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Abstract

Neurodegenerative diseases compromise the quality of life of increasing numbers of the world’s 

aging population. While diagnosis is possible no effective treatments are available. Strong efforts 

are needed to develop new therapeutic approaches, namely in the areas of tissue engineering and 

deep brain stimulation (DBS). Conductive polymers are the ideal material for these applications 

due to the positive effect of conducting electricity on neural cell’s differentiation profile. This 

novel study assessed the biocompatibility of polybenzimidazole (PBI), as electrospun fibers and 

after being doped with different acids. Firstly, doped films of PBI were used to characterize the 

materials’ contact angle and electroconductivity. After this, fibers were electrospun and 

characterized by SEM, FTIR and TGA. Neural Stem Cell’s (NSC) proliferation was assessed and 

their growth rate and morphology on different samples was determined. Differentiation of NSCs 

on PBI - CSA fibers was also investigated and gene expression (SOX2, NES, GFAP, Tuj1) was 

assessed through Immunochemistry and qPCR. All the samples tested were able to support neural 

stem cell (NSC) proliferation without significant changes on the cell’s typical morphology. 
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Successfully differentiation of NSCs towards neural cells on PBI – CSA fibers was also achieved. 

This promising PBI fibrous scaffold material is envisioned to be used in neural cell engineering 

applications, including scaffolds, in vitro models for drug screening and electrodes.
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1. INTRODUCTION

Neurological disorders affect the quality of life and autonomy of patients, their families and 

society in general. They involve the irreversible loss of neural tissue, which in turn causes 

cognitive loss, movement impairment and dementia. With the increase of aging population, 

the social and economic burden of these diseases will rise. Current available therapies can 

only alleviate the symptoms, they cannot rescue or regenerate neural cells or cellular 

function [1].

The central nervous system has a high electrical activity. The use of electricity to direct the 

development in vitro of axons and neurites of neural cells has been widely studied [2,3]. In 
vivo, this can be achieved through Deep Brain Stimulation (DBS), in which the brain tissue 

is electrically stimulated using temporary and directly implanted probes [4]. This technique 

allows not only the recording of brain activity but also the direct application of electricity to 

the brain tissue. The effects of DBS on neurological diseases, especially neurogenerative 

ones such as Alzheimer and Parkinson’s disease, are promising and require complete clinical 

studies to assess their full clinical value [4-7]. Some challenges persist, including the fact 

that clinical assay must be done directly in humans [5]. These means that the materials used 

for these probes must be biocompatible, allowing total integration of it in the brain tissue 

without damaging it, and be electroconductive.

The combination of electrical stimulation and cell supportive biomaterials is useful in 

enhancing the phenotype and functionality of in vitro cultured cells[3,8- 10]. This strategy is 

largely used in tissue engineering, which can also be applied to the development of disease 

model platforms or transplants for direct integration in brain tissue [11]. The physico-

chemical and mechanical properties of these biomaterials have to be similar to the native 

tissue, boosting biocompatibility through successful tissue integration, for these biomaterials 

to be used in neural tissue therapies [12,13]. In fact, studies report that transplanted stiffer 

materials (e.g., metals) cause more tissue damage than softer materials such as polymers, 

hindering their performance in the long run [12,14,15].

Polymers can be shaped to better mimic the natural Extra-Cellular Matrix (ECM) 

environment of the target tissue [3,13]. This includes diverse forms such as films[2], 

hydrogels [16,17] and fibers [18,19]. In particular, electroconductive polymers are a very 

interesting option since they are available to conduct electricity directly to adhered cells, 

benefiting their growth and differentiation [3,20,21]. However, conductive polymers are 

more versatile, have a lower cost, and can be easily tailored/functionalized [22-24]. Some 

Garrudo et al. Page 2

Mater Today Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



examples of conductive polymers include polypyrrole (PPy) [25], polyaniline (PANI) [26], 

and polyethylenedioxythiophene (PEDOT) [2].

In the last years electrospun fibers gained a lot of attention mainly due to nanofibers being 

able to structurally mimic the fibrillar structures present in natural ECM [27,28]. Fibers 

made of conductive polymers, such as PPy and PANI, have been produced and were 

successfully demonstrated not only to be biocompatible but also increased the differentiation 

of Neural Stem Cells (NSC) when electricity was applied [29-31]. However, these polymers 

can only be electrospun using non- conductive carrier polymers (e.g., PCL). This decreases 

the electroconductivity of the resulting fibers when compared with cast films of the neat 

materials. Furthermore, the process compromises the direct injection of electrical current 

and minimizes the positive effects of electrical stimulation of the cells [32,33].

Poly-benzimidazole (PBI) is a fully aromatic heterocyclic conductive polymer. Many 

authors have described PBI as a chemically stable polymer and have shown that these 

imidazole derivatives are resistant to acid/basic treatment [34,35]. PBI can be degraded 

under thermo-oxidative conditions but not under acid or basic hydrolysis [36,37]. In fact, 

PBI can be doped using basic and acidic solutions to increase electroconductivity and 

without observed degradation. The conditions under which PBI is stable include 0.1 M 

sodium hydroxide and 0.25 M hydrochloric acid [38], up to 10 M sulfuric acid and 10 M 

phosphoric acid for 24 h [39] and even potassium hydroxide at concentrations of 6 M [40].

