RGC culture media 

(Supplementary Fig. 6A), suggesting a stronger buffering capacity of 
the culture medium than PBS. To further determine if the pH change 
shown above in the PBS was a result of PBG degradation or acidification 
from CO2 dissolution, we monitored the pH levels in both the PBS so-
lution and RGC medium over time in the absence of PBG scaffolds. Re-
sults showed that the RGC medium maintained a stable pH between 7.7 
and 7.9, whereas the pH level in PBS decreased from 7.1 to 6.5 over the 
first 2 weeks of incubation (Supplementary Fig. 6B). Therefore, the 
presence or degradation of PBG scaffolds did not cause significant 
acidity to the environment. Similar to PCL [56-58], slow degradation of 
the PBG scaffolds was notable following incubation from days 7–42. 
Isotropic PBG scaffolds (I-PBG) exhibited a higher degradation rate than 
aligned scaffolds, with ~10 % mass loss compared to ~5 % loss in 
aligned scaffolds by day 42, likely due to their higher exposure surface 
area (Fig. 2E).

In order to understand how much glutamate was being released by 
PBG scaffolds over time, we then evaluated the glutamate release from 
PBG scaffolds in culture using the glutamate assay kit. Glutamate con-
centrations were measured at days 0, 7, 14, and 28 to illustrate the 
glutamate release kinetics. Over the first 2 weeks, we observed a gradual 
slow glutamate release from both aligned and isotropic PBG scaffolds, 
with concentrations reaching 0.45 – 0.7 μM by 1 week and 3.0 μM by 2 
weeks of incubation (Fig. 2F). After this point, the glutamate concen-
tration remained unchanged through the 4th week. Given that the 
standard culture media for RGC neurite outgrowth assays require a 

Fig. 1. Electrical stimulation promotes neurite outgrowth of retinal ganglion cells through glutamate. (A) Representative morphologies of primary RGCs, RGCs 
applied with ES, RGCs treated with glutamate antagonist NBQX, and RGCs pretreated with NBQX followed by ES. Red: β-III tubulin; Blue: DAPI. Scale bar = 50 μm. 
Quantification of (B) neurite occurrence rate, (C) average neurite length from all neurites, and (D) the longest neurite length of primary RGCs pretreated with various 
glutamate blockers targeting different glutamate receptors and subjected to ES. Data are presented as mean ± SEM, n = 10–12. One-way ANOVA with Dunnett’s 
multiple comparisons test was performed for neurite occurrence analyses, while Kruskal-Wallis tests followed by Dunn’s multiple comparisons were applied for 
neurite length analyses. **p < 0.01; ***p < 0.001.
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supplement of 12.5 – 25 μM glutamate for optimal neuronal survival 
[36-39], the free-glutamate released from PBG scaffolds should have 
minimal impact on RGC survival and neurite growth. Direct contact of 
RGC neurites with PBG-bound glutamate is likely to play a more 
important role in driving their axon extension.

In summary, both isotropic and aligned PCL and PBG scaffolds 
demonstrated similar physical properties. The slow degradability and 
sustained release of low concentrations of glutamate from the PBG 
scaffold make it an ideal biomaterial for supporting nerve regeneration 
after injury. It provides mechanical bridging support and continuous 
glutamate stimulation, which could potentially facilitate nerve regen-
eration and be gradually replaced by natural extracellular matrix (ECM) 
networks upon completion of the regeneration process.

