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Abstract

Nerve guidance channels (NGCs) promote cell-extracellular matrix (ECM) interactions

occurring within the nanoscale. However, studies focusing on the effects of

nanophase topography on neural cell functions are limited, and mostly concentrated

on the sub-micron level (>100 nm) surface topography. Therefore, the aim of this

study was to fabricate <100 nm sized structures on poly lactic-co-glycolic acid

(PLGA) films used in NGC applications to assess the effects of nanophase topography

on neural cell functions. For this purpose, nanopit surface arrays were fabricated on

PLGA surfaces via replica molding method. The results showed that neural cell prolif-

eration increased up to 65% and c-fos protein expression increased up to 76% on

PLGA surfaces having nanophase surface arrays compared to the control samples. It

was observed that neural cells spread to a greater extend and formed more neurite

extensions on the nanoarrayed surfaces compared to the control samples. These

results were correlated with increased hydrophilicity and roughness of the

nanophase PLGA surfaces, and point toward the promise of using nanoarrayed

surfaces in NGC applications.

K E YWORD S

materials science, nanostructure, neural cells, PLGA, surface topography

1 | INTRODUCTION

Injuries in the peripheral nervous system (PNS) is one of the major

public health problems in the worldwide.1 In the United States alone,

there are nearly 20 million people suffering from PNS injuries caused

by trauma (i.e., traffic accidents, natural disasters, etc.) and various

medical conditions, while there are nearly 300.000 people affected by

it each year in Europe.2,3 Though PNS can recover itself to a certain

extent, there is variability in the regeneration process depending on

the patient's overall health, as well as, type, size, and location of the

injury. In fact, patients suffering from PNS injuries can wait for years

for some level of recovery and, at the end, may be left with devastat-

ing sensory and motor deficits, which renders them disabled.4

There are various treatment options for PNS injuries. Auto-

grafting, allografting, and xenografting are among the commonly used

treatments for PNS injuries larger than 1.5–3 cm.3,5,6 However, these

treatment options all have their drawbacks. Autografting, which is the

gold-standard treatment for PNS injuries, requires the sacrifice of a

donor nerve and can lead to donor site morbidity, pain, and neuroma.

The limited availability of autografts is also problematic for severe

nerve injuries requiring grafting to multiple anatomical locations. For

the case of allografts, there are not sufficient number of available

donors, while allografts and xenografts can both induce immune

response in the recipients and can potentially lead to disease trans-

mission form the donors to the recipients.6 These complications lim-

ited the use of autografts, allografts, and xenografts and led to the

development of nerve guidance channels (NGCs) for the treatment of

PNS injuries. NGCs are tubular shaped hollow structures bridging

the distal and proximal stumps of injured neurons.3 The ends of

the injured nerve stumps can be affixed into the ends of the tube and

provides an isolated pathway conducive to regeneration.7 NGCs

direct axons sprouting from the proximal nerve stump, provide a
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conduit for the diffusion of growth factors secreted by the injured

nerve ends and reduce the infiltration of scar tissue.8 There are vari-

ous studies in literature investigating the use of biocompatible and

biodegradable materials for NGC applications, such as polyvinilidene

fluoride-trifluoroethylene (PVDF-TrFE), polycaprolactone (PCL), poly

(ethylene glycol) (PEG), poly (lactic acid) (PLA), type I collagen, polyvi-

nyl alcohol (PVA), and poly (lactic-co-glycolic acid) (PLGA).9-12 In fact,

the use of these materials as NGCs enhanced neural cell functions

in vitro and translated into improved motor functions in vivo. For

instance, Bini et al. tested PLGA based microbraided NGCs for sciatic

nerve injury in rats and showed successful nerve regeneration after

1 month of implantation.13 Though most results in literature

highlighted the effectiveness and potential use of NGCs for PNS inju-

ries, the results were less than ideal where the use of NGCs could not

secure full recovery for all test subjects. In fact, the rate and extent of

recovery was observed to be worse than autologous grafts in some

studies.14 Clearly, revised strategies are required for the fabrication

NGCs to be effective in PNS regeneration.