One main advantage of PBI is it can also be electrospun into nanofibers, but without the 

need for a carrier polymer [41,42]. However, to the best of our knowledge, biocompatibility 

data for this material cannot be found in the literature.

The aim of this work was therefore to evaluate the biocompatibility of electrospun PBI fibers 

for the first time. Different doping agents were used to modify the polymer’s properties, 

including hydrophilicity and electroconductivity. Following this, the obtained fibers were 

characterized. Neural stem cells were used to assess this material’s biocompatibility, through 

proliferation and differentiation assays. The study of this material’s properties aims to 

increase the number of available biocompatible conductive materials. Its applications are 

numerous, including not only the design of new electric probes for DBS but also 

electroconductive scaffolds for drug screening and neural tissue engineering applications.

2. MATERIALS AND METHODS

2.1. Materials

The primary antibody Anti-SOX2 was obtained from Abcam. Medical glue (silastic® 

medical adhesive silicone type A) was obtained from Biesterfeld Spezialchemie Iberica, SL. 

Ultra-low attachment 24-well plates (flat bottom) were obtained from Corning. Hydrochloric 

acid 37% (HCL), Isopropanol, Sulfuric acid (H2SO4) (10 M) and sodium chloride (NaCl) 

were purchased from Fisher Scientific. Celazole® S26 polybenzimidazole in N,N-

dimethylacetamide (DMAc) solution, containing 26 wt% PBI solids and 1.5 wt% lithium 

chloride, was purchased from PBI Performance Products. Paraformaldehyde (PFA, 4% in 

phosphate buffered saline (PBS), ChemCruz) was obtained from Santa Cruz Biotechnology. 
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Anhydrous DMAc, β-camphorsulfonic acid (CSA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), poly(L-ornithine hydrobromide) (MW 30,000-70,000), 

glucose, human recombinant insulin, 2-(4-amidinophenyl)-6-indolecarbamidine 

dihydrochloride (DAPI), and osmium tetroxide (4% in H2O) were purchased from Sigma. 

Dulbecco’s phosphate buffer saline (DPBS), Dulbecco's Modified Eagle's Medium (DMEM-

F12 + glutamax (1X)), N2-supplement (100X), fetal bovine serum (FBS), anti-anti mixture 

(penicillin 10,000 units/mL, streptomycin 10,000 μg/mL) human recombinant epidermal 

growth factor (EGF), human recombinant fibroblast growth factor-2 (FGF-2), B27-

supplement (50X), reazurin (Alamar Blue® cell viability reagent), calcein AM, LIVE/

DEAD™ Fixable Red Dead Cell Stain Kit, normal goat serum (10%), triton-x-100 (Surfact-

Amps®, 10% in water), primary antibodies Anti-Tuj1 (mouse), Anti-GFAP (rat) and Anti-

Nestin (mouse), secondary antibodies Alexa 488 anti-mouse, Alexa 546 anti-rat and Alexa 

546 anti-rabbit, High-Capacity cDNA Reverse Transcription Kit, MicroAmp Fast Optical 

96-well reaction plates and TaqMan® assays for Tuj1 (Hs00801390_s1), GFAP 

(Hs00909233_m1), Nestin (Hs04187831_g1), SOX2 (Hs01053049_s1) and GAPDH 

(Hs02786624_g1) were obtained from Thermofisher. RNA extraction kit was purchased 

from Zymo scientific. A frozen stock of ReN-VM cells (Millipore) was used in these 

studies.

2.2. PBI solution preparation and film casting

PBI S26 solution was diluted to 13% with DMAc and left overnight under mechanical 

stirring to obtain a homogeneous solution. This solution was then casted on to a glass petri 

dish and left in a vacuum oven for 4 h at 120 °C to effectively remove the solvent. Finally, 

the films were cooled overnight under atmospheric conditions before further processing.

2.3. Sample doping

PBI was doped by immersing the samples in aqueous solutions of sulfuric acid (5 M), 

camphorsulfonic acid (1 M) or HEPES (1.5 M) for 24 hours. PBI soaked in a 0.41M sodium 

chloride aqueous solution (0.41 M) was used as the control. Finally, the samples were 

washed three times with distilled water and dried overnight before further processing.

2.4. Film characterization

2.4.1. Electroconductivity—Four 50 nm thick gold stripes were deposited using a 

thermal evaporation system (Edwards Coating System E 306A) to improve the electrical 

contact between doped PBI film samples and the measurement equipment. The 

electroconductivity of three different films was measured by the four-point probe method, 

using a current source (Keithley DC power source) and a multimeter (Agilent 34401A 

Multimeter). Finally, the thickness of the films was measured using a Dektak 3.21 

Profilometer.