3.3. PBG scaffolds promote RGC survival and neurite outgrowth in 
culture through glutamate signaling

We sought to investigate if PBG scaffolds improve RGC survival and 
promote the ability of neurite outgrowth in culture. Primary mouse 
RGCs were cultured on cover glass (CG), PCL, or PBG that had been pre- 
coated with Matrigel for 1–5 days. We found that RGCs grown on PBG 
scaffolds exhibited significantly increased survival and neurite 
outgrowth compared to the CG and PCL groups (Fig. 3A-C). There was a 
3-fold increase in the percentage of surviving RGCs in the PBG scaffold 
group than the PCL scaffold and CG groups when assessed after 1 day of 
culturing (Fig. 3A). Moreover, there were over 2-fold increases in the 
neurite occurrence rate as well as the longest neurite lengths in PBG 
scaffold group comparing to PCL controls following 5 days of culturing 
(Fig. 3B and C). Cultured RGCs extended long neurites along the di-
rection of PBG fibers (Fig. 3D and E). Many fine neurites were also 

Fig. 2. Design and characteristics of the electrospun polymer scaffolds of polycaprolactone (PCL) and poly(γ-benzyl-L-glutamate) (PBG) with aligned or isotropic 
fiber alignment. (A) Representative scanning electron micrographs of aligned and isotropic scaffolds of PCL and PBG (500X). Scale bar = 20 µm. (B) Contact angles 
and (C) thicknesses of the fabricated scaffolds. Data are presented as mean ± SD, n = 3/group. (D) pH levels and (E) degradation rates of aligned PBG (A-PBG, black 
square) and isotropic PBG (I-PBG, white square) scaffolds incubated in PBS solution at 37 ◦C with 5 % CO2 over 42 days. Data are shown as mean ± SEM, n = 3 – 7/ 
group. (F) Glutamate concentrations released from PBG scaffolds in PBS solution over a 28-day incubation period. Data are shown as mean ± SEM, n = 6/group.
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observed wrapping around the fibers of the PBG scaffold under ultra-
structure (Fig. 3E), demonstrating the biocompatibility of the material. 
We further analyzed the angles of neurites growing on isotropic or 
aligned PBG scaffolds (Fig. 3F and G). Results showed that RGC neurites 
distributed in all directions on isotropic scaffolds by following a random 
orientation of PBG fibers. In contrast, neurites on aligned PBG scaffolds 
closely followed the fiber alignment, growing within 15 ◦C or less with 
the aligned fibers (Fig. 3H).

To verify that PBG scaffolds promote neurite outgrowth of RGCs 
through glutamate signaling, glutamate receptor antagonists CNQX and 
NBQX were added to the culture medium. CNQX and NBQX were 
selected due to being the most effective antagonists in blocking the ES- 
induced RGC neurite growth (Fig. 1B-D). The results showed that when 
RGCs were cultured on PBG scaffolds, the number of RGCs with neurites 

longer than the cell body length increased more than 5-fold compared to 
those growing on a CG surface when measured at 3 days of incubation. 
The addition of CNQX and NBQX drastically reduced the number of 
neurite-bearing RGCs on PBG scaffolds (p < 0.001) (Fig. 3I). Similar 
findings were observed when the average neurite length was quantified. 
The neurites of RGCs growing on PBG scaffolds extended twice as long as 
those on CG, while the administration of CNQX and NBQX significantly 
attenuated the growth-promoting effects of PBG scaffolds, resulting in 
neurite lengths even shorter than those in the CG control group (Fig. 3J). 
Furthermore, CNQX and NBQX also significantly reduced RGC neurite 
lengths in the CG control group, suggesting that endogenous glutamate 
signaling is involved in normal RGC neurite extension. (Fig. 3J and 
Supplementary Fig. 5B-D). The reduction was found more pronounced 
with AMPA/kainate receptor antagonists, implying that AMPA/kainate 