Neural cells interface with a variety of cell types in their natural

niche, which possess surface topographies in the micron and nanome-

ter range that stimulate and have a positive impact on neural cells

functions.15 In addition, the extracellular matrix (ECM) surrounding

neural cells also possesses nanophase surface arrays and has building

blocks that have dimensions within nanometer regime. For instance,

peripheral nerves embedded inside endonerium contain different

types collagen molecules (the collagen is about 1.5 nm thickness and

300 nm long rod-shaped molecules16), while the basal lamina in end-

oneurium that surrounds Schwann cells is composed of various mole-

cules including fibronectin (the width of fibronectin protein is

approximately 3 nm17) and heparan sulfate proteoglycan (has a pro-

tein core of 80 nm18) that have nanometer dimensions. Considering

the nanometer size range of molecules and the concomitant

nanophase surface topography of ECM interacting with neural cells,

fabrication of neural guidance channels that possess nanophase sur-

face topography would allow neural cells to interact with a surface

that mimic their natural niche. As a matter of fact, design of implant

surfaces to mimic the nanoarray size of tissues has been investigated

in various biomaterial applications, including orthopedic implants

where fabrication of a nanoarrayed surface topography on PLGA sur-

faces to mimic the inorganic component of bone tissue was observed

to upregulate adhesion, proliferation, and cellular functions of

osteoblasts.19

In the last decade, neural cell functions on topographical struc-

tures were investigated in detail where most studies focused on the

interactions between neural cells and biomaterial surfaces to have

“micron” and “submicron” scale topography.20 For instance, neural

stem cells expressed longer extensions on PLGA surfaces that had

400 nm grooves compared to smooth surfaces independent of the

presence of 3,4-dihydroxy-L-phenilalanin (DOPA) coating.21 In a dif-

ferent study, astrocytic scar tissue formation upon the changes in

nanophase topographical array size of anodic aluminum oxide (AAO)

was investigated to optimize biological interactions for neural elec-

trode applications. The results showed that astrocyte adhesion was

higher onto surfaces with small porous structures (~20 nm) compared

to the ones having larger pores (~90 nm).22 In addition, astrocytes

expressed more focal adhesions on AAO surfaces having smaller pore

size.22 Though the authors focused on the effect of surface array

dimensions less than 100 nm, the material of investigation was porous

aluminum oxide and astrocytes were used to investigate the efficacy

of AAO for neural electrodes.

Though there are multiple studies investigating the effect of sub-

micron (>1 μm) and micron sized topographical structures for NGC

applications, studies focusing on the effect of surface array size less

than 100 nm is very limited. For optimal neural regeneration, it is

essential to understand neural cell functions upon their interaction

with nanophase topographies having less than 100 nm (nanoscale) lat-

eral array size. Herein, the influence of nanophase surface arrays fab-

ricated on PLGA films, an American Food and Drug Administration

(FDA) approved material used in NGC applications, was investigated

to identify an optimal nanophase surface topography using N2a cell

line (mouse neuroblastoma cells) for neural-tissue engineering applica-

tions. To understand the effect of nanophase surface topography on

neural cell functions, 316L stainless steel (316L SS) surfaces having

different sized nanopits were fabricated by anodization and these sur-

faces were used as molds to cast PLGA solution and to transfer their

nanophase surface topography onto PLGA. Scanning electron micros-

copy, atomic force microscopy, X-ray photoelectron spectroscopy,

Fourier-Transform Infrared Spectroscopy, and sessile drop water con-

tact angle measurements were used to characterize surface morphol-

ogy, topography, chemistry, and hydrophobicity, respectively. Cellular

proliferation, morphology, and activity were evaluated to understand

interaction of neural cells with nanophase PLGA surfaces.

2 | MATERIALS AND METHODS

2.1 | Materials

PURASORB® poly (lactic-co-glycolic acid) (w/w, 50:50) was provided

by Corbion Purac (Amsterdam, The Netherlands). 3–4,5-dimethyl-

thiazolyl-2,5-diphenyltetrazolium bromide (MTT), 40 ,6-diamino-

2-phenylindole (DAPI), hexamethyldisilazane, and bovine serum

albumine (BSA) were purchased from Sigma-Aldrich (Germany).

Cytopainter Staining Kit (ab112127), anti-vinculin primary antibody

(ab129002, rabbit monoclonal), Alexa Fluor 488 secondary

antibody (ab150077, goat anti-rabbit), anti-c-fos primary antibody

(ab222699, rabbit) and peroxidase linked secondary antibody

(ab6721, goat anti-rabbit IgG) were purchased from Abcam

(Cambridge, UK). β-actin primary antibody (PA1183, rabbit), M-PER™

Mammalian Protein Extraction Reagent and Pierce™ Coomassie Pro-

tein Assay Kit were purchased from Thermo Fisher Scientific

(Massachusetts, USA). Clarity™ Western ECL Substrate was pur-

chased from Bio-Rad Laboratories (USA). Protease inhibitor cocktail

tablets (Roche Complete Mini EDTA-free) were purchased from

Roche Diagnostic Gmbh (Germany). Dithiothreitol (DTT) was pur-

chased from Thermo Fisher Scientific (MA, USA).
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2.2 | Preparation of PLGA films with nanophase
topographies