2.4.2. Contact angle—Contact angle assessments were performed by a Kruss DSA25B 

goniometer, using the sessile drop technique and distilled water as solvent. The spreading of 

the water droplet on different PBI film surfaces was assessed by measuring the contact angle 

Garrudo et al. Page 4

Mater Today Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the droplet with the surface (n = 3). Drop Shape Analysis 4 Software was used to take 

measurements every 5 s during 2 min.

2.5. Electrospinning

A 10 mL Luer lock syringe containing the 13% PBI solution was connected by a PTFE 

tubing to a 21G needle. The electrospinning process was performed under the following 

conditions: 30 kV DC voltage, 0.5 mL h−1 flow rate, 16 cm from the tip of the needle to the 

static aluminium collector, temperature of 21°C and relative humidity of 50-55%. Samples 

were then left overnight to dry in atmospheric conditions and then doped as described in 

Section 2.3. before further processing.

2.6. Scanning Electron Microscopy (SEM)

The morphology of the electrospun fiber mats was evaluated using SEM (Carl Zeiss Supra 

55 FESEM) at 1 kV, after coating with a thin layer of platinum. The average diameter of the 

electrospun fiber samples was determined from SEM pictures of 100 individual fibers 

(25,000X, 20 fibers per each of 5 images) using NIH ImageJ software (National Institute of 

Health, MD, USA).

2.7. Attenuated Total Reflectance–Fourier Transform Infra-Red Spectroscopy (ATR-FTIR)

ATR-FTIR spectra with 4 cm-1 resolution were obtained using Perkin Elmer Spectrum One 

FT-IR Spectrophotometer at room temperature. Transmittance was recorded from 650 to 

4000 cm-1 wavenumbers with an accumulation of 32 scans.

2.8. Thermogravimetric Analysis (TGA)

Thermal decomposition of the fiber mats was studied under a nitrogen/oxygen atmosphere 

(80:20) using a computer-controlled TA instrument TGA (TGA Q5, New Castle, DE, USA) 

under a nitrogen/oxygen atmosphere (80:20). Samples placed in alumina crucible were 

heated up to 150 °C for drying (10 min) at a heating rate of 20 °C min-1 and cooled back to 

room temperature. The dry samples were then subjected to thermal decomposition starting 

from 25 °C to 1000 °C at a heating rate of 1.5 °C min−1. For TGA, Profiles of mass loss as a 

function of temperature were obtained and evaluated using TA Universal Analysis 2000 

software (Version 4.5A, TA Instruments). The onset temperature of degradation and 

corresponding mass losses were calculated for each sample using first and second 

derivatives.

2.9. ISO 10993 Cytotoxicity assays

Cytotoxicity tests were performed for electrospun PBI fibers (not doped) following the 

recommendations of ISO 10993-5 and 10993-12 guidelines. Briefly, mouse fibroblast cell 

line L-929 were cultured in Dulbecco’s modified eagle’s medium (DMEM + 10% FBS + 

1% Anti-Anti) at 37 °C and 5% CO2 until confluence before passage to 24-well plates at 

150.000 cells cm−2 (direct contact) or 80.000 cells cm−2 (indirect contact). PBI fibers and 

latex (positive control) were sterilized with UV before further processing or incubated in 

Dulbecco’s modified eagle’s medium for 24 hours (6 cm2 mL−1) for lixiviate extraction 

(indirect contact). For direct contact, PBI fibers and latex were then placed on top of cell’s 
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monolayer for 24 hours before image analysis on an optical microscope (Leica 

microsystems CMS GmbH). For indirect contact L-929 cells were incubated with lixiviates 

for 24 hours and cell viability was quantified using MTT assay. Briefly, after PBS washing 

cells were incubated with MTT solution (1 mg mL−1) and left incubating for 2 hours at 37 

°C. The resulting formazan salt was then dissolved using 0.1 M HCl in isopropanol and 

absorbance was quantified at 570 nm. Cell viability was calculated using the negative 

control as the reference.

2.10. ReN-VM cell culture conditions

ReN-VM cells were used as a cell model of NSC. They were grown on poly-ornithine (20 

μg mL−1) and laminin (10 μg mL−1) coated plates in supplemented N2 medium at 37 °C and 

5% CO2 as recommended[2]. N2 medium is composed of DMEM/F12 with N2 supplement 

(1:100) additional glucose (1.6 g mL−1), insulin (20 μg mL−1) and pen-strep (1:100). N2 

medium was then supplemented with EGF (20 ng mL−1), FGF-2 (20 ng mL−1) and B27 (20 

μL mL−1).

2.11. ReN-VM cell proliferation and differentiation assays and kinetic data calculation

First the electrospun fiber mats, fixed to glass coverslips with medical glue, were UV 

sterilized for 1.5 h per scaffold side and treated with 1% anti-anti solution in PBS for 3 h. 

They were then coated with poly-ornithine and laminin before seeding with ReN-VM cells 

(P10) at 20,000 cells cm−2. Medium was added 1 h after seeding (37 °C and 5% CO2) to 

promote initial cell attachment. The medium was exchanged on day 1, and every two days 

thereafter for 10 days duration until the end of the proliferation assay. Cellular metabolic 

activity was assessed using Alamar Blue® at days 3, 5, 7 and 10 for the proliferation assay. 