Fig. 3. PBG scaffolds support survival and stimulate neurite growth of primary retinal ganglion cells (RGCs) through glutamate signaling. (A) Survival rates of 
primary mouse RGCs growing on cover glass (CG), PCL, and PBG scaffolds, respectively. n = 5. (B) Neurite occurrence rate, and (C) longest neurite length of RGCs 
cultured 5 days on PCL and PBG scaffolds. n = 3. (D) Representative image of single RGC nerve processes growing along the fiber of the PBG scaffold, showing long 
extended neurites. Gray: Scaffold fibers; Red: β-III tubulin. Scale bar = 10 μm. (E) Representative scanning electron microscopy (SEM) image illustrating the ul-
trastructure of RGCs growing on the surface of PBG scaffold with fine neurites interconnecting the PBG fibers (arrows). Scale bar = 10 μm. Representative confocal 
images of measuring the angle of RGC neurites growing on an (F) isotropic PBG scaffold and (G) aligned PBG scaffold. Gray: Scaffold fibers; Red: β-III tubulin. Scale 
bars = 20 μm. (H) Angle distribution of RGC neurites growing on isotropic versus aligned PBG scaffolds. (I) Number of RGCs with neurite outgrowth longer than the 
cell body and (J) average neurite length of RGCs growing on CG and PBG scaffolds with or without AMPA/kainate glutamate receptor antagonists after 3 days of 
culture. *Compared to PBG; # compared to CG. n = 5–8. Data are shown as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was performed for 
plots (A, I, J); unpaired t-tests were applied for plots (B, C, H). *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.001.
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receptors may play a more critical role in maintaining neurite 
outgrowth. Together, these findings indicate that PBG scaffolds support 
cell survival, neurite outgrowth, and direct neurite extension through 
glutamate signaling.

3.4. PBG scaffolds promoted robust neurite outgrowth from retinal 
explants

To investigate if PBG scaffolds promoted nerve regeneration and 
regrowth from damaged retinal tissues, mouse retina explants were 
dissected and cultured on isotopic or aligned PCL and PBG scaffolds 
placed on top of a permeable cell culture insert. After 5 days of incu-
bation, neurite outgrowth from the retinal explants was visualized using 
β-III-tubulin immunolabeling and subsequently quantified (Fig. 4). 
Limited numbers of neurites were observed on either isotopic or aligned 
PCL scaffolds (Fig. 4A and B). The average neurite length growing on 
PCL scaffolds was less than 200 μm (Fig. 4C), with the longest neurites 
not surpassing 500 μm (Fig. 4D). In contrast, PBG scaffolds significantly 
promoted robust neurite outgrowth from retinal explants (Fig. 4A). 
More than double of the neurite numbers were counted from those 
growing on PBG scaffolds than on PCL controls (Fig. 4B). Moreover, PBG 
scaffolds supported longer neurite outgrowth, with average lengths of 
500–600 μm (Fig. 4C) and the longest neurites typically reaching 
1200–1300 μm (Fig. 4D). Notably, neurite outgrowth appeared more 

pronounced in the aligned PBG (A-PBG) group, with longer in average 
and more organized neurites compared to other conditions. Many neu-
rites found in the A-PBG group extended beyond 1500 μm in length, 
following the direction of PBG fibers, and developed growth cone-like 
structures at the terminal of extending neurites.

To further validate that PBG scaffolds promoted the growth of RGC 
axons, retinal explants from Thy-1 YFP mice carrying a yellow- 
fluorescence protein (YFP) reporter gene driven under a Thy-1 pro-
moter, allowing direct visualization of RGC neurites through YFP 
expression [59]. The co-localization of β-III tubulin-positive neurites 
with Thy-1 YFP signals confirmed that these neurites primarily origi-
nated from RGCs. The neurites were long and healthy, growing along 
with the alignment of A-PBG scaffold fibers. After 7 days of culture, 
some neurites could extend up to 2.5 mm, nearly 1/3 of the length of the 
mouse optic nerve (Fig. 4E). These results indicate that aligned PBG 
scaffolds have significant potential to promote nerve regeneration and 
support nerve regrowth from damaged retinas.

