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Abstract

Sensory-somatic nervous system neurons, such as retinal ganglion cells (RGCs), are typically 

thought to be incapable of regenerating. However, it is now known that these cells may be 

stimulated to regenerate by providing them with a growth permissive environment. We have 

engineered an injectable microenvironment designed to provide growth-stimulating cues for RGC 

culture. Upon gelation, this injectable material not only self-assembles into laminar sheets, similar 

to retinal organization, but also possesses a storage modulus comparable to that of retinal tissue. 

Primary rat RGCs were grown, stained, and imaged in this three-dimensional scaffold. We were 

able to show that RGCs grown in this retina-like structure exhibited characteristic long, prominent 

axons. In addition, RGCs showed a consistent increase in average axon length and neurite-bearing 

ratio over the 7 day culture period, indicating this scaffold is capable of supporting substantial 

RGC axon extension.
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INTRODUCTION

Glaucoma, among other optic neuropathies, leads to the neurodegeneration of retinal 

ganglion cells (RGCs), the projection neurons located in the retina with axons extending 

through the optic nerve.1 These cells play a crucial role in sight by transmitting visual 

information from the bipolar, amacrine, and interplexiform cells of the retina to the visual 

cortex of the brain.2 Because of the inability of these cells to regenerate under the normal 

human disease condition, the loss of these cells is permanent.3 Additionally, clinical 

therapies for glaucoma are currently limited to treatments that prevent or limit further 

damage to the RGCs.4,5 Future interventions that seek to regain or improve visual function 

must not only include mechanisms for RGC neuroprotection but also methods that facilitate 

the survival and axon regeneration of damaged RGCs and eventually methods to replace 

dead RGCs.

It was previously believed that RGCs, like many central nervous system neurons, do not 

possess the ability to regenerate following injury or death. However, it is now known that the 

limited regeneration of axonal regrowth of these cells is possible but inhibited because of the 

injured microenvironment (myelin-associated molecules),6–8 scar formation,9,10 and lack of 

passage across a lesion.11–13 Therefore, the regenerative capacity of RGCs may be 

stimulated by creating an alternate extracellular microenvironment that will instead activate 

RGC growth, maintain RGC viability, and counteract the inhibitory signals of the injured 

nerve.14 To alter the fate of damaged RGCs, the cells must be encapsulated in a growth 

permissive microenvironment, protected from the diseased environment, presented with cell 

binding molecules, and exposed to appropriate mechanical properties to induce and cue 

growth.

Here, we have developed an injectable biomimetic three-dimensional (3D) scaffold with 

mechanical and morphological properties similar to those of native retinal tissue. The first 

component of this polymer system is a previously described, highly functionalizable 

backbone aimed at mimicking a native extracellular matrix (ECM).15 The second component 

of this polymer system is the small peptide arginine-glycine-aspartic acid (RGD), an 
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integrin/cell binding motif found in many components of the ECM. It has been well 

established that cellular adhesions made through RGD–integrin binding can promote cell 

survival, cell spreading, proliferation, and neurite extension.15 In this study, the peptide 

sequence GRGDS was used instead of RGD to preserve the integrity of the entire RGD 

binding motif. Studies have shown that the RGD tripeptide has little effect on cell 

attachment; however, surrounding the RGD motif with flanking amino acids according to the 

natural sequence (GRGDS) can preserve the activity of this integrin binding motif.16 Lastly, 

we modified this polymer system with poly(N-isopropylacrylamide) (PNI-PAAm) to allow 

for an injectable cellular scaffold. PNIPAAm, a thermosensitive water-soluble 

homopolymer, has garnered a lot of attention in the biomedical field.17–20 This polymer has 

been shown to exhibit a sharp, reversible sol–gel transition point at 32 °C, suffciently above 

room temperature and suffciently below body temperature making it extremely useful for 

many biomedical applications.21 Following synthesis and characterization of this polymer 

system, we investigated the 3D growth of RGCs cultured within this polymer scaffold. The 

results of this work provide insight into the complex mechanical and chemical environment 

that supports RGC growth in three dimensions and could have a direct application in cellular 

replacement therapies for the treatment of RGC-associated ocular neurodegeneration and 

other neurodegenerative diseases.