PLGA films having nanophase surface topographies were fabricated utiliz-

ing anodized 316L SS surfaces as casting molds. To fabricate the molds,

first, 316L SS foil (thickness 0.5 mm) was cut into 2.5 � 2.5 cm squares,

followed by cleaning in acetone, 70% ethanol and ultrapure water each

for 15 minutes (min), respectively. To obtain nanophase topography on

316L SS surfaces, the surface cleaned samples were anodized. For the

anodization process, 5% (v/v) perchloric acid in ethylene glycol solution

was used as an electrolyte and the temperature of the system was kept

between 0 and 10�C range. A platinum mesh was used as the cathode

and the 316L SS sample was the anode. 316L SS samples were anodized

under 35 V for 5 min and 50 V for 6 min to obtain nanopit surface mor-

phologies having different array sizes.23 The anodized 316L SS samples

were washed with ultrapure water and dried at room temperature (RT).

Once 316L SS samples having nanopit surfaces were fabricated,

they were used as molds to transfer their nanophase surface topogra-

phies onto PLGA films. PLGA (50:50, molar ratio) was dissolved in

chloroform to obtain 8% (w/v) solution and poured onto anodized

316L SS. The PLGA solution poured onto 316L SS allowed to evapo-

rate for 1 hr at RT and 48 hr inside an oven at 37�C to remove the

chloroform.24 Afterward, PLGA films were peeled from the anodized

316L SS surfaces. PLGA films poured onto nonanodized 316L SS sur-

faces were used as control samples.

2.3 | Surface characterization

Scanning electron microscopy (SEM, FEI, NovaNano 430, Brno, The

Czech Republic) was used to characterize the surface morphology of

anodized 316L SS and PLGA film surfaces. Prior to imaging, PLGA

samples were gold sputtered (Quorom SC7640 High Resolution Sput-

ter Coater, Lewes, The UK) to obtain a conductive pathway on the

sample surfaces. Twenty kilo volt potential was utilized to image 316L

SS, while 5 kV was utilized for PLGA film surfaces.

2.4 | Surface topography measurements

Atomic force microscopy (AFM, Veeco Multimode V Atomic Force

Microscopy, Santa Barbara, CA) was used to characterize surface

topography of the samples. AFM was operated at the tapping mode

and a silicone tip having 10 nm radius of curvature was used to obtain

surface scans. 1 � 1 μm surface areas were scanned at 1 Hz scan rate.

Scans were repeated in triplicate. AFM images were processed using

Image Plus software (Peseux, Switzerland).

2.5 | Chemical analysis

PLGA film surfaces were characterized with X-ray photoelectron

spectroscopy (XPS, PHI, 5000 Versa Probe, Minnesota, MN) to assess

metal ion transfer from 316L SS molds. In XPS analysis, monochro-

matic Al Kα X-ray source was used with an approximate vacuum pres-

sure of 7 Pa. Scans were collected from a spot diameter of 50 μm.

Films were also characterized with Fourier-Transform Infrared Spec-

troscopy (FTIR, Perkim Elmer 400, Waltham, MA) to determine the

presence of left-over solvent. FTIR analysis was completed using

attenuated total reflection configuration with 4 cm�1 resolution in the

4,000–400 cm�1 range. Background spectra were subtracted from

the obtained reflectance data and an average of 4 spectra was

reported for each sample.

2.6 | Water contact angle analysis

Hydrophobicity of the samples were characterized with sessile drop

water contact angle technique using a goniometer (EasyDrop, KRÜSS

GmbH, Hamburg, Germany). Three micro liter ultrapure water was

dropped onto PLGA film surfaces and the surface contact angles were

measured after 10 s. Measurements were repeated in quadruplicate

for each sample.

2.7 | Cell culture

A mouse neuroblastoma cell line, N2a (Neuro2-a, ATCC® CCL-131™),

was used to test biological performance of the PLGA films in vitro due

to the widespread use of this cell line in cytotoxicity assays.25,26 N2a

cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine,

and 1% penicillin/streptomycin (PS) under standard cell culture condi-

tions (5% CO2, 37�C) as per established protocols.27

2.8 | Cellular proliferation

Prior to cell culture, PLGA films were cut into 6 mm diameter samples

(~70 μm thick) and rinsed with sterile 1� phosphate buffer saline

(PBS), 70% ethanol, and 1�PBS, respectively. Afterward, both sides of

the samples were sterilized with UV light for 1 hr.28

To assess cellular proliferation, MTT assay was used. N2a cells

were seeded onto the PLGA films at a density of 2 � 104 cell/cm2.