3.5. PBG scaffolds provided support for neurite outgrowth of RGCPs

The approach of cell therapy for replacing damaged or dying RGCs is 
emerging as a promising strategy for retinal degenerative diseases and/ 
or optic neuropathy while inducing axon elongation from iPSC or ESC- 
derived RGC progenitors (RGCPs) presents a major obstacle in its 

Fig. 4. Retinal explants develop long and robust neurites aligned with the direction of PBG fibers. (A) Morphology of neurite outgrowth from retinal explants 
cultured on aligned or isotropic PCL and PBG scaffolds. Scale bar = 250 μm. (B) Quantification of the neurite numbers per 1000 μm across different scaffolds. 
Quantification of (C) average neurite length and (D) longest neurite length on various scaffolds after a 5-day culture. (E) Morphology of a Thy-1 YFP positive retinal 
explant co-stained with β-III tubulin (red) on an aligned PBG scaffold. Arrow indicated the longest extended neurite with a growth cone-like structure. Scale bar =
500 μm. Data are shown as mean ± SEM, n = 3–5. One-way ANOVA with Tukey’s multiple comparisons test was performed for the statistical analysis. ***p < 0.001.
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applications. To address this, we evaluated whether PBG scaffolds could 
also support RGCP differentiation and direct their axonal growth. RGCPs 
were derived from ESCs following a standard protocol and showed high 
expression of RGCP markers, including Math5, Brn3a, and Otx2. After 
differentiating into RGC-like neurons, these cells expressed Brn3a, 
Neurofilament, and β-III tubulin with extended axons (data not shown).

Our findings demonstrated that PBG scaffolds supported the survival 
and promoted the neurite outgrowth of RGCPs (Fig. 5). After 24 h of 
culturing, a significantly higher number of RGCPs on PBG scaffolds 
extended neurites compared to those on PCL controls, while similar 
numbers of surviving cells were observed across groups. After 5 days of 
incubation, robust survival and extensive neurite outgrowth of PRGPs 
were found on PBG scaffolds. RGCPs developed highly organized and 
interconnected long neurites that elongated along the aligned fibers of 
A-PBG scaffolds, while those on I-PBG scaffolds extended in multiple 
directions, following the random orientation of isotropic PBG fibers. In 
contrast, PCL scaffolds could not support RGCP survival and neurite 
outgrowth for up to 5 days. Cells were fewer and less viable, with little or 
barely any neurites observed on either aligned or isotropic PCL scaffolds 
(Fig. 5A). It seemed that the mechanical structure provided by aligned 
scaffolds appeared to play an important role in supporting cell survival 
and nerve growth of neural progenitors, as cell numbers and neurite 
extensions were greater on both aligned scaffolds compared to their 
isotropic counterparts by day 5 (Fig. 5A). The neurite length of RGCPs 
growing on A-PBG scaffolds ranged from approximately 100 to 300 µm, 
with some neurites extending up to 400 µm and exhibiting a growth 
cone-like structure (Fig. 5B). From the SEM image, axons from RGCPs 
were found growing along with the PBG fibers with many extended fine 
neurites wrapping around the surrounding scaffold (Fig. 5C). This 
observation may explain why PBG scaffolds maintained better cell 
adherence and growth. With the mechanical support and the neuronal 

stimulatory cue of glutamate, aligned PBG scaffolds could serve as an 
ideal biomaterial for supporting cell survival and directing axon growth 
in optic nerve regeneration.

3.6. PBG-coated 3D conduits promoted optic nerve repair and 
regeneration

To assess whether PBG scaffolds could promote optic nerve repair 
and regeneration in vivo, we designed a proof-of-concept study by con-
structing a 3D-printed conduit for nerve transplantation in adult C57BL/ 
6 J mice. Since PBG and its hydrolyzed derivatives PBG-γ-PGA did not 
perform proper rheological behavior for fused deposition modeling in 
3D printing, we fabricated the 3D conduits using PCL as the base 
structure, followed by coating with a soluble PBG/THF solution and 
vacuumed dry. The hollow structure and dimensions of the 3D conduit 
are critical for successful transplantation, as they provide proper support 
for nerve regeneration and regrowth. The SEM imaging showed that our 
3D-printed PCL conduits retained the designed hollow tubing structure, 
with inner diameters ranging from 200 to 300 μm (Fig. 6A). The inner 
walls of PCL conduits featured a smooth, aligned ultrastructure 
(Fig. 6B), and the PBG coating was homogeneously distributed within 
the conduits (Fig. 6C).