Equivalent cell number was determined using a calibration curve. Growth rate and doubling 

time were calculated by equations 1 and 2, respectively, assuming (after data examination) 

exponential phase from day 3 to day 10.

Growtℎ rate = [ln(cells day10) − ln(cells day3)]
7days eq. 1

Doubling time = ln 2
Growtℎ Rate eq. 2

2.12. LIVE/DEAD staining and SEM imaging

At the end of the proliferation assay, cells were washed once with DPBS and then incubated 

with a staining solution composed of Calcein (4 μM), Fixable Red Dead Cell Stain Kit (1 μL 

mL−1) and glucose (0.056 M) in DPBS, for 20 min at 37 °C. Cells were then washed, kept in 

DPBS supplemented with glucose (0.056 M) and imaged using a confocal microscope (Zeiss 

LSM 510META Spectral Confocal). After being fixed with paraformaldehyde (PFA) 4%, 

cells were treated with 1% osmium tetroxide for 30 min in a qualified fume-hood, dried 

using a critical point dryer (Supercritical automegasamdri 915B, purge at 3), coated with 

platinum and imaged using SEM (Carl Zeiss Supra 55 FESEM).
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2.13. ReN-VM cell differentiation assay

Cells (56,000 cells cm−2) were left to grow in the same conditions as the proliferation assay 

before switching N2 media for N2B27 media, inducing spontaneous differentiation of ReN-

VM cells. N2B27 medium is composed of a 1:1 mixture of N2 medium (no growth factors 

added) and B27 medium. The B27 medium is composed of Neurobasal medium, B27 

supplement (2:100), Glutamax (1:100) and pen-strep (1:200). Media was exchanged every 

two days until the end of the assay. Cellular metabolic activity was assessed using Alamar 

Blue® on days 1, 2, 4 and 8 to evaluate the number of cells present on the fibers.

2.14. Immunochemistry

After the differentiation assay, cells samples from days 4 (end of proliferation) and 8 (end of 

differentiation) were fixed in PFA 4% for 10 min. They were then washed with DPBS twice 

and permeabilized with blocking solution (goat serum 10% and Triton-x-100 0.2% in 

DPBS) for 15 min at RT. After another washing with DPBS, cells were incubated with Anti-

Tuj1 (1:400), Anti-GFAP (1:250), Anti-Nestin (1:250) and Anti-SOX2 (1:100) diluted in 

staining solution (goat serum 5% and Triton-x-100 0.1% in DPBS) overnight at 4 °C. This 

was followed by incubation of the secondary antibodies Alexa 488 anti-mouse (1:250), 

Alexa 546 anti-rat (1:250) and Alexa 546 anti-rabbit (1:250) diluted in staining solution for 

1 hour at RT. Finally, DAPI (1 mg mL−1) diluted in staining solution was added for 5 min at 

37 °C. Cells were then washed, kept in DPBS and imaged using a confocal microscope 

(Zeiss LSM 510META Spectral Confocal). The obtained image stacks were then merged 

using ImageJ.

2.15. qPCR

Quantitative real-time polymerase chain reaction (qPCR) was performed using TaqMan® 

gene expression assays. Tuj1 (neurons), GFAP (astrocytes), Nestin (NSCs) and SOX2 (stem 

cells) were chosen as the main interest targets. Gene expression in each group of the 

differentiation assay (days 4 and 8) was determined using the comparative Ct method and by 

normalizing the expression of each target gene to the endogenous reference transcript 

GAPDH.

2.16. Statistical analysis

All data are presented as mean values ± standard deviations (sd). Statistical analysis was 

performed using Microsoft Excel. Significant differences between groups were measured 

using ANOVA test, followed by post-hoc analysis and Bonferroni correction. p < 0.05 was 

considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Film contact angle and electroconductivity

PBI films were used to assess the effects of doping treatments on their electroconducting and 

surface properties. In this work, after an initial screening, 3 different acids with different 

pKas were chosen to test the modification of the polymer’s electroconductivity: H2SO4, 

CSA and HEPES. Doping PBI with strong acids enables the modification of the polymer’s 
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properties, while the use of a NaCl solution is expected not to. Considering tissue 

engineering applications, contact angle is essential to evaluate surface wettability [43]. 

Electroconductivity changes, important for neural cell therapy applications, were also 

investigated.

Changed in PBI’s contact angle were observed (Table 1 and Figure S1). Treatment with 

sulfuric acid increased PBI’s hydrophilicity, as a reduction in the contact angle from 45° to 

39° was observed. The opposite was observed when PBI was treated with the organic acids 

CSA and HEPES, leading to an increase in contact angle to 51° and 71°, respectively. 

Treatment of the films with NaCl (saline control) led to an increase in the contact angle 

(from 45° to 60°). Apart from HEPES treated samples, the variations observed versus 

untreated PBI films were not statistically significant.