N2a cellular adhesion and proliferation were determined at 4 hr and

1, 3, and 5 days in vitro. At the end of the prescribed time periods,

cells were treated with MTT solution (1 mg/ml, 100 μl/well) for 3 hr

to form formazan crystals under standard cell culture conditions

(5% CO2, 37�C). Afterward, formazan crystals formed on PLGA films

were dissolved using 0.1 N HCl solution prepared in isopropanol

(100 μl/well). The absorbance values of the solutions containing

dissolved formazan were recorded using Microplate Absorbance

reader (Bio-rad, Hercules, CA) at 570 nm (reference wavelength-

650 nm). The absorbance of the blank samples without any cells were

subtracted from the obtained absorbance values. Cellular proliferation

experiments were performed three times each with three replicates.
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2.9 | Immunofluorescence imaging

The morphology of N2a cells was evaluated with fluorescence

staining. Specifically, DAPI, anti-f-actin, and anti-vinculin staining pro-

cedures were applied to observe the nuclei, cellular morphologies and

focal contact formations on each sample, respectively. N2a cells were

seeded at density of 1 � 104 cell/cm2 onto the PLGA films and incu-

bated for 72 hr. At the end of 72 hr, cells were fixed with 4% parafor-

maldehyde solution for 30 min at RT. Once 4% paraformaldehyde

solutions were discarded, the fixed cells were rinsed with 1X PBS and

cell membranes were permeated with 0.2% Triton X-100 for 30 min.

5% BSA in 1�PBS was used as a blocking solution. 0.5% BSA in

1�PBS was used to dilute primary and secondary antibodies. Blocking

step was applied prior to and after the incorporation of primary anti-

body solution. For the antibody staining procedure, the permeated

cells were initially incubated with anti-vinculin primary antibody (rab-

bit monoclonal, 1:200) for 90 min, followed by rinsing with 1xPBS.

Afterward, the cells were incubated with Alexa Flour 488 conjugated

secondary antibody (goat anti-rabbit IgG, 1:1,000) and rhodamine-

phalloidin for 1 hr. Cells were also stained with DAPI (0.5% BSA in

1�PBS, 1:40,000) 30 min to image their nuclei. Confocal microscopy

(Zeiss LSM800, Germany) was used for imaging and the captured

images were merged with ZEISS ZEN Imaging Software (Jena, Ger-

many). Images were quantitatively analyzed using ImageJ (NIH, USA).

Immunofluorescence staining experiments were repeated in triplicate.

2.10 | SEM imaging

In addition to immunofluorescence imaging, the morphology of the

N2a cells was also evaluated with SEM imaging. Prior to SEM imaging,

N2a cells were seeded at density of 1 � 104 cell/cm2 onto the PLGA

films and incubated for 24 hr. At the end of 24 hr, cells were fixed

with 4% paraformaldehyde solution for 20 min at RT. Once parafor-

maldehyde solution was discarded, the fixed cells were rinsed with

1X PBS and dried gradually using 30, 70, 90, and 100% ethanol

solutions, respectively. Afterward, cells were incubated with hexa-

methyldisilazane for 12 hr at RT for final drying. Prior to imaging, cells

were sputter coated with gold (Quorom SC7640 High Resolution

Sputter Coater, Lewes, UK) to obtain a conductive pathway on the

samples. SEM micrographs of N2a cells were used to count number

of neural cell extensions. The number of neurite extensions were

normalized by dividing neurite extension number to cellular count for

control, P-30 and P-80 groups (n = 7).29,30

2.11 | Neuronal cell activity

The c-fos protein expression levels were assessed with Western blot-

ting to identify N2a cellular activity. First, N2a cells were seeded onto

PLGA films at a density of 5 � 104 cell/cm2 and incubated for 48 hr

(n = 3). After the incubation, cells were lysed using a buffer solution

(M-PER™ Mammalian Protein Extraction Reagent) plus protease

inhibitors, followed by centrifuging at 13.000 rpm for 10 min. The

supernatant was assayed for protein content with Bradford assay,

while 10 μg of protein from each extract were analyzed with Western

blot.31 Afterward, the nitrocellulose membrane blots were probed

with anti-c-fos (rabbit, 5% milk in phosphate buffer, 1:1,000) over-

night at 4�C. Same procedure was repeated for β-actin secondary

antibody (rabbit, 5% milk in phosphate buffer, 1:1,500) as a loading

control. Western blot signal was enhanced by chemiluminescence

using goat antirabbit IgG coupled to horseradish peroxidase (5% milk

in phosphate buffer, 1:10,000) as the secondary antibody using a gel

imaging system (BIO-RAD ChemiDoc MP Imaging System). The pro-

tein band intensities were quantified with the ImageJ software (NIH,

MD). Experiments were repeated in triplicate.

2.12 | Protein adsorption on PLGA film
surfaces assay

Protein adsorption assay was used based on previously established

protocols.32 Briefly, 1 � 1 cm PLGA films were UV sterilized and

placed separately inside the wells of tissue culture plate. DMEM

medium containing 10% FBS (1 ml) was added onto each sample and

incubated for 4 hr under standard cell culture conditions (5% CO2,

37�C). At the end of incubation, DMEM medium was discarded and

each sample was rinsed with 1xPBS. Afterward, samples were trans-

ferred to a fresh well and 300 μl protein removal buffer solution (8 M

urea, 0.1 M TrisBase, and 0.01 M DTT, adjusted pH 8.6) was added

onto each sample. The samples were incubated inside the protein

buffer solution for 20 min on a shaker at 40 rpm. After elution of

the adsorbed proteins, the protein concentration was assayed using

Bradford assay.33 Experiments were repeated in triplicate.

2.13 | Statistical analysis

The Shapiro–Wilk test was applied to verify the normality of the

results (IBM SPSS Statistics, Version 25), followed by analyzing for

statistical significance using ANOVA (IBM SPSS Statistics, Version 25).

Statistical significance was defined as a p <.05. The values were given

as mean ± standard deviation (SD).

3 | RESULTS

SEM micrographs of anodized 316L SS samples were given in

Figure 1. The anodization process formed nanopit structures homoge-

nously across the 316L SS surfaces. Nanopits having two different

diameters (lateral) were fabricated on 316L SS surfaces by altering the

anodization conditions where anodizing at 35 V for 5 min formed 32

± 1 nm and 50 V for 6 min formed 79 ± 1 nm sized nanopits, respec-

tively (Figure 1b,c). Anodized 316L SS samples were used to obtain

nanophase topographies on PLGA films via the replica molding pro-

cess where 8% PLGA was poured onto the anodized 316L SS
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surfaces, followed by evaporation of the solvent and peeling of

PLGA from the anodized 316 L SS surfaces. 316L SS samples having

32 ± 1 nm and 79 ± 1 nm array size will be referred as “A-30” and

“A-80 nm,” respectively; and the PLGA films peeled from A-30 and

A-80 will be referred as “P-30” and “P-80”, respectively (Table 1).

While the control samples molded onto nonanodized 316L SS

(Figure 1d) did not have an array of periodically repeating surface

arrays, P-30 and P-80 samples displayed nanoarrays resembling the

topography of anodized 316L SS surfaces (Figure 1e,f). SEM images

confirmed successful transfer of nanopatterns from 316L SS surfaces

onto the PLGA films. Since while PLGA surfaces with nanoarrays were

deteriorated due to high magnification (with electron beam) during

the SEM analysis, P-30 and P-80 sample surfaces were not seen as

bumpy as AFM micrographs (Figure 2). It was important to note that

there was no cracking or damage during peeling of the PLGA films

from the anodized 316L SS. These results were in-line with literature

findings where nanophase surface topographies were successfully

transferred from AAO templates onto PLGA films.34

2D and 3D AFM micrographs and height profiles obtained from

the PLGA samples were displayed in Figure 2. AFM micrographs fur-

ther confirm successful molding of bumpy nanophase surface arrays

onto the PLGA films. Height profile analysis provided information on

the size of surface arrays on the PLGA films. The sizes of individual

bumps were measured to be 29.4 ± 3.1 and 80.2 ± 3.5 nm for P-30

and P-80, respectively, and heights of individual bumps were mea-

sured to be 1.9 ± 0.1 and 4.1 ± 0.2 nm for P-30 and P-80, respectively

(Figure 2). The dimensions of nanophase bumps on PLGA surfaces

matched the array size of nanopits obtained on anodized 316L SS sur-

faces. The root-mean square roughness values (Sq) calculated from the

scans were 1.23 ± 0.05, 1.85 ± 0.05, and 4.52 ± 0.15 nm for the con-

trol, P-30, and P-80, respectively (Table 2). The arithmetical mean

square roughness values (Sa) calculated from the scans were 0.99

± 0.04, 1.50 ± 0.03, and 3.73 ± 0.13 nm for the control, P-30, and P-

80, respectively (Table 2). The Sq and Sa values for P-30 and P-80

were both higher compared to the control samples (p <.001). The

obtained differences in surface roughness values were expected and

in-line with the principles of anodization. Specifically, during anodiza-

tion process 316L SS surfaces were polished to a near mirror finish

and all surface extremities, including grain boundaries, were removed

from the anodized surfaces. Having this said, aside from polishing and

smoothing out large surface asperities, anodization process also

formed nanopit arrays on 316L SS surfaces. Upon molding of PLGA

F IGURE 1 SEM micrographs of (a) control, (b) A-30 and (c) A-80, (d) control, (e) P-30 and (f) P-80 samples. The scale bars of insets are 3 μm