To evaluate the biocompatibility in vivo, PBG scaffolds were cut into 
small pieces and injected intravitreally with saline. After 7 days, mouse 
retinal flat-mounts were collected and quantified for RGC survival using 
Brn3a immunolabeling. No significant differences in the number of 
Brn3a+ RGCs were observed and quantified between naïve and PBG- 
injected mice (Fig. 6D and E). Again, this demonstrated the low cyto-
toxicity and biocompatibility properties of the PBG biomaterial.

Finally, the optic nerve of adult mice was transected unilaterally by a 
microscissor, and a ~1 mm length of PBG-coated 3D conduit was placed 

Fig. 5. Retinal ganglion cell progenitors (RGCPs) exhibit long and robust neurite growth on PBG scaffolds. (A) Morphology of RGCPs on aligned or isotropic fibers of 
PCL or PBG scaffolds after 1-day and 5-day culture periods. Yellow: β-III tubulin. Scale bar = 100 μm. (B) Representative image of an RGCP extending a long neurite 
with a growth cone-like structure (arrow) on a PBG scaffold. Red: β-III tubulin; Blue: DAPI. Scale bar = 50 μm. (C) Representative SEM image showing RGCPs 
growing along PBG fibers, with numerous fine neurites wrapping around the fibers. Scale bar = 20 μm.
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immediately between two cutting ends of the nerve to bridge the gap 
(Supplementary Fig. 4). Mice without receiving a conduit served as 
controls. Eleven days after optic nerve transection (ONT), an antero-
grade axon tracer, cholera toxin B subunit (CTB) conjugated with 
Rhodamine, was injected intravitreally to label RGC axons. Remarkably, 
robust axon regeneration was observed in mice that received the PBG- 
coated 3D conduit, with CTB-labeled regenerating axons extending up 
to 1.2 mm posterior to the transection site. In contrast, only a few CTB- 
positive axons were detected passing the transection site in the control 

group (Fig. 6F). Additionally, we have quantified the density of RGCs 
from retinal sections of mice with or without 3D conduit transplantation 
after ONT and compared them to naïve animals. Quantitative analysis 
revealed that the group transplanted with PBG-coated 3D conduits had a 
higher number of surviving RGCs than those without. RGC density was 
maintained at a level similar to that of naïve animals, while a significant 
decrease in RGC numbers was observed in the group without conduit 
transplantation following ONT (Supplementary Fig. 7).

Our findings indicated that the PBG-coated conduit not only could 

Fig. 6. PBG-coated 3D conduit exhibits the potential for optic nerve repair and regeneration. (A) Representative SEM image of the cross-section of a 3D-printed PCL 
conduit. The 3D conduits maintained the hollow tubing structure as designed. Scale bars = 300 μm. Representative SEM images of the inner wall of (B) a 3D-printed 
PCL conduit and (C) a PCL conduit after PBG coating. Scale bars = 100 μm. (D) Representative RGC distributions in the retinal flat-mounts of Naïve (left panel) or 
PBG-injected (right panel) mice after 7 days. (E) Quantification of RGC densities with or without PBG injection in the retinal flat mounts. (F) Photomicrographs of 
CTB-immunolabeled optic nerve fibers (top panel), phase-contrast images of optic nerve tissue sections (middle panel), and merged images of CTB-labeling and optic 
nerve tissue section (bottom panel) taken from mice received control (left panel) or PBG-coated 3D conduit (right panel) after optic nerve transection. Arrow in-
dicates the transplanted conduit location. Asterisk denotes the position posterior to the nerve transaction site. Scale bar = 200 μm. Scale bar = 200 μm. Data are 
shown as mean ± SEM, n = 5. Unpaired t-tests.
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promote axon regeneration but also protected RGCs from apoptosis after 
nerve transection without inducing excitotoxicity to the damaged site. 
On the contrary, the 3D conduit seemed to protect RGCs from apoptosis. 
These results suggest that PBG-coated 3D conduits present a promising 
strategy for promoting optic nerve repair and regeneration.