Changes in electroconductivity were also observed. PBI films’ electroconductivity averaged 

9.0 × 10−8 S cm−1. When treated with H2SO4, electroconductivity increased to 2.4 × 10−4 S 

cm−1, almost 10,000 times more than pristine PBI. Similar changes were reported in the 

literature[39,44]. When treated with other weaker acids (CSA and HEPES) and NaCl, we 

were not able to determine the films electroconductivity. These samples are less conductive 

than pristine PBI, and were labeled as “Low”. We believe the bulk size of the doping agents 

used does not favor charge transport across PBI’s chains and hence compromises the 

materials electroconductivity. However, the immobilization of small organic molecules as 

doping agents in PBI opens the possibility of immobilizing other biopolymers and bioactive 

within PBI. Examples of this include hyaluronic acid, dextran sulfate and deoxyribonucleic 

acid (DNA) and are useful for tissue engineering applications [45-47] .

3.2. Average fiber diameters

We successfully prepared nanofibers from a PBI 13% DMAc solution by electrospinning, 

with fibermats showing some beads. Previous reports in the literature refer bead formation, 

which was even regarded as a hallmark in PBI nanofiber formation[41]. Environmental 

conditions also played a major role in fiber formation. High relative humidity values (above 

50%) were necessary for fiber formation. Humidity can therefore stabilize PBI fibers 

formation, and this observation is consistent with results obtained by other groups 

[41,48,49]. However, no explanation has yet been proposed for this phenomenon. DMAc, 

the solvent used to solubilize PBI, has a boiling point of 165 °C and is miscible with water. 

Most likely, removal of DMAc from the on-producing fibers might have been accelerated by 

the high humidity, in a phenomenon that might resemble the phase-inversion method used 

for PBI membrane [50,51]. This eased the fiber formation process and explains why no 

fibers were obtained when humidity was lower than 50%.

Fibers obtained upon PBI solution electrospinning have diameters within the nano-scale 

range (Table 1 and Figure 1). After their production, fibers were doped in the same way as 

the films: the obtained fibers were immersed in a concentrated acidic solution for 24 h, 

following Glipa X. et al. protocol [39]. Both high concentration and long exposure time 

promote extensive doping of the polymer chain, enabling efficient physical properties 

change such as the electroconductivity and contact angle [39,52].
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Average diameter for untreated PBI fibers was 131 ± 37 nm and for NaCl treated was 139 ± 

39 nm, which were not statistically different from each other. The increase in fiber average 

diameter was significant in the fibers treated with H2SO4 (204 ± 65 nm), CSA (203 ± 67 

nm) and HEPES (183 ± 44 nm). The statistically significant changes observed in the fibers’ 

diameters can have various possible explanations, including the direct incorporation of the 

bulky doping agents inside the fibers and between PBI chains, the electrostatic repulsion 

between charged amine groups and direct water retention. In fact, PBI is a hygroscopic 

material, and the change in the molecule’s charge due to doping is also predicted to enable 

the samples’ ability to retain more water, contributing to their diameter increase (swelling 

effect) [44]. Interestingly, only treatment of the fibers with acidic solutions lead to increase 

on PBI fibers’ diameter, whereas NaCl treatment did not produce any statistically significant 

differences. This means that the presence of the doping agent inside PBI and changes in 

charge are the most plausible explanation for these changes. Finally, considering their small 

average diameter (inferior to 283 nm) is expected, according to literature, that the use of 

these fibers will enhance the proliferative potential of the cells [53].

3.3. Fiber’s physical properties: ATR-FTIR and TGA

Successful doping of the PBI fibers was also confirmed by FTIR and TGA. FTIR spectra of 

PBI electrospun fibers, with and without doping, are depicted in Figure 2. Spectra for 

pristine PBI and PBI treated with NaCl are very similar, confirming that doping is not 

possible with saline solutions. PBI spectra have intense aromatic peaks at 693 cm−1, 799 cm
−1 and 1000 cm−1 corresponding to a substituted benzene ring, whereas PBI-NaCl only lacks 

the peak at 1000 cm-1. Peaks at 1442 cm−1 and 1657 cm−1 are also visible in PBI and PBI - 

NaCl spectra and correspond to in plane deformation of PBI ring and of the benzimidazole 

ring respectively. Finally, a small peak at 2933 cm−1, which is attributed to a secondary 

amine salt group, and a wide region between 3000 cm−1 and 3650 cm−1 associated with 

amine groups widely distributed through the polymer’s structure are visible in the spectra. 

Neither PBI or PBI-NaCl show ammonium ion and amine salt peaks at 1397 cm−1 and 

2800/2918 cm−1 respectively. We correlate this to the absence of effective doping of the 

samples.

Sulfuric acid has a pKa of −3.9 and was previously described as a good doping agent for 

PBI[39]. Amine groups of PBI are protonated, forming ammonium groups that change the 

resonance structure of the polymer[39]. In this work we hypothesize that other organic acids 

such as CSA (pKa = 1.2) and HEPES (pKa = 3.0), which are stronger acids than PBI (pKa = 

5.23) could also serve as dopants [54].

For the samples treated with H2SO4 and CSA, aromatic peaks appeared at lower 

wavenumbers, namely at 878 cm−1, and in the wide area between 910 cm−1 and 1210 cm−1. 

The peak at 1442 cm−1 for PBI’s ring deformation and the one at 1657 cm−1 for the 

benzimidazole ring are still visible. Right next to them new peaks can be identified at 1397 

cm−1 and 1539 cm−1 corresponding to ammonium and secondary anime salt groups 

respectively, both present in doped PBI. Finally, intense amine salt peaks at 2800 cm−1 and 

2918 cm−1, along with a narrower amine peak at 3300 cm−1 are visible. HEPES’ spectrum 

mixes features of both doped and undoped PBI samples, namely 2 broad aromatic (between 
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910 cm−1 and 1210 cm−1) and amine peaks (3300 cm−1 area). Full doping does not occur for 

PBI-HEPES, as indicated by the low intensity peaks for amine salt at 2800 cm−1 and 2918 

cm−1, evidencing that HEPES couldn’t protonate PBI and therefore couldn’t stabilize its 

resonance structure.

TGA data (Figure 3 and Table S1) is different for fibers of pristine PBI and the doped ones. 

In our analysis, in order to better study PBI’s degradation profile, water was previously 

removed from the samples through a heating cycle. Therefore, no water loss was observed 

on the samples as reported before in the literature[41]. When compared with neat PBI, mass 

loss for samples PBI-CSA and PBI-HEPES start earlier (first onset temperatures 298.6 °C 

and 255.9 °C, respectively). This is possibly due to an oxidative degradation of the doping 

agents or even to a loss of volatile components due to polycondensation reactions, and then 

followed by PBI’s chain degradation. For PBI-H2SO4, mass loss coincided with PBI’s 

(414.9 °C vs 418.4 °C). For pristine PBI, three onset temperatures (418.4 °C, 438.8 °C and 

469.2 °C) were observed, whereas for the remaining samples their single onset temperature 

were close to 429.9 ± 17.2 °C. It is plausible then to assume that the doping agents, and/or 

their degradation products, are at the origin of the different with the degradation processes of 

the doped PBI samples.

Both FTIR and TGA results demonstrate that doping is successful for H2SO4 and CSA 

treated samples, partly complete to HEPES treated samples and not effective for NaCl 

treated samples. This shows that doping of PBI with acids less strong than H2SO4 is possible 

but impairs electroconductivity.

3.4. Cytotoxicity assay and Cell proliferation analysis

The present work aimed at assessing PBI as a new support material for neural stem cell 

growth and differentiation, which can then be used in DBS probe design. To the best of our 

knowledge PBI’s biocompatibility assessment, especially for neural tissue applications, 

hasn’t been reported yet. Due to its chemical stability, non-degradability and ability to 

modify its electroconductive properties by doping, this material can also potentially be used 

in diverse biomedical applications, including the development of platforms for drug testing 

and biocompatible electronic implantable devices. It was therefore of paramount importance 

to assess this materials biocompatibility profile. Initially, standard ISO 10993 guidelines 

were followed to assess the materials biocompatibility using the murine fibroblast L-929 cell 

line, and the results are summarized in Figure S2. The direct contact test did not reveal 

major morphological changes on the cells after contact with PBI electrospun fibers. The cell 

viability value obtained in the indirect contact (93.4 ± 4.7%) test showed PBI electrospun 

fibers to have passed the biocompatibility test (cut-off 70%).

A proliferation assay with human-derived ReN-VM cells was the first approach used to 

assess PBI samples’ biocompatibility. Figure 4 displays the average equivalent number of 

cells calculated from fluorescence values obtained from Alamar Blue® at different 

timepoints of the proliferation assay. Overall, the obtained data shows a constant increase in 

the number of cells for all the samples, including for the control glass coverslip samples. 

Proliferation data showed that ReN-VM cells were able to grow on all the samples 

throughout the timepoints tested. Cell numbers at day 10 show that PBI-CSA afforded a 
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significantly higher number of cells at day 10. Taken this data into account, we calculated 

the respective kinetic data between days 3 to 10 for better comparison of the samples.The 

kinetic data is summarized in Table 2.

The kinetic values obtained were used to better compare the different samples at the end of 

the experiment. Despite of the difference observed in cell numbers for Glass and all PBI 

samples overall growth rate values were higher on PBI fiber samples (undoped and doped), 

which led to shorter doubling times. We hypothesize that due to its 3D-structure and porous 

nature, PBI fibers can be remodeled by NSCs. This phenomenon, which appears to be 

independent of the doping agent used, might facilitate cell-cell contact and promote cell 

proliferation [55-57]. LIVE/DEAD images (Figure 5(A)) of cells at day 10 show high 

viability of the cells by the end of the experiment. SEM images (Figure 5(B)) show ReN-

VM cells with their normal spindle/stellar shape adhered to the fiber mat, confirming that 

these cells were viable at the time they were fixed.