MATERIALS AND METHODS

Materials

N-BOC-Serinol, urea, hexamethylene diisocyanate (HDI), anhydrous chloroform, and 

anhydrous N,N-dimethylformamide (DMF), N-isopropylacrylamide (NIPAAm), and 4,4'-

azobis(4-cyanovaleric acid) (ACA) were purchased from Sigma-Aldrich (St. Louis, MO). N-

[3-(Dimethylamino)propyl]-N-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), and trifluoroacetic acid (TFA) were purchased from Alfa Aesar 

(Ward Hill, MA). Anhydrous diethyl ether was purchased from Fisher Scientific (Pittsburgh, 

PA). Anhydrous dichloromethane (DCM) was purchased from J. T. Baker (Phillipsburg, NJ). 

The pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS) was purchased from Biomatik 

(Wilmington, DE). Dialysis tubing (Spectra/Por) was obtained from Spectrum Laboratories 

(Houston, TX).

Equipment

Gel permeation chromatography (GPC) was recorded on a Viscotek GPC Max instrument 

with a 270 Dual Detector with right angle light scattering (RALS) and a VE 3580 refractive 

index (RI) detector from Malvern Instruments (Houston, TX). Each sample’s number-

average molecular mass (Mn) and weight-average molecular mass (Mw) were calculated 

using OmniSEC version 5.02. Fourier transform infrared (FT-IR) spectra were recorded on a 

Nicolet 6700 instrument (Thermo Fisher Scientific, Waltham, MA) using polyethylene-

windowed equipment. High-performance liquid chromatography (HPLC) was conducted on 

an Agilent Zorbax 300SB C8 HPLC system. The analytical column size is 2.1 mm × 150 

mm with a flow rate of 0.3 mL/min. The following buffers were used: (1) 0.2% TFA/water 

and (2) 0.18% TFA/AcN (acetonitrile). A 6 min isocratic run was used first and then 6 min 

at a linear gradient 1% B/min. Detection was performed at 210 nm. All in vitro cell 
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morphologies were examined on a Nikon DIAPHOT 300 camera equipped with a CCD 

camera (SPOT RT 2.3.0, Diagnostic Instruments) using SPOT Advanced software for post 

hoc analysis. Polymer morphology was imaged using a JEOL (Peabody, MA) JSAM-6010la 

analytical scanning electron microscope. Rheological measurements were performed on a 

stress-controlled rheometer (Rheostress Haake RS 150) using a cone-and-plate geometry 

(angle of 1°, diameter of 60 mm) and a solvent trap to prevent evaporation of the polymer 

solution. Confocal images were collected using a Nikon Eclipse Ti C2 LUN-A microscope 

(Nikon, Tokyo, Japan) equipped with two C2-DU3 high-sensitivity PMT detectors, four 

diode lasers (405, 488, 561, and 640 nm), and a motorized microscope stage with three-axis 

navigation (X, Y, and Z) controlled by the NIS-Elements software package. Laser and 

software settings were kept constant between specimens to allow for comparison of different 

image acquisitions.

Synthesis of Poly(serinol hexamethylene urea) (PSHU)

PSHU was synthesized as previously described.15 In brief, a 2:1:1 (molar ratio) HDI/N-

BOC-Serinol/urea mixture was dissolved in anhydrous DMF (5 mL) and reacted for 7 days 

at 90 °C. The product mixture was then purified using rotary evaporation followed by 

precipitation in excess anhydrous ether. The product, PSHU, was lyophilized at –45 °C for 

24 h and stored at room temperature.

Functionalization of PSHU with PNIPAAm and RGD

Synthesis of PNIPAAm followed by conjugation of PNIPAAm to the PSHU backbone was 

completed as previously described.22 In short, NIPAAm (44.19 mmol) and ACA (0.22 

mmol) were dissolved in 25 mL of dry methanol and purged with nitrogen for 30 min. The 

reaction was then allowed to proceed for 3 h at 68 °C. The product mixture was then 

precipitated once and washed twice in hot water (60 °C). The final product was purified 

further via dialysis [molecular weight cutoff (MWCO) of 3500 Da] and lyophilized for 

storage. To conjugate PNIPAAm-COOH to PSHU, BOC groups from the PSHU backbone 

were removed using a strong acid mixture [1:1 (v/v) DCM/ TFA] to expose functionalizable 

free amines. Next, PNIPAAm-COOH (0.01 mmol) was reacted with EDC (0.048 mmol) and 

NHS (0.048 mmol) for 24 h to activate the carboxylic acid group; 100 mg of the deprotected 

PSHU was then added to the activated PNIPAAm and allowed to react for 24 h. This product 

mixture was precipitated in anhydrous diethyl ether twice and dialyzed (MWCO of 12000 

Da) for 3 days until it was lyophilized for storage. Next, RGD (0.125 g, 0.25 mmol), EDC 

(0.143 g, 0.75 mmol), and NHS (0.86 g, 0.75 mmol) were dissolved in ultrapure water. This 

solution was reacted at room temperature for 2 h. PSHU–PNIPAAm (0.10 g) was dissolved 

in ultrapure water, added dropwise to the activated RGD solution, and reacted for 24 h at 

room temperature, protected from light. After 24 h, the reaction mixture was placed in 

dialysis tubing (MWCO of 3500) and dialyzed against 1 L of ultrapure water for 24 h, with 

one water change. After dialysis, the solution was freeze-dried, resulting in a white, flaky 

precipitate.

Gel Permeation Chromatography (GPC)

GPC (Malvern Instruments) was used to determine the molecular weight distribution of the 

synthesized copolymers. Analysis was performed on each sample using a 100 μL injection 
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into a single Viscotek D6000M column and a 270 Dual Detector with right angle light 

scattering with DMF as the system solvent. The column and detector temperatures were kept 

constant at 45 °C. The instrument was calibrated with polystyrene standards (MW of 

105000, dn/dc of 0.185 mL/g).

Solution to Gel Phase Transition

A lower critical solution temperature (LCST) was used to analyze the gelling properties of 

the thermally reversible injectable scaffold; 1% (wt/v) PSHU–PNIPAAm and PSHU–

PNIPAAm–RGD were loaded in a temperature-controlled UV/visible spectrophotometer. 

The transmittance through the polymer solution at 480 nm was monitored as the temperature 

was increased from 15 to 45 °C. Gelation activity was indicated by an increase in 

opaqueness and therefore a decrease in transmittance.

Scaffold Morphology

Polymer solutions (2.5, 5, and 10%) were prepared in ultrapure water and allowed to gel at 

37 °C for 15 min. The gelled samples were then frozen quickly using liquid nitrogen, 

making them solid enough to cut in half and expose the center structure. The samples were 

then rapidly transferred to a freeze-dryer for 24 h (–48 °C, 38 × 10–3). Liquid nitrogen was 

used to freeze the samples rapidly (~3 s) to avoid degelling of the polymer and preserve its 

3D structure. The samples were then sputter coated with gold for 30 s, and the cross section 

of the gel was analyzed using scanning electron microscopy (SEM).

Mechanical Properties

First, polymers (PSHU–PNIPAAm–RGD and PSHU–PNIPAAm) were dissolved in RGC 

media at concentrations of 2.5, 5, and 10 wt %. Temperature sweep tests composed of 

heating ramps (at 5 °C/min) were conducted at a constant frequency (1 Hz) and stress (0.05 

Pa) between 25 and 45 °C.

Animal Procedures

All animal experiments were performed in accordance with procedures approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Colorado 

Denver Anschutz Medical Campus. All experiments were performed in accordance with 

IACUC guidelines and regulations. A total of two breeding pairs (male Wistar rats, 350–400 

g, and female Wistar rats, 250–300 g) were required to complete this project. These animals 

were used to spawn rat pups by housing one male and one female rat per cage. Once the rat 

pups reach postnatal day 5–7, the pups were euthanized by prolonged exposure to CO2 (~50 

min) followed by a secondary form of euthanasia (decapitation).

Retinal Ganglion Cell Isolation

RGCs were purified from rat pups (postnatal day 5–7) as these cells show higher survival 

rates following the separation process. To begin, eyes were carefully enucleated and 

transferred to a Petri dish filled with D-PBS. Using a dissecting microscope, a small incision 

was made along the anterior part of the eye (behind the lens and cornea). Tweezers were 

inserted into the small incision, and the eye was carefully pulled along this incision line to 
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maintain the integrity of the retina. At this point, the retina was peeled away from the sclera 

and was moved with a transfer pipet to a 15 mL tube. The dissected retinas were then 

dissociated using the Neural Tissue Dissociation Kit for Postnatal Neurons from Miltenyi 

Biotec per the manufacturer’s instructions. Following this, the RGCs were purified using the 

Retinal Ganglion Cell Isolation Kit from Miltenyi Biotec per the manufacturer’s 

instructions. The isolated cells containing mostly RGCs were then resuspended in 

prewarmed RGC growth medium containing MACS NeuroMedium (130-093-570), 

NeuroBrew-21 (1:50 dilution, 130-093-566), sodium pyruvate (Sigma, 1 mM), BDNF 

(Peprotech, 25 ng/mL), CNTF (Peprotech, 10 ng/ mL), N-acetylcysteine (50 μg/mL), insulin 

(Sigma, 5 μg/mL), Forskolin (Sigma, 10 μM), glutamine (2 mM), triiodothyronin (40 ng/

mL), streptomycin sulfate (100 μg/mL), and penicillin (100 units/ mL). Cells were then 

plated on PDL-Laminin-coated coverslips (data not shown) or seeded in 3D polymer 

scaffolds. Three separate RGC isolations were completed on three different rat pup litters.

3D Culture of Retinal Ganglion Cells

RGCs (8 × 103) were suspended in a solution of 5 wt % PSHU–PNIPAAm–RGD or 5 wt % 

PSHU–PNIPAAm in complete medium; 50 μL of the cell suspension in the polymer 

solutions was pipetted into each 35 mm glass bottom dish (MatTek, Ashland, MA) (Figure 

1) and placed in a 37 °C incubator for 10 min to allow polymer gelation and RGC 

encapsulation. After incubation, 1 mL of warm, RGC medium was added to the culture dish, 

using a hot plate set at 37 °C to maintain gel stability when the dish is removed from the 

incubator. Cells were cultured for 3, 5, and 7 days, with daily changes of media.

Live/Dead Assay

Cells cultured within the 3D scaffold were washed three times with warm PBS (37 °C). 

Following washing, the live/dead assay was used per the manufacturer’s instructions. 

Briefly, the live/dead solution (250 μL) was added to the 3D culture dish and allowed to 

incubate for 15 min. The solution was aspirated off, and the culture dish was washed again 

with warm PBS (37 °C) before imaging.

Immunostaining within the 3D Scaffold

Cells were immunostained while remaining encapsulated in the 3D polymer scaffold. It is 

important to note that all steps of the staining process were conducted at 37 °C to prevent 

degelling and disruption of the polymer sample. First, samples were washed twice with 1× 

PBS and fixed with 4% PFA in PBS for 15 min at 37 °C. Next, samples were permeabilized 

with 1% Triton-X (in PBS) for 90 min, followed by a PBS wash overnight. Blocking buffer 

composed of 2% bovine serum albumin (BSA) in PBS was added to the cells for 90 min. 

After being blocked, cells were incubated overnight with the first primary antibody Brn3a 

(1:200, prepared in blocking buffer). Cells were then washed with 1% Triton-X, three times 

for 3 min each. The secondary antibody, anti-goat Alexa 594 (1:500), was added to each 

sample and incubated for 45 min. Cells were washed with PBS-Tween (0.002% in PBS) for 

3 min and washed twice with PBS, for 3 min each. Cells were then incubated with the 

second primary antibody βIII-tubulin (1:100, prepared in blocking buffer) overnight at 

37 °C. Cells were then washed with 1% Triton-X, three times for 3 min each. The secondary 

antibody, anti-rabbit Alexa 488 (1:500), was added to each sample and incubated for 45 min. 
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Cells were washed with PBS-Tween (0.002% in PBS) for 3 min and washed twice with 

PBS, for 3 min each. Hoechst 33342 (1:2000, in PBS), a DAPI stain, was added to each 

sample, and the mixtures were incubated for 5–10 min, followed by three washes in PBS, for 

3 min each. RGCs were imaged within the polymer scaffold using fluorescence confocal 

microscopy.

Analysis of Average Neurite Length, Average Branchpoint, and Neurite-Bearing Cells

Using a 20× objective, z-stack projections of 4 μm thickness were sampled from three 

random visual fields in each sample. At least nine samples taken from three different RGC 

isolations were analyzed for each time point and for each polymer (PSHU–PNIPAAm–RGD 

and PSHU–PNIPAAm). The simple neurite tracer plugin from FIJI (Longair, Baker, and 

Armstrong, 2011) was used to analyze the length of each process. Each neurite was traced 

starting from the cell body extending out into the image frame. The total length of the 

neuritis was divided by the cell count determined using DAPI to obtain the average neurite 

length.

Statistical Analysis

Statistical significance among three or more data sets will be determined by analysis of 

variance (ANOVA), while the t test will be used to compare significance between two 

groups. A p value of <0.05 will be considered statistically significant.

RESULTS

Polymer Scaffold Morphology and Mechanical Properties

The complete reaction schematic of PSHU–PNIPAAm conjugated to RGD may be found in 

Figure S1. The molecular weight distribution of PSHU was determined by GPC. GPC 

analysis showed molecular weights for PSHU, a number-average molecular mass (Mn) of 

1610 Da, a weight-average molecular mass (Mw) of 3354 Da, and a PI (Mw/Mn) of 2.083 

(Figures S2 and S3). FT-IR spectroscopy was used to confirm the conjugation of RGD to the 

polymer backbone by viewing the region of 1630–1680 cm–1 (Figure S4). This region is 

associated with the carbonyl groups found within the polymer backbone as well as the 

carbonyl groups found within peptide bonds of RGD. The wavenumbers correlated to the 

carbonyl groups of RGD are slightly lower than those of the carbonyl groups in the polymer 

backbone. In the PSHU–PNIPAAm–RGD spectrum, we can observe an obvious shift in this 

carbonyl peak toward the lower end of the spectrum, indicating the presence of carbonyl 

groups in the RGD peptide. High-performance liquid chromatography (HPLC) was also 

used to quantify the amount of GRGDS-COOH that was successfully conjugated to the free 

amine groups on the polymer backbone. A calibration curve was first constructed using 

known concentrations of GRGDS-COOH (0.78–200 μg/mL) (Figure S5). Each of these 

concentrations produced a corresponding HPLC peak area. Using the calculated area 

beneath the peaks and the corresponding calibration curve, we were able to determine the 

amount of RGD within each sample and thus the corresponding RGD conjugation efficiency. 

Results showed 93% conjugation of RGD to the free amine groups on the polymer 

backbone. The lower critical solution temperature (LCST) refers to the temperature that 

determines the physical state of a thermogel and is therefore an extremely important 

Laughter et al. Page 7

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characteristic for this application.23,24 PSHU–PNIPAAm–RGD exhibited a LCST and phase 

transition profile very similar to that of PSHU–PNIPAAm (Figure 2), remaining in solution 

state at temperatures below 32 °C and rapidly undergoing a phase transition to a physical gel 

upon reaching body temperature. These unique characteristics will allow PSHU–PNIPAAm–

RGD to be administered through a minimally invasive injection at the desired location.

SEM was used to investigate the morphology of the 3D polymer scaffold after gelation at 

body temperature. As shown in Figure 3, higher concentrations (5 and 10 wt %) of both 

PSHU–PNIPAAm–RGD and PSHU–PNIPAAm assembled into a laminar sheet-like 

conformation upon gelling. However, at a low concentration (2.5 wt %), both polymer 

systems formed a heterogeneous structure, implying unstable gelling conditions. Rheology 

was used to assess the mechanical properties of the polymer scaffold as compared to native 

retinal tissue. Figure 4 shows the storage modulus (G') plotted against increasing 

temperature. All six polymer samples showed a G' that was greater than the loss modulus 

(G ) (Figure S6), indicating the dominant elastic behavior of the polymer scaffold.25 The 

value for PSHU–PNIPAAm–RGD and PSHU–PNIPAAm both increased with increasing 

polymer concentration and temperature. In addition, the incorporation of RGD showed a 

slight increase in G' at all three polymer concentrations. Five weight percent polymer 

concentrations for both PSHU–PNIPAAm–RGD and PSHU–PNIPAAm were selected for all 

subsequent cell studies because these gel concentrations (1) formed a laminar structure 

similar to that of the optic nerve tissue and (2) led to mechanical properties more similar to 

those of retinal tissue than those at other concentrations. In addition, at polymer 

concentrations lower than 5 wt %, the solid gel structure was not fully stable, causing 

deterioration of the gel in response to slight temperature changes making these lower 

concentrations not suitable for cell scaffolding.

3D Culture of RGCs in an Injectable Polymer Scaffold

The first aim of this work was to determine how RGCs would behave once they were 

encapsulated in the 3D polymer scaffold. Following optimization and characterization of the 

injectable material, we were able to select the polymer system that was most similar to 

native retinal tissue and would likely support the growth and axon extension of RGCs. RGCs 

from rat pups postnatal day 5–7 were purified and seeded simply through mixing with the 

polymer solution. Once the cell/ polymer mixture was placed in the incubator, the cells 

became encapsulated in the 3D scaffold. Using confocal microscopy, we were able to 

visualize RGC axons growing in three dimensions throughout the scaffold. Figure 5 displays 

maximal intensity images from 200 μm thick z-stacks with 4 μm intervals. Cells grown in 

PSHU–PNIPAAm–RGD (5 wt %) showed robust axon extension, whereas cells grown in 

PSHU–PNIPAAm (5 wt %) showed minimal axon extension (Figure S7). RGCs grown on 

the PDL-Laminin-coated coverslips displayed a “starlike” morphology extending shorter 

axons in all directions (Figure 6). Furthermore, live/dead analysis of RGCs grown on the 

PDL-Laminin coverslips compared to RGCs grown within the polymer scaffold show 

decreased cell viability following 3 days in culture; however, cells grown within the polymer 

scaffold show increased viability for a minimum of 7 days in culture (Figure S8). PDL-

Laminin was chosen as a positive control as it is a commonly used coating for growing 

retinal ganglion cells,26,27 and the laminin possesses integrin binding motifs (RGD), 
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providing a comparison between the RGD-conjugated 3D scaffold and two-dimensional 

coverslips. In contrast, RGCs in their native retinal environment typically extend fewer and 

longer axons in a unilateral direction. This morphology of RGCs in vivo is called laminar 

growth where neurons extend processes focusing in one plane and thus possess a more direct 

growth pattern to their final connections.28 Interestingly, the RGCs grown within the 

polymer scaffold presented a morphology similar to that of RGCs in vivo,28 showing a 

similar two-directional growth likely due to the sheet-like morphology of the scaffold. This 

morphology limits the RGCs from extending in all directions.

Image Analysis of 3D RGC Cultures

The average neurite length was determined by measuring the total length of all axons (in 

three dimensions) within a visual field and dividing this number by the total cell count 

within that field. Panels AC in Figure 7 show the image analysis process, where Figure 7A is 

the maximal intensity image of a visual field and Figure 7B shows the measured axon length 

in the X–Y, X–Z, and Y–Z frames. Figure 7C graphs the average axon length versus culture 

period. We can see that there is a significant difference between the mean axon length on 

days 3 and 5 (p < 0.001) as well as a significant difference between days 5 and 7 (p < 0.01). 

The ratio of neurite-bearing cells was calculated by determining the number of neurite-

bearing cells per frame (only RGCs bearing neurites with a length greater than two cell 

bodies were counted) and dividing this number by the total cell count (determined by 

nuclear DAPI stain). Figure 7D shows the total cell count in a visual field, and Figure 7E is 

an example of a maximal intensity image used for counting neurite-bearing cells. From 

Figure 7F, we can see that there is no significant difference between the ratio of neurite-

bearing cells from day 3 to 5 or from day 5 to 7; however, there is a significant difference 

between the ratio of neurite-bearing cells from day 3 to 7 (p < 0.01).

DISCUSSION

Various optic neuropathies, such as glaucomatous and traumatic optic neuropathies, result in 

the death or damage of RGCs.1 Damage to these cells decreases or completely obstructs 

signal pathways responsible for sight. In addition, RGCs rarely regenerate under the normal 

disease condition, making early detection and prevention critical. However, treatments 

aimed at preventing further damage unfortunately do not account for lost RGCs. The 

ultimate goal for treating patients in the late stage of the disease process is cell replacement 

therapy. For cell replacement therapies to be successful, the transplanted cells must not only 

survive transplantation29–31 but also adopt the correct morphology and organization through 

instructive cues provided by their environment.32 Unfortunately, transplantations consisting 

solely of cells are hindered by a diseased microenvironment characterized by growth-

inhibitory signals.10,33 One method for addressing these restraints is through a cellular 

scaffold, engineered to act as a cell carrier and improve the fate and morphology of the 

implanted cells. We have designed a multicomponent biomaterial that can be injected into a 

heavily damaged environment and act as a bioactive replacement niche. The reverse thermal 

gelling property of this polymer system will allow simple mixing of the RGCs with the 

polymer at room temperature and encapsulation of the cells within the 3D polymer scaffold 

upon reaching physiological temperatures. Cells can then be stained and imaged within the 
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scaffold to approximately the center of the gel (250 μm) (Figure 1). Unlike two-dimensional 

(2D) systems, this injectable 3D scaffold is more attune to the cell–cell interactions, cellular 

organization, and microenvironment seen in native tissue. In three dimensions, cells can be 

fully encapsulated in a solid microenvironment rather than solely exposed to one flat 2D 

surface.34

Along with being injectable, this polymer system is functionalized with cell binding peptides 

to improve cellular localization and axon extension. For RGCs specifically, the L1 integrin 

binding molecule that contains the peptide sequence RGD was shown to be present in axonal 

regeneration of RGCs.35 Because integrins modulate how cells interact with their substrate, 

increasing the number of L1 binding sites (RGD) within the polymer scaffold could increase 

the level of cell adhesion, cell growth, and extension of axons within the 3D matrix. RGD 

was chemically conjugated to the polymer backbone, to provide a stable linkage capable of 

withstanding the cellular contractile forces and promoting strong cellular adhesion (Figure 

8).36 In addition, we were able to alter the amount of RGD present by simply altering the 

concentration of the polymer. This provided a more facile and controllable polymer system 

compared to altering the conjugation of RGD to the backbone itself. This allowed us to 

retain the maximal conjugation of RGD to the polymer backbone. It was typically thought 

that incorporation of these adhesion proteins on polymeric materials altered only the 

biochemical environment and imparts no change to the mechanical properties of the 

material.37 However, it is now known that incorporating cell substrata (such as RGD) can 

alter the mechanical compliance of polymeric materials depending on the incorporation 

technique employed.38 Using this logic, chemically conjugating RGD to the polymeric 

backbone could not only provide cells with a secure adhesion site necessary for a strong 

attachment but also alter the polymer’s mechanical properties to be more similar to those of 

native retinal tissue.38 Furthermore, this polymer system self-assembles into a morphology 

similar to that of retinal tissue. Retinal tissue has a laminar organization in which different 

cell types are layered within specific retinal strata. Similar to this laminar structure, upon 

forming a gel, this polymer system assembles into sheets. In addition, we were able to create 

a polymer system with a G' similar to that of retinal tissue. At a concentration of 5 wt %, the 

polymer system possessed the laminar sheet-like morphology seen in the native tissue39 and 

had a G' of 200 Pa (Figure 4), which is comparable to the value of 100 Pa of retinal tissue,40 

making this system the best choice for subsequent studies. Furthermore, unlike lower 

concentrations, the polymer concentration of 5 wt % provided a stable gel more suitable for 

cell scaffolding and in vitro cultures.

This work aimed to test the efficacy of this 3D scaffold through in vitro studies with RGCs. 

By studying the survival, axon extension, and morphology of the cells grown in this 3D 

scaffold, we can determine whether this polymer system is a good model for growing RGCs 

in vitro as well as a promising scaffold for use in cell replacement therapies. In their native 

environment, RGCs develop in a single monolayer with long axons extending horizontally 

toward a single point in the back of the eye, eventually joining together to form the optic 

nerve. However, current in vitro culture conditions (2D) have been able to produce only 

RGCs with short axons or axons extending in all directions. Although certain groups have 

been able to produce RGCs showing a unilateral morphology using 3D scaffolds, these 

studies have used an electrospun scaffold that requires implantation and were unable to seed 
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cells directly within the scaffold.41 To provide a more suitable 3D culture and induce greater 

axon extension, we engineered a polymer system with properties similar to that of retinal 

tissue structure.25,42 Retinal tissue is laminar in structure with RGC axons extending 

horizontally toward the optic cup. Therefore, recreating this sheet structure could provide 

topographical cues and, along with biomolecular cues of RGD, guide horizontal extension of 

RGC axons.

Collectively, we created a material that is similar to an RGC’s native environment, which 

could induce the same morphology and axon extension seen in the retinal ganglion layer. 

Through the use of this retina-like scaffold, we were able to mimic a cell’s native 

environment and provide improved RGC culture conditions in vitro. Culture of RGCs in this 

3D polymer system exhibited long, prominent axons, similar to what is seen in the native 

retina26 (Figure 5). In addition, the average axon length and ratio of neurite-bearing cells 

increased steadily over the 7 day culture period (Figure 7).

CONCLUSIONS

We developed a 3D scaffold, providing both topographical and biochemical cues of a native 

retinal microenvironment, with great potential for RGC survival and extensive axon 

extension. We believe that this 3D polymer system could provide researchers with an 

improved model for in vitro RGC studies. This type of culture system could be utilized to 

investigate stratified structures, branching, and synaptogenesis in three dimensions while 

still preserving the appropriate cellular morphology.26 These results also show that this 

injectable scaffold could be promising for use in future cellular replacement studies aimed at 

treating optic neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic showing the 3D culture process. RGCs were first mixed in with the polymer 

solution and loaded into a glass bottom Petri dish. After gelling at 37 °C, RGCs became 

encapsulated in the polymer scaffold and were cultured for future analysis.
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Figure 2. 
Temperature-dependent phase transition of PSHU–PNIPAAm (orange) and PSHU–

PNIPAAm–RGD (blue). Both polymers display similar gelling temperatures, while the 

incorporation of the RGD peptide slightly increased the gelling time.
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Figure 3. 
Scaffold morphology. Representative SEM images of PSHU–PNIPAAm–RGD (bottom row) 

and PSHU–PNIPAAm (top row) at various concentrations. Concentrations above 2.5 wt % 

show a laminar sheet-like formation of the gelled polymer. The scale bar is 50 μm.
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Figure 4. 
Rheological properties of the polymer scaffold. The storage modulus was plotted vs 

temperature for various concentrations of each polymer system (PSHU–PNIPAAm–RGD 

and PSHU–PNIPAAm). Increasing either polymer concentration or temperature leads to an 

increase in the storage modulus of the material.
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Figure 5. 
Maximal intensity projections of representative 3D fluorescent images. 3D images of RGC 

(red) cultures in 5 wt % PSHU–PNIPAAm–RGD were taken using a confocal microscope 

after 3, 5, and 7 days in culture. RGCs (red) show long and mostly planar axon extension 

(green) for the 7 day culture period.
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Figure 6. 
Live/dead (green/red) staining of RGC after 3 days of culture. RGCs were cultured on PDL-

Laminin glass coverslips and stained with live/dead (B). RGCs grown on these coverslips 

display a star-shaped morphology typically of RGCs grown in vitro (A).
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Figure 7. 
Average neurite length and ratio of neurite-bearing cells. Quantification of average axon 

length was performed by analyzing maximal intensity images (A) in all three planes (B) for 

both PSHU–PNIPAAm–RGD and PSHU–PNIPAAm cultures at 3, 5, and 7 day time points 

(C). The ratio of neurite-bearing cells (F) was quantified by calculating the number of cells 

bearing neurites in a visual frame (E) and dividing by the total number of cells within that 

frame (D). Numbers are plotted for both PSHU–PNIPAAm–RGD and PSHU–PNIPAAm 

over the 7 day culture period. Statistical significance between groups was determined by 

ANOVA. *p < 0.05; **p < 0.005. Three images were taken from each of at least three 

different samples from three separate RGC isolations. The scale bar is 200 μms. Day 5 

cultures are shown to provide examples for quantification (A–E).

Laughter et al. Page 20

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Schematic showing the effects of RGD–integrin binding on cellular behavior. Binding of 

integrin to the RGD sequence can trigger an increase in the rate of cell survival, 

proliferation, and axon extension (A). The lack of integrin binding can block the signaling 

pathways responsible for these functions, leading to poor cell health and survival (B).
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