4. Discussion

While cell therapy opens a wide therapeutic window for retinal 
degeneration, it remains challenging due to the limited ability of 
transplanted RGCs to survive, integrate into the host retina, and extend 
long neurites through the optic nerve rewiring the visual circuit. It has 
been known that an appropriate scaffold made of bioactive materials 
with 3D structures can mimic the microenvironment of the regeneration 
site [60]. Therefore, constructing a biocompatible scaffold that can 
direct axonal growth towards the optic nerve head that can eventually 
reach targets in the brain may further enable cell replacement as a po-
tential therapy for retinal degeneration diseases or optic nerve injuries 
in the future.

While the neuroprotective strategy of ES provided benefits to retinal 
neurons in animal studies and clinics, the optimal stimulation parame-
ters have not been established for each cell type or specific retinal dis-
ease. As we showed in this paper, ES promoted RGC neurite outgrowth 
via glutamate signaling. There is ample evidence for the role of local 
neurotransmitter glutamate acting on axon terminals and/or growth 
cones in promoting neurogenesis and nerve growth during development 
[18-20,61-66]. All glutamate receptors are distributed throughout the 
neurons, including the soma, axon terminals, and growth cones [67,68]. 
Thus, PBG scaffolds can potentially stimulate nerve growth and regen-
eration by acting on neuronal cell bodies and axon terminals.

The distribution and types of glutamate receptors can vary depend-
ing on the neuron type and its developmental stage, allowing a wide 
range of functions, including synaptic transmission, plasticity, and 
development, that are subject to regulation by activity and develop-
mental cues. For instance, the presynaptic glutamate receptors (e.g. 
AMPA/kainite) on axon terminals and growth cones respond to stimu-
lation in a concentration-dependent manner to mediate neurite 
outgrowth and guidance [64,69-71]. Glutamate and neurotrophic fac-
tors work closely together to regulate neural development and neuro-
plasticity. Glutamate can stimulate the production of several 
neurotrophic factors, including brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), glial cell line-derived neurotrophic 
factor (GDNF), insulin-like growth factor 1 (IGF-1), and basic fibroblast 
growth factor (bFGF) to regulate glutamate sensitivity, calcium ho-
meostasis, and neural plasticity [18]. Increased expression of neuro-
tropic factors is known to support the survival of existing neurons, as 
well as encourage growth and differentiation in developing neurons [72,
73]. We have tested different glutamate blockers, including AP5 and 
MK-801, which target NMDA receptors; CNQX and NBQX, which are 
antagonists of AMPA receptors; MCPG as a competitive antagonist 
against multiple mGluRs. Results revealed that all antagonists/blockers, 
to some extent, decrease the neurite occurrence and lengths (Supple-
mentary Fig. 5B-D), indicating that primary RGCs depend on glutamate 
for normal neurite growth and extension. The reduction was found to be 
more significant with AMPA/kainate receptor antagonists, which sug-
gests AMPA/kainate receptors may play a more fundamental role in 
maintaining neurite outgrowth.

Studies have shown that biomaterials conjugated with neurotrans-
mitters can promote the viability, adhesion, and differentiation of neu-
rons [74]. While PBG is a type of polypeptide made of repeating units of 
benzyl-L-glutamate (Supplementary Fig. 2), it shows many advantages 
for tissue engineering, including the ability to self-assemble, biocom-
patibility, and biodegradability [34,35]. When PCL scaffolds, which 
provide similar mechanical properties for axon support and bridging, 
were used as controls, we detected significantly enhanced axon growth 
in the group plated on a PBG scaffold compared to controls. Moreover, 

the presence of glutamate antagonists or blockers abolished the neurite 
growth-promoting effect of PBG, further supporting that glutamate 
signaling, rather than the mechanical bridging properties of PBG, is 
crucial for the regenerative effects.

While PBG scaffolds were designed to be degraded over time, the rate 
of their degradation is found to be slow. PBG scaffolds exhibited ~5 – 10 
% loss of mass by 42 days of incubation, similar to the reported rate of 
PCL degradation [57,58]. If the degradation rate remains constant, 
complete degradation is projected to be at 15–30 months. However, it is 
generally believed that the degradation of biomaterials proceeds faster 
under normal physiological conditions than they are in culture. In all 
cases, it should be interesting to monitor the conduit degradation for a 
longer period in vivo. In line with the slow rate of PBG degradation, 
glutamate release from the PBG scaffolds was minimal; most glutamate 
subunits remained conjugated in the polymers. We propose that cells 
indeed bind to glutamate in the polymers through direct contact with 
the scaffold to signal neuronal survival and neurite outgrowth. In 
addition, scaffolds with aligned orientation are beneficial for directing 
neurites growing toward the same direction through contact guidance 
[75-77]. Contact guidance refers to the phenomenon for which the 
orientation of cells is influenced by geometrical patterns, such as parallel 
microgrooves of a substratum. It is caused by the focal adhesion of fi-
bronectins and integrins interacting with the fiber surface, rearranging 
the cytoskeletons of the cells [78]. Furthermore, increased cell numbers 
and longer neurite lengths were found on aligned scaffolds, compared to 
isotropic scaffolds with the same biomaterial. Thus, providing proper 
structural support for directional growth is most beneficial for nerve 
regeneration.

The formation of glial scar presents one of the major barriers to axon 
regeneration after injury. Previous studies have shown that PCL conduits 
limit scar tissue formation in the spinal cord injury model and demon-
strate biocompatibility with multiple tissue engineering applications 
[55,79]. Thus, our 3D-printed conduits were designed to use PCL as the 
base structure that was coated with PBG. As a result, we did not observe 
apparent scar formation around the injury site. Further studies are 
needed to gain a comprehensive understanding of the effect of the 3D 
conduit on glial cells and their activation of reactive gliosis.

In summary, we showed that PBG scaffolds, especially with aligned 
fibers, have great potential to assist neural differentiation and growth of 
neural progenitors and support neurite elongation in a highly organized 
manner for transplantation purposes. The aligned PBG scaffold is a 
promising candidate for assisting nerve repair and regrowth in optic 
nerve injury models. Since retinal neurons and optic nerve are consid-
ered the most accessible in the CNS, we believed that it may not only be 
beneficial for reconstructing the optic nerve and helping patients to 
restore their vision; but also use the optic nerve as a model, to study the 
possibilities of regeneration on the CNS with a wide range of applica-
tions for tissue engineering.

5. Conclusion

The purpose of this study is to develop a biocompatible scaffold for 
promoting RGC survival and optic nerve regeneration after injury. Here, 
we demonstrated in vitro that ES promotes neurite outgrowth of RGCs. 
Moreover, we noted that ES worked through glutamate signaling. Thus, 
PBG scaffolds were designed mimicking glutamate stimulation to sup-
port robust neurite outgrowth in vitro and optic nerve regeneration in 
vivo. In this study, we have designed, synthesized, and fabricated a 
polypeptide-based biomimetic 3D scaffold containing the neuronal cue 
of glutamates. The PBG scaffolds showed biocompatibility and could 
degrade hydrolytically over time, which is beneficial for tissue engi-
neering applications. PBG scaffolds supported the survival and neurite 
outgrowth of primary RGCs. With the aligned features, aligned PBG 
scaffolds promoted robust long neurites along with the fibers towards 
the same direction. Offering ideal guidance through mechanical and 
chemical support for axon elongation and nerve regeneration.
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