Previous research from Alba et al. shows that cell interaction with PEDOT-coated DBS 

probes is important for tissue integration and better signal recording. Our material shows 

promising applications as a material for DBS or neural tissue engineering for the same 

reasons [12]. Overall, the previous data evidences that PBI is biocompatible towards ReN-

VM cell expansion. Considering the favorable kinetic profile and the viability of the cultured 

cells, PBI-CSA samples was chosen for further studies.

3.5. Cell differentiation

In order to explore further PBI’s biomedical applications, ReN-VM cells were differentiated 

on PBI-CSA fibers. PBI-CSA was chosen for these studies due to the higher growth rate 

value obtained. This allowed to evaluate the potential use of doped PBI in cell culture, which 

can be reproduced with other doping agents such as sulfuric acid and phosphoric acid 

depending on the envisaged application. The protocol included a 4-days proliferation period, 

followed by another 4-days period of differentiation. During this time, change from the 

supplemented N2 media used for proliferation to N2B27 media, not supplemented, allowed 

the spontaneous differentiation of ReN-VM cells. The equivalent number of cells was also 

assessed throughout the process (Figure S3).

Immunochemistry was used to evaluate neural gene expression (Figure 6). At day 4, for both 

samples, no signal was detected for Tuj1, and for GFAP had a low signal intensity. High 

intensity signals for both SOX2 and Nestin were also identified at day 4. There were visible 

changes at day 8, 4 days after differentiation was induced, namely in cell morphology and 

marker expression. As for cell’s morphology, differentiated ReN-VM cells were able to 

spread through both substrates, without any specific orientation, were more elongated and 

established a mesh of prolongments between neighbor cells. While the cells were still 

expressing Nestin and SOX2 at similar or lower intensities, both GFAP and Tuj1’s signals 

substantially increased. Both GFAP and Tuj1 are commonly associated with astrocytes and 

neural cells but are interchangeably expressed in both cells at the immature stage[58-60]. 

However, differences in staining fluorescence intensity were evident for Tuj1 and GFAP and 

allowed to identify cells with these markers for differentiation towards neurons and 

astrocytes. SOX2 and Nestin are still present in the cells at day 8. Because these markers are 

Garrudo et al. Page 11

Mater Today Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific for neural stem cells, their presence might be associated with an immature profile of 

the cells and/or cell undifferentiated cell populations. These observations indicate that ReN-

VM cells were differentiating into neuronal cells.

Samples from days 4 and 8 were also compared towards their gene transcription activity by 

qPCR (Figure 7). The genes analyzed were Sex determining region Y-box 2 (SOX2) 

(Ectoderm-derived stem cells), Nestin (NES) (Neural stem cells), Glial fibrillary acidic 
protein (GFAP) (Astrocytes) and β-Tubulin III (Tuj1) (Neurons). The results indicate that 

both cell groups growing on glass coverslips and PBI-CSA samples were able to 

differentiate towards neural cells. Gene transcription of SOX2, Nestin, GFAP and Tuj1 

increased for all the samples from day 4 to day 8. For SOX2, statistical differences were 

significant between days 4 and 8 for samples PBI-CSA and glass coverslip. Concerning 

Nestin, again differences were observed both for samples on PBI-CSA and glass coverslips 

between days 4 and 8, but those were only statistically significant for the later. Concerning 

GFAP, increased expression in both PBI-CSA and glass coverslip samples from day 4 to 8 

were both statistically significant. Finally, for Tuj1 no statistically significant differences 

were observed between the samples, despite the visible increase in gene expression for both 

samples between the two time points.

The results obtained from the qPCR experiments are in line with the immunostaining 

observation. Overall, gene expression of all the genes tested increased from day 4 to day 8, 

even SOX2 and Nestin. This is correlated to an immature profile of the cells, an increase in 

these genes’ expression is expected because of the short differentiation time. However, since 

GFAP and Tuj1 RNA levels increase during the same timeframe, indicating early neural 

commitment, we could confirm that the differentiation process was taking place.

3.6. Final considerations

When considering biocompatibility alone, PBI fibers (with or without doping) performed 

better than glass coverslips regarding cell proliferation and differentiation. However, from an 

application point of view, differences between the two must be considered. PBI is a thermal 

and chemical-resistant polymer that can be easily processed into various flexible structures 

(fibers and films) and its physico-chemical properties, such as contact angle and 

electroconductivity, can be fine-tuned by chemical doping. Although in this work we 

restricted the study only to three doping agents, other effective agents such as phosphoric 

acid should also be used.

The most abundant type of enzymes, present in the human extracellular environment, 

catalyzes the cleavage of esters (e.g., lipases), glycosidic (e.g., lysozyme) and peptidic bonds 

(e.g., metalloproteases) and these are responsible for the extracellular matrix homeostasis 

[66-68]. Because this polymer’s structure does not resemble any major biological molecules 

nor does it have any ester bonds in its structure, we do not expect PBI to biodegrade easily. 

Nevertheless, future studies should include a biodegradation profile assessment to determine 

this materials’ full potential in the field of biomedicine.

PBI shows promise in future biomedical applications based all their studied features. 

Examples include the construction of electroconductive platforms for cultured cell 
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stimulation suitable for cell expansion and the creation of in vitro models suitable for 

disease progression studies and drug screening. Due to the biocompatibility profile of PBI 

and its ability to interact with living cells, its use in DBS probes also presents another 

promising application. With regard to tissue engineering applications, PBI can also be 

viewed as a suitable candidate for the construction of electroconductive scaffolds/platforms 

for replacing electrically active organs (e.g. brain, heart) or even controlled drug delivery.

4. CONCLUSIONS

In summary, PBI fibers were successfully electrospun, doped with different acids and 

characterized by FTIR and TGA. Doping PBI with strong acids increased the fibers’ 

diameter, and its effects on electroconductivity and contact angle depended on the acid used. 

Both pristine and doped PBI fibers were able to support ReN-VM proliferation and the cells 

managed to keep their normal spindle/stellar morphology. When induced, ReN-VM cells 

were also able to differente in neural cells on PBI-CSA fibers, showing a neuronal-like 

morphology and expressing neural cell markets. This work demonstrates that PBI is a 

biocompatible electroconductive polymer. These results open the way for the application of 

PBI in the design of neural cell friendly platforms. These include not only DBS electrodes 

and other devices for man-machine interface, but also electroconductive scaffolds for tissue 

engineering applications and drug screening platforms.

Supplementary Material
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HIGHLIGHTS

• Polybenimidazole (PBI) was electrospun and doped with different acids

• Doping Polybenzimidazole was confirmed by FTIR, TGA and 

electroconductivity changes

• Neural stem cells can adhere and grow on all polybenzimidazole fibers

• Doped fibers supported neural stem cell differentiation into neurons and 

astrocytes
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Figure 1: 
SEM images and respective histograms (below) of PBI electrospun fibers. (A) neat PBI 

fibers, and fibers treated with (B) H2SO4, (C) CSA, (D) HEPES, and (E) NaCl (scale bar = 2 

μm).
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Figure 2: 
ATR-FTIR profiles (Resolution 4cm-1, 32 scans) for PBI fibers with (a) no doping, and 

doped with (b) H2SO4, (c) CSA, (d) HEPES, and (e) NaCl.
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Figure 3: 
(A) TGA profiles (1.5°C per min, 150-1000°C, with 20% oxygen) of PBI electrospun fibers, 

not doped or doped with H2SO4, CSA, HEPES and NaCl, and (B) respective first 

derivatives.
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Figure 4: 
Cell growth profile at days 3, 5, 7 and 10, using the equivalent number of cells (mean ± sd, n 

= 3) (* corresponds to p < 0.05). Glass coverslips used as controls.
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Figure 5: 
LIVE/DEAD (A) and SEM (B) images of ReN-VM cells growing on PBI fibers, (1) with no 

doping, or doped with (2) H2SO4, (3) CSA, (4) HEPES, or (5) NaCl. Cells growing on glass 

coverslips (6) were used as controls (scale bar = 100 μm).
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Figure 6: 
Immunostaining of ReN-VM cells growing on Glass (A, B) and PBI-CSA samples (C, D) at 

day 4 (1) and 8 (2) (scale bar = 100 μm).

Garrudo et al. Page 24

Mater Today Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
qPCR analysis on gene expression of the neural genes Tuj1 and GFAP, and the neural stem 

cell genes NES and SOX2 (n = 2) (mean ± sd) (* = p-value < 0.05).
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Table 1:

Electroconductivity and contact angle of PBI films (and diameter of the PBI electrospun fibers) (mean ± sd) (* 

= p-value < 0.05).

Films Fibers

Contact Angle
(θ)

Electroconductivity
(S cm−1)

Diameter (nm)

PBI 44.9 ± 2.1 (9.0 ± 1.9) × 10−8 131 ± 37

PBI-H2SO4 39.3 ± 9.7 (2.4 ± 2.2) × 10−4 204 ± 65 (*)

PBI-CSA 51.3 ± 4.7 (Low) 203 ± 67 (*)

PBI-HEPES 70.6 ± 4.2 (*) (Low) 183 ± 44 (*)

PBI-NaCl 59.9 ± 8.6 (Low) 139 ± 33
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Table 2:

Cell kinetic data, including growth rate and doubling time, for ReN-VM cells growing on different PBI fibers 

and glass coverslips.

Growth Rate
(day−1)

Doubling Time
(h)

PBI 0.34 ± 0.06 49.5 ± 8.0

PBI-H2SO4 0.33 ± 0.08 50.4 ± 13.9

PBI-CSA 0.46 ± 0.18 41.4 ± 13.6

PBI-HEPES 0.35 ± 0.08 50.0 ± 13.3

PBI-NaCl 0.28 ± 0.01 59.5 ± 2.9

Glass Coverslip 0.20 ± 0.05 83.2 ± 18.9
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