TABLE 1 The abbreviations used for different sample types

Sample
Abbreviation for
anodized steel

Abbreviation for
PLGA replica

Nonanodized Control Control

Anodized surfaces having

32 ± 1 nm pits

A-30 P-30

Anodized surfaces having

79 ± 1 nm pits

A-80 P-80

68 MIMIROGLU ET AL.



onto the anodized 316L surfaces, arrays of nanophase bumps formed

on PLGA, which led to an increase in Sq and Sa values. In this study,

surface areas were measured to be 1.003 ± 0.001, 1.016 ± 0.001, and

1.021 ± 0.001 μm2 for control, P-30, and P-80 samples, respectively.

Though the increase in surface areas for P-30 and P- 80 were minor,

they were found to be statistically significant compared to the control

(p <.001). During anodization process, polishing of surface asperities

and formation of nanopits on 316L SS were taking place simulta-

neously, where the former one was decreasing, yet, the latter one was

increasing the total surface area. PLGA films having nanophase

surface topographies were characterized with XPS and FTIR for chem-

ical analysis (Figures 3a and S1). It was important to note that PLGA

films peeled from the anodized 316L SS surfaces did not express Fe,

Cr, Ni, and Mo peaks in their XPS spectra (Figure 3a) indicating that

the oxide layer did not delaminate from the anodized 316L SS sur-

faces and stick to PLGA films during replica molding process.35 Inter-

estingly, XPS results revealed presence of trace silicon on PLGA films.

Specifically, 3.2, 2.2, and 1.5% silicon were observed for control, P-30,

and P-80 surfaces. It can be speculated that the use of glassware dur-

ing specimen fabrication led to silicon contamination on the surfaces.

F IGURE 2 AFM images for (a) control, (b) P-30, (c) P-80 samples showing 3D (left) and 2D (middle) micrographs, and height profiles (right).
The thick black lines on 2D AFM micrographs indicate where height profiles were obtained on the PLGA films

TABLE 2 Values for root mean square roughness, average roughness, and surface area

Sample Root mean square surface roughness (Sq, nm) Arithmetical mean surface roughness (Sa, nm) Surface area (μm2)

Control 1.23 ± 0.05 0.99 ± 0.04 1.003 ± 0.001

P-30 1.85 ± 0.05** 1.50 ± 0.03** 1.016 ± 0.001**

P-80 4.52 ± 0.15** 3.73 ± 0.13** 1.021 ± 0.001**

Note: Values are mean ± SD.

**p <.001.
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F IGURE 3 (a) XPS and (b) water contact angles for PLGA samples. Values are mean ± SD, **p <.001

F IGURE 4 (a) N2a proliferation on control, P-30, and P-80 samples up to 5 days in vitro. Values are mean ± SD (n = 3), *p <.05, **p <.01.
(b) The N2a cells stained with DAPI for nucleus (blue fluorescence, first row), phalloidin for f-actin (red fluorescence, second row) and Alexa-Fluor
488 for vinculin (green fluorescence, third row) on control, P-30, and P-80 samples after 72 hr incubation. Bottom row shows the merged images.
Scale bars are 20 μm. (c) Protein adsorption results for control, P-30, and P-80 samples
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FTIR spectra of the PLGA samples revealed characteristic C H

(2,850 cm�1), C═O (1,747 cm�1), CH3 (1,383 cm�1), and CH2

(750 cm�1) absorption bands that belong to PLGA film surfaces.36,37 It

was important to note there were no Cl peaks in the XPS or FTIR

spectra of PLGA that would indicate the presence of left-over chloro-

form in this study. Chloroform was used to dissolve the PLGA polymer

during replica molding and our results confirm successful removal of

chloroform from the PLGA film surfaces.

Sessile drop water contact angles for the control, P-30, and P-80

groups were measured as 90.8� ± 1.1�, 82.7� ± 0.2�, and 89.4� ± 1.7�,

respectively (Figure 3b). P-30 samples expressed lower water contact

angle compared to the control samples (p <.001) and exhibited hydro-

philic characteristics (θ <90�). However, there were no statistical dif-

ference between control and P-80 samples. The small decrease in the

water contact angle of P-30 could be attributed to the presence of sil-

icon on the surfaces, which was stated in the results for XPS analysis.

N2a cellular density at 4 hr (adhesion) and 1st, 3rd, and 5th day

time points (proliferation) were shown in Figures S2 and 4a. N2a cell

densities did not reveal any significant difference between the sam-

ples at 4 hr, indicating that cellular adhesion was similar onto all sur-

faces independent of the surface topography. Having this said, N2a

cells proliferated on all samples and cellular densities on control, P-30,

and P-80 increased up to 5 days of culture. At the 1st day in vitro,

P-30 and P-80 samples had higher cellular density compared to the

control samples (p <.05). At the 3rd day, N2a cellular densities were

again higher on P-30 and P-80 compared to the control samples

(p <.01). However, the differences in cellular densities between the

nanophase samples and the control sample decreased at the 5th day

of culture (p <.05). This was probably due to N2a cells reaching con-

fluency on P-30 and P-80 samples that slowed down their prolifera-

tion rate (Figure 4a). On the other hand, cellular densities on P-30 and

P-80 were similar at all investigated time points. These results showed

that the increase in the cellular density between control and

nanophase PLGA groups were due to increased cellular proliferation.

We explored focal adhesions, which are cellular sensing machin-

ery of the cells. Focal adhesions are large macromolecular networks

that facilitate communication between cells and their ECM, and vin-

culin is a part of focal adhesion macromolecule network. Thus, the

recruitment of vinculin protein was investigated by immunofluores-

cence staining to visualize adhesion profile of N2a cells. N2a cells cul-

tured on control, P-30, and P-80 surfaces were stained for their nuclei

(blue), f-actin filaments (red), vinculin protein (green), and the images

were displayed in Figure 4b. The merged immunofluorescence

images (bottom row) qualitatively revealed that nanophase PLGA films

had higher number of neural extensions (white arrows) and each of

these neural extensions were longer than the control group (yellow

arrows). Additionally, focal adhesions were observed to be distributed

peripherally in all investigated samples. Cellular morphologies were

F IGURE 5 SEM images of N2a cells on (a) control, (b) P-30, and (c) P-80 samples. d) Number of neurite extension per cell for the control, P-
30, and P-80 samples. The values are mean ± SD, n = 7, *p <.01
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also investigated using SEM and the captured images revealed that

N2a cells expressed more neural extensions on P-30 and P-80 than

the control samples (p <.01; Figure 5a–c). In fact, N2a cells had 0.38

± 0.06, 1.29 ± 0.55, and 1.83 ± 0.76 neurite extensions per cell for

the control P-30 and P-80 samples, respectively. However, no statisti-

cal significance in the number of neurite extensions per cell was

detected between the P-30 and P-80 (Figure 5d). Clearly, cell-material

interactions, which enhanced N2a proliferation and triggered the for-

mation of focal adhesions and neural extensions, occurred at a higher

extent on nanophase PLGA surfaces compared to the control surface.

It is well-known that cells interact with proteins adsorbed onto

material surface, rather than directly interacting with the material

itself.38 In Figure 4c, it was observed that protein adsorption was sig-

nificantly higher for P-30 and P-80 compared to control where

1,693.3 ± 27.2, 1,833.9 ± 25.8, and 1799.1 ± 18 μg/ml were found

for the control, P-30, and P-80 samples, respectively. As a result of

the protein adsorption profiles, N2a cells were adhering, proliferating

and expressing more neural extension on P-30 and P-80 compared to

control surfaces. In fact, these results were in-line with literature find-

ings, where increase in density and functions of different cell types

were associated with increased total protein adsorption, while

increased protein adsorption was correlated with the increased sur-

face roughness38-40 For instance, TiO2 surfaces having nanoleave

morphology enhanced total serum protein adsorption onto its sur-

faces, which contributed to the increased endothelial cell viability

compared to polished titanium. In addition, the dimensions of the

nano-pores fabricated on poly(L-lactic acid) microfibers were found to

enhance total protein adsorption, which was further correlated with

cytocompatibility of these scaffolds to support vascular smooth

muscle cell adhesion, proliferation, and expression of the vascular

matrix proteins (elastin and collagen).41,42

C-fos protein has a key role in mitogen-activated protein kinase

(MAPK) cascade mechanism, which maintains and controls the cellu-

lar proliferation, differentiation, and migration, and its expression is

vital for firing neurons.43 The c-fos expression levels were deter-

mined by Western blot to assess N2a cellular activity. As seen in

Figure 6, the normalized intensity values for c-fos protein expres-

sions were 0.48 ± 0.12, 0.85 ± 0.12, and 0.80 ± 0.10 (a.u) for the

control, P-30, and P-80 samples, respectively. Western blot results

showed that cells cultured on P-30 and P-80 films had higher c-fos

protein expression compared to the control samples (Figure 6,

p <.05). These results also confirmed that P-30 and P-80 enhanced

N2a cellular functions compared to control samples.

4 | DISCUSSION

In NGC applications, surface modifications to induce topographical

arrays have an important role in directing growth of axons between the

damaged proximal and distal stumps. In our study, nanophase arrays

having 30 and 80 nm lateral sizes were formed on PLGA films, which is

a frequently used material in NGC applications, and the effect of sur-

face nanophase topography on N2a cellular functions were investi-

gated. The differences observed in N2a behavior on P-30 and P-80

films for the enhanced cellular functions suggested that cells sensed

the subtle changes in the surface nanophase topography and reacted

with a complex physiochemical response. This was in-line with previous

findings where changes in nanophase surface topography altered cellu-

lar functions. For instance, altered array size on anodized surfaces inde-

pendently allowed either augmented human mesenchymal stem cell

adhesion when array size was ~30 nm or specific differentiation into

osteoblasts when array size was ~70–100 nm.44 In another study,

human mesenchymal stem cells expressed well-spread cellular morphol-

ogy with large focal adhesions on 15 and 55 nm high nanopillar sur-

faces compared to 100 nm high nanopillar surfaces.45 Along the same

line, electrospun fiber scaffolds with nanopits were shown to enhance

interleukin-12 expression for M1 polarized macrophages compared to

fibers having divots.46,47 In this study, N2a cells had higher densities,

higher number of neural extensions and up-regulated c-fos expression

on P-30 and P-80 compared to the control samples. The reason for the

enhanced N2a functions could be explained with changes in surface

topography of PLGA films, where P-80 and P-30 surfaces had an array

of nanophase surface features, which led to higher rms roughness

values compared to the control samples. In fact, on gold surfaces having

similar roughness values to the ones investigated in this study, neuronal

cells had the lowest necrosis rate, expressed axonal outgrowth and

functional cytoskeletal orientation, while increase in roughness to 80–

100 nm led to disorganized focal adhesion complexes.48 It was clear

that N2a cells sensed the nanophase topography introduced onto P-30

and P-80 surfaces and responded by enhancing their proliferation and

functions. Having this said, the lack of surface asperities removed from

316L SS during anodization, yet present on the control samples, could

F IGURE 6 (a) Immunoblot images of control, P-30, and P-80
samples using anti-c-fos and anti-β-actin, (b) Western-blot analysis of
c-fos protein in N2a cells cultured on control, P-30, and P-80 samples.
The values are mean ± SD, n = 3, *p <.05
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have contributed to the promotion of cellular functions for P-30 and P-

80 samples. In addition to the effect of surface topography, the

increased hydrophilicity was known to dictate neural cell adhesion, pro-

liferation and functions and focal adhesion expression.22 Since P-30

was hydrophilic compared to the control sample, perhaps, increased

hydrophilicity of P-30 could have a minor contribution for the observed

differences in N2a cellular functions.49,50 However, the changes in

hydrophilicity could not account for the increased cellular function on

P-80.

Since the total amount of proteins adsorbed onto the PLGA films

increased upon surface modification, it could be speculated that the

adsorption of cell adhesive serum proteins, that is, fibronectin and

laminin, which were demonstrated to control adhesion, proliferation,

and functions of anchorage dependent cells also increased.51 In fact,

the surface concentration and bioavailability of fibronectin and colla-

gen type IV were shown to enhance on nanophase PLGA compared

to its conventional counterpart.24,52 It could be speculated that

enhanced concentration of cell adhesive serum proteins on P-30 and

P-80 surfaces could have contributed to the observed changes in the

cellular functions of N2a cells.

To sum up, our results indicated that nanophase topographical

arrays having lateral dimensions less than 100 nm may provide posi-

tive impacts on the proliferation and functions of neurons. Thus, fabri-

cation of nanophase surface topographies should be investigated

further for the next generation NGCs for PNS injuries.

5 | CONCLUSIONS

In this study, nanophase arrays having different sizes were fabricated on

PLGA films via replica molding technique to investigate the effects of

nanophase topographies on neural cell functions. For the replica molding

process, 316L SS molds having different nanopit lateral diameters (32

± 1 nm and 79 ± 0.5 nm) were used. The SEM and AFM analysis con-

firmed the successful transfer of nanophase topographies from the molds

onto the PLGA films. XPS and FTIR analysis did not reveal presence of an

oxide layer or left-over solvent for the PLGA films. Protein adsorption

studies revealed enhanced adsorption of proteins onto nanophase PLGA

compared to the control samples. Importantly, N2a cells cultured on

nanophase PLGA films exhibited enhanced proliferation and higher num-

ber of neurite extensions, and at the same time, up-regulated c-fos protein

expression compared to the ones cultured on the control samples. Cumu-

latively, the results revealed that fabrication of nanophase arrays on PLGA

films could be promising for NGC applications.
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