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Highlights: 

 ATRP combined with COP process to modify PANI coated BC with PVAN interlayer. 

 Formation of an intact PVAN/PANI bilayer of ~ 2 µm on the BC membrane. 

 Enhanced electrical conductivity of BC/PVAN/PANI with PVAN grafting. 

 Confirmed SVZ cell viability of PVAN/PANI functionalised BC membrane. 

 Demonstration of BC/PVAN/PANI for construction of potential bioelectronic interfaces. 

 

Abstract  

Bacterial cellulose (BC) fibers are chemically functionalized with poly(4-vinylaniline) (PVAN) 

interlayer for further enhancement of electrical conductivity and cell viability of polyaniline 

(PANI) coated BC nanocomposites. PVAN is found to have promoted the formation of a 

uniform PANI layer with nanofiber- and nanorod-like supramolecular structures, as an overall 

augmentation of PANI yield. Compositional and microstructural analysis indicates a 

PVAN/PANI bilayer of approximately 2 µm formed on BC. The solid-state electrical 

conductivity of such synthesized BC nanocomposites can be as high as (4.5±1.7)x10-2 S.cm-1 

subject to the amounts of PVAN chemically embraced. BC/PVAN/PANI nanocomposites are 
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 3 

confirmed to be thermally stable up to 225 oC, and no signs of cytotoxicity for SVZ neural stem 

cells are detected, with cell viability up to 90 % on BC/PVAN/PANI membranes. We envisage 

these new electrically conductive BC/PVAN/PANI nanocomposites can potentially enable 

various biomedical applications, such as for the fabrication of bioelectronic interfaces and 

biosensors. 

 

Keywords: Bacterial cellulose, functionalization, conducting composites, bioelectronic interfaces 

 

1. Introduction 

Bioelectronic devices act as biologic-electronics interfaces, such as neural interfaces, to detect 

and record electrical signals from a biosystem and/or artificially stimulate it (Guz et al., 2016; 

Spearman et al., 2018). The fabrication of such bioelectronic interfaces requires the uses of 

biocompatible materials with reasonable electrical conductivity, long-term mechanical support 

and efficient bidirectional transducing paths between an electrical equipment and a biological 

structure. Despite the significant endeavor to enhance the electrical conductivity of the materials 

used for assembly of  such devices, the complex aspects of  biocompatibility have so far been 

given insufficient attention (Spearman et al., 2018).  

 Bacterial cellulose (BC) with its unique 3D nanofibrillar network and high water holding 

capacity (up to 98 %), was approved by U.S. Food and Drug Administration (FDA) as a 

biocompatible material for various biomedical applications, including wound dressings and 

artificial vessels (Abeer, Mohd Amin, & Martin, 2014). Desirable mechanical properties of BC 

can be further tailored through variations in the water content (H.-J. Lee, Chung, Kwon, Kim, & 

Tze, 2012; R. Rebelo et al., 2018). However, electrically functionalization is required for a wide 
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range of biomedical applications such as, electrostimulated drug delivery systems (Ge et al., 

2010; J. Li et al., 2017), biosensors (J. Fu et al., 2015; Jasim, Ullah, Shi, Lin, & Yang, 2017), 

bioelectronics (Kim, Jeon, Kim, Kee, & Oh, 2015; Shi, Li, Chen, Han, & Yang, 2014; Ul-Islam, 

Khattak, Ullah, Khan, & Park, 2014) and tissue regeneration (Shi et al., 2012). The porous BC 

matrix can accommodate electroactive moieties, such as carbon nanotubes (CNTs), graphene, 

metal nanoparticles, and intrinsic electroconductive polymers (ICPs) (Shi et al., 2014). Among 

these, ICPs, also named as conjugated polymers can permit a fine control over electrical and 

optical properties, owing to the delocalization of electrons in a continuously overlapped S-orbital 

along the polymer backbone (Kaur, Adhikari, Cass, Bown, & Gunatillake, 2015; Y. Li & Li, 

2015). As one of the most studied ICPs, polyaniline (PANI) is easily synthesized and possesses a 

high environmental stability, with simple doping/dedoping chemistry (Huanhuan Wang et al., 

2012). On account of this finding, it has been invariably utilized as electrical conductors (Yan, 

Sada, & Toshima, 2002), batteries (L. Hu, Ren, Yang, & Xu, 2014), sensors (Langer et al., 

2004), actuators (Smela, Lu, & Mattes, 2005), electromagnetic shielding (Gupta, Singh, Mathur, 

& Dhakate, 2014), antistatic coatings (Soto-Oviedo, Araújo, Faez, Rezende, & De Paoli, 2006), 

corrosion protection (Mirmohseni & Oladegaragoze, 2000; Yuan et al., 2012), and electro-optic 

and electrochromic devices (Shi et al., 2012). However, pure PANI is typically obtained as an 

intractable powder that largely hinders its uses in order to fully exploit its functional potentials 

(Valentová & Stejskal, 2010). This barrier can be potentially overcome by incorporating PANI in 

a BC nanofibrils matrix through grafting or surface coating technologies (W. Hu, Chen, Yang, 

Liu, & Wang, 2011). The preparation procedure adopted is of the highest importance to enhance 

the electronic performance of conducting devices (Andrei, Bethke, Madzharova, Beeg, et al., 

2017; Andrei, Bethke, Madzharova, Bronneberg, et al., 2017; Bethke et al., 2018; Casado, 
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Aranguren, & Marcovich, 2014; E. J. Jelmy, Ramakrishnan, Devanathan, Rangarajan, & 

Kothurkar, 2013). 

BC/PANI nanocomposites have been successfully synthesized by in situ oxidative 

polymerization of aniline directly onto BC, via either chemical or electrochemical methods, 

showing promising results for biomedical applications that demand suitable electroactive 

characteristics and flexibility in material’s handling, in particular for neural interfaces (W. Hu et 

al., 2011; H.-J. Lee et al., 2012; Müller et al., 2012; Shi et al., 2012, 2014; Huanhuan Wang et 

al., 2012). In this work, we introduce an intermediate polymeric layer of poly(4-vinylaniline) 

(PVAN) prior to the PANI coating on BC nanofibrils, as schematically shown in Figure 1. 

PVAN has been previously exploited as a precursor of aniline polymerization in anticorrosive 

metal coatings (Yuan et al., 2012), surface modification of poly(tetrafluoroethylene) (L. Y. Ji, 

Kang, Neoh, & Tan, 1999) and to assist in the production of conductive hollow nanospheres (G. 

D. Fu, Zhao, Sun, Kang, & Neoh, 2007). It can be grafted by means of atom transfer radical 

polymerization (ATRP) (Figure 1b), which can facilitate a strong adhesion for PANI to attach 

onto different substrates at the expenses of the free aniline pending moieties, as such it can 

promote higher concentrations of immobilized PANI (Figure 1c)  (G. D. Fu et al., 2007; L. Y. Ji 

et al., 1999). Owing to the hydroxyl richness, BC is susceptible for surface modification with 

PVAN by grafting-from ATRP (Lizundia, Meaurio, & Vilas, 2016) to subsequently embrace 

PANI by chemical oxidative polymerization (COP) (Figure 1b). This PVAN/PANI bilayer is 

expected to strongly tether to BC thus enhancing the functional performance such as electrical 

properties. Compared to the commonly synthesized BC/PANI composites (Jasim et al., 2017; B.-

H. Lee, Kim, & Yang, 2012), PVAN-treated BC/PANI (BC/PVAN/PANI) could have PANI 

much strongly grafted while improving the grafting yield and promoting PANI particles 

ACCEPTED M
ANUSCRIP

T



 6 

distribution on BC fibers with improved doping access. This may lead to a more consistent and 

cohesive electrical coating, along with an increase of the overall electrical conductivity. Also, we 

anticipate the potential change of morphology of PANI due to the use of PVAN interlayer could 

be favorable to the cell growth, thus further enhancing the biocompatibility. 

 

Figure 1. Schematic synthesis of BC/PVAN/PANI nanocomposite membranes at a) 

macroscopic, b) microscopic and c) molecular levels. Step 1: Initiator (BiBB) immobilization 

onto BC. Step 2: Surface-initiated atom transfer radical polymerization of 4-vinylaniline onto 

BC. Step 3: Chemical oxidative polymerization of aniline on BC-graft-PVAN (or BC/PVAN) in 

the presence of HCl as doping agent, to form BC-graft-PVAN-graft-PANI (or BC/PVAN/PANI).  

 

In this study, we have optimized our newly developed BC/PANI synthesis process with PVAN 

interlayer, followed by detailed characterization through electroconductive measurements (4-

probe method), morphology (SEM/HRTEM-EDS), chemical structure (XPS) and thermal 
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 7 

analysis (TGA). It is our primary concern to understand the properties offered by the newly 

modified BC-nanocomposites with PVAN interlayer. In addition, the cell viability was examined 

with neural stem cells for possible neural interfaces in the future. The results obtained suggests 

prospective for future developments, and this has been demonstrated in terms of construction of 

cellulosic-based bioelectronic devices for nervous system, which may be extended to a wised 

range of possible application with the conductive PVAN/PANI coatings.  

 

2. Experimental section 

2.1. BC membranes synthesis  

BC membranes were produced from fermentation of Gluconacetobacter hansenii (ATCC® 

53582TM), harvested in 6-well plates (3.5 cm) and kept in a sterile environment under static 

conditions for 4 days. The culture medium was prepared in pure water containing 6.8 g.L-1 

disodium hydrogen phosphate dodecahydrate, 5 g.L-1 peptone, 5 g.L-1 yeast extract, 1.5 g.L-1 

citric acid, 20 g.L-1 glucose. The obtained BC membranes were soaked with pure water for 2-3 

days, prior to boiling with 4 g.L-1 sodium hydroxide solution for 40 min to remove medium and 

any adsorbed bacteria. The as-prepared BC hydrogels 3.2±0.5 mm thick were dried in an oven 

under the ambient conditions for overnight at 60 oC. 

 

 

 

2.2. Surface-initiated ATRP of 4-vinylaniline  

2-Bromoisobutyryl bromide (BiBB) was immobilized onto the hydroxyl-rich BC substrates to 

provide the initiating sites for ATRP polymerization of 4-VAN. The oven-dried BC membranes 
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were mixed with 4-dimethylaminopyridine (DMAP, Sigma Aldrich), dry-dimethylformamide 

(dry-DMF, Fisher Scientific) and triethylamine (TEA, Sigma Aldrich) under stirring, to which 

BiBB (Sigma Aldrich) was added dropwise in an ice-bath. The feeding molar ratio used was 

BiBB:TEA:DMAP=1:2:2. The reaction was kept under inert atmosphere with protective argon 

gas and left at room temperature for 24 hours . The resultant BC-initiator membranes were then 

soaked in dimethylformamide (DMF, Sigma Aldrich) for 2 days as purification step, prior to 

PVAN grafting. ATRP was carried out with dissolution of VAN monomer (97 % Sigma Aldrich) 

in DMF, together with copper (II) chloride (CuCl2, Sigma Aldrich) and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMEDTA, Fisher Scientific) under argon atmosphere, before 

injecting ascorbic acid (ASCA, Sigma Aldrich) dropwise. BC-initiator membranes were later 

inserted to the reaction. ATRP was left running for 24 hours at room temperature, after which the 

grafted BC (referred to as BC-g-PVAN or BC/PVAN) was thoroughly washed with DMF and 

left in an excess amount of DMF overnight to ensure the removal of any physically adsorbed 

PVAN homopolymer. The molar ratio used for the reaction were 

CuCl2:PMDETA:ASCA:VAN=1:2:5:500 and two different VAN monomer ratios (BC:VAN=1:3 

and 1:5) were used in this study.  

 

2.3. Aniline polymerization  

The grafted conductive PANI layer on BC/PVAN composites (referred to as BC-g-PVAN-g-

PANI or BC/PVAN/PANI) was prepared via chemical oxidative polymerization of aniline on 

BC-g-PVAN. BC/PVAN was first dipped into a 10 mL aqueous solution of 1 M hydrochloric 

acid (HCl, 32 %) containing 0.25 M of ammonium persulfate ((NH4)2S2O8, APS, Sigma 

Aldrich). 0.20 M of aniline (ANI, Sigma Aldrich) was added dropwise afterwards, and the 
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reaction was left for 6 hours in an ice-bath (at 0-5 oC). These were designated as standard 

conditions. Purification of the ready-grafted BC/PVAN/PANI membranes was done with 

thorough washes with ethyl alcohol (ETA, 100% Sigma Aldrich) and distilled water, and oven-

dried overnight at 60 oC. The thickness of dried samples was measured between 0.3-0.5 mm. 

Adjustments to aniline polymerization parameters, including acid concentration (0.5 M, 1 M), 

molar ratio of oxidant to monomer (1:1, 1:1.25, 1:1.5), monomer concentration (0.2 M, 0.5 M, 

0.7 M) and polymerization time (3 hours, 6 hours, 18 hours), were performed to investigate the 

effects of each individual parameter. BC/PANI membranes were also prepared from pre-oven 

dried BC membranes under standard COP conditions for comparison in terms of morphological 

and electrical characteristics of the nanocomposites. 

 

2.4. Material characterization 

The morphology of untreated and grafted BC membranes was analyzed using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). The samples were 

assembled on carbon tape and sputtered with 0.1 mm thick gold/palladium for 60 seconds with a 

rotatory-pumped coating system (Q150R S, Quorum Technologies, UK) prior to SEM 

observation (GeminiSEM, Zeiss). To acquire spatially resolved microstructural and 

compositional information of the membranes, conventional and high resolution TEM (C-/HR-

TEM) were performed using a FEI Tecnai F20 operating at 200 kV. The EDX elemental maps 

were acquired in the scanning TEM (STEM) mode, using long dwell time to minimize beam drift 

during data collection. The TEM samples were attached to copper grids using a standard lift-out 

method on a FEI Nova SEM/FIB dual-beam microscope, fitted with a liquid Ga ion source and 

operating at 30 kV accelerating voltage. Ion-beam Pt was applied on site to minimize any ion 
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milling artefact. X-ray photoelectron spectroscopy (XPS) was performed on BC, BC/PVAN and 

BC/PVAN/PANI membrane samples using a spectrometer from Thermo ScientificTM equipped 

with an Al K-AlphaTM source. Survey and selective high-resolution spectra were collected 

using 1 and 0.1 eV pass energy. Samples were mounted on double sided adhesive tape and the 

analyzer chamber was degasified, keeping the pressure at as low as 108 Torr. Spectral analysis 

was carried out using the Thermo Scientific™ Avantage Data System for quantification and peak 

fitting. Quantification was based on peak areas calculated from the high-resolution spectra. All 

spectra shown were charge-balanced with dual beam source (source gun A: X-Ray004 150 µm - 

FG ON (150 µm) and source gun B: shutdown (0 µm)). Thermal gravimetric curves were 

obtained for BC, BC/PVAN and BC/PVAN/PANI samples with a Thermogravimetric Analyzer 

(TGA) SDT Q600 V20.9 Build 20 from TA Instruments. Samples were heated in open alumina 

pans from 30 to 800 oC, under a nitrogen atmosphere, at a heating rate of 10 ºC.min-1.  

 

2.5. Electrical measurements 

The sheet resistance (R) of 5 samples was measured on both sides of the membranes at three 

different sites with a Jandel four-point probes (Model HM20) at room temperature in dry state. 

As the thickness (t) of the samples were much smaller than the probe spacing (S) (t/S<<5), the 

electrical conductivity (S.cm-1) was derived from the reciprocal of the bulk resistivity (ρ) 

according to the following equation (1) (Alonso et al., 2018):  

𝜎 =
1

𝜌
=

𝑙𝑛2

𝜋

1

𝑡𝑅
 .                                                              (1) 

2.6. Cell isolation and cytocompatibility  

Cells exposed to a cytotoxic compound follow different response mechanisms, that can be 

either lethal or sublethal. When lethal, cells may undergo necrosis in which cells lose 
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membrane integrity and die rapidly, or may follow auto-programmed cell death, such as 

apoptosis or autophagy; when sublethal, cells may stop actively growing and dividing (a 

decrease in cell proliferation). Any of these responses can be measure with cytotoxic assays, 

including cell viability assays.  

To investigate whether the synthesized BC nanocomposites, especially BC/PVAN/PANI 

membranes, generates cytotoxic response, cell viability assay was performed on primary SVZ 

cells that were isolated from subventricular zones of 1–5 days old postnatal BALB/c mice (P1-

P5), following German local regulations for animal welfare. After appropriate cell purification 

and digestion procedures, cells were grown in proliferation medium consisting of DMEM/F12 

GlutaMAX supplemented with 1% Penicillin/Streptomycin (10,000 u Penicillin, 10 mg.mL-1 

Streptomycin), 1% bovine serum albumin (BSA, 35% in PBS), 2% neural cell culture 

supplement β-27 (without retinoic acid), β- mercaptoethanol (50 mM), 0.2% recombinant 

human fibroblast growth factor (rhßFGF, 10 μg.mL-1) and 0.1% recombinant human epidermal 

growth factor (rhEGF, 10 μg.mL-1). The culture was kept in the incubator for 5 days at 37 oC 

and 5% CO2 atmosphere with medium replenished every 2 days, followed by dissociation. 

SVZ cells harvested were further incubated with BC scaffolds in 24-well plates at 2x104 cells 

per well and kept for 7 days in proliferation medium under the atmospheric conditions 

described above. Cell suspensions were collected at day 7 and live/dead assay was performed 

to verify cell cytotoxicity.The staining solution was prepared in PBS containing 1% calcein 

acetoxymethyl ester (calcein-AM) and 1% propidium iodine (PI). 200 μl of dual fluorescence 

calcein AM/PI solution were added into each well and incubated for 20 min at 37 oC. Four 

images per well were taken using a fluorescence microscope (Olympus, IX71, Japan), which 

were used to calculate the average number of live and dead cells on each well. Live cells were 
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stained green with fluorescent calcein-AM to indicate intracellular esterase activity and dead 

cells were stained red with fluorescent PI to indicate loss of plasma membrane integrity. Cell 

viability was calculated for each condition based on the average of three replicates using the 

following equation:  

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100%,                                (2) 

where the total number of cells correspond to the sum of live and dead cells. 

Student’s t-test and one-way ANOVA were performed accordingly to discern about statistical 

differences between the conditions at confidence level of 95% (p-value<0.05). 

 

3. Results and discussion 

3.1. Compositional and microstructural characterization of PVAN/PANI functionalized 

BC 

As schematically shown in Figure 1, synthesis of BC/PVAN/PANI nanocomposite membranes 

has been achieved through the BC grafting chemical processes. The SEM and HRTEM 

morphology of these as-prepared nanocomposites (Figure 2) indicates that PANI functional 

coatings can cause immediate changes of texture and roughness to the original BC substrate as it 

has been observed elsewhere (Bandeira, van Drunen, Garcia, & Tremiliosi-Filho, 2017). 

Accordingly, the type of PANI supramolecular structures (Figure 2d-f) is closely correlated with 

the polymerization conditions and the adopted synthetic procedure. Under highly acidic media 

with strong oxidants, PANI usually exhibits a granular morphology as observed in both 

BC/PANI and BC/PVAN/PANI membranes with BiBB:VAN=1:3 monomer content (Figure 

2d,e),  which has been reported for BC/PANI grafted membranes (Huanhuan Wang et al., 2012), 

as also present in Figure 2d. This is regarded as the result of random aggregation of high 
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concentrations of aniline nucleates, which were produced during the short induction period (I. 

Sapurina & Stejskal, 2008). These hydrophobic nucleates are continuously formed and 

agglomerate together while PANI chains grow. Under magnetic stirring, heterogeneous 

nucleation takes place and new initiating sites appear on the surface of preformed particles, 

leading to a granular morphology (Yu Sapurina & Stejskal, 2012). However, it has been found in 

the present study that a lower ratio BiBB to VAN can cause the formation of both granules and 

nanofibers, providing also a more uniform PANI coverage on the BC nanofibers (Figure 2f).  

PVAN on BC in such instance acts as a soft template that can induce preferential PANI growth 

(Chiou, Lee, & Arthur, 2007), while stabilizing interactions between phenazine-containing 

structures probably owing to its surfactant properties (i.e. primary amine surfactant) (Kuczynska 

et al., 2010). Under such conditions, homogeneous nucleation may take place with the 

suppression of secondary nucleates, which has been observed as a  key factor for synthesis of 

this type of supramolecular structure (D. Li & Kaner, 2007). Denser PVAN brushes implies 

more initiating sites for nucleation that may induce the continuous growth of PANI nanofibers in 

their vicinity (Tian et al., 2014). Thus, different supramolecular PANI structures can be obtained 

subject to different PVAN grafting degrees.  
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Figure 2. Representative SEM images and respective magnifications of a) un-modified BC 

nanofibrous membrane, showing nanofibres with smooth surface, b-c) chemically modified BC 

membrane with its nanofibrils grafted with PVAN (BC/PVAN). BC nanofibres membrane 

treated with d) PANI (BC/PANI) and e-f) with PVAN/PANI coating bilayer in two consecutive 

grafting procedures with PVAN and PANI (BC/PVAN/PANI), illustrating all an increase in the 

roughness of the BC nanofibrils surface in contrast to pristine BC and BC/PVAN nanocomposite 

membranes. b,e) and c,f) BC nanocomposite membranes were produced from molar BiBB:VAN 

ratios of 1:3 and 1:5, respectively. g-h) FIB/SEM images illustrating the FIB lift-out process used 

to extract a thin film TEM sample from the bulk BC/PVAN/PANI (BiBB:VAN=1:5) membrane, 
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showing the thickness of the upper PVAN/PANI layer of approximately 2 µm. Corresponding 

HRTEM images of the selected area in g,h) of i) BC matrix and j) of the PVAN/PANI bilayer. 

The red arrows in j) indicate pores of BC substrate.  

The microstructural analysis cross micro- to nanoscale of PVAN/PANI functionalized BC was 

further examined in detail with FIB/SEM (Figure 2g,h), which has yield the high resolution TEM 

(HRTEM) images in the regions of PVAN/PANI coating and BC matrix (Figure 2i,j). As clearly 

shown, the porous BC substrate (Figure 2h,j) was covered with a uniform and homogenously 

PVAN/PANI coating of ca. 2 µm thick (Figure 2h,j). Further examination of microstructural 

characteristics of the PVAN/PANI bilayer (Figure 2i), confirms the formation of an intact 

coating well-adhered to BC substrate with no signs of visible defects (Wu, Li, Liang, Chen, & 

Yu, 2013). However, as expected the pores still remained in the substrate of BC network (Wu et 

al., 2013), with variable pore size of up to few hundred of nanometers, as seen in Figure 2j. This 

can potentially result in some remarkable properties, for instance, high mechanical strength, and 

biocompatibility, while still maintaining its high water holding capacity to accommodate ionic 

solutions for improved conductivity (Jeon, Oh, Kee, & Kim, 2010; Loh & Choong, 2013; Shah, 

Ul-Islam, Khattak, & Park, 2013).  

The TEM X-ray elemental mapping at the interface between PVAN/PANI and BC substrate 

(Figure 3a) showed a N-enriched coating on the nanocomposite surface (Figure 3e). The general 

elevation of N concentration in the surface region implies the presence of the PVAN/PANI 

coating bilayer, that are nitrogen-containing compounds, as schematically shown in Figure 1c. It 

is however difficult to distinguish the PVAN/PANI interfaces because PANI is cross-linked with 

PVAN through -NH- bonds, resulting in a homogenous and gradual change at the interface. 

Carbon (C) and oxygen (O) are also uniformly distributed across the section in the selected area. 
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Br is also present which can be ascribed to BiBB initiator indicated its successful impregnation 

onto BC backbone to allow later attachment of PVAN brushes (Figure 1c). Residual amounts of 

Cl─ from HCl detected mainly on the surface are associated with PANI synthesis procedure in 

HCl medium, which confirms the existence of PANI in that region (Chen et al., 2017).  

 

 

Figure 3. a) STEM image showing the microstructure of PVAN/PANI-grafted BC at a cross 

sectional view, as illustrated in Figure 2g.1. b-f) corresponding EDX maps of the selected area in 

a).  

 

XPS spectra corroborated the TEM X-ray mapping results with an N-enriched shell zone 

(Figure 4a-d). The core-level spectrum of carbon 1s (C1s) in BC revealed typical binding 

energies (BE) from pristine BC at 285.0 eV (C-C/C-H), 286.6 eV (C-O) and 288.1 eV (O-C-O) 

(Figure 4a.2) (Persin et al., 2013). SI-ATRP is strongly dependent on the efficient esterification 

of BC OH groups through BiBB (Çankaya, 2015). The successful immobilization of the initiator 
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can be testified from the new peak emerged at 71 eV (Figure 4b.1) assigned to bromide 3d 

(Br3d) core shell level and from the new de-convoluted C1s peak (Figure 4b.2) attributed to the 

O-C=O bond (at 289.4 eV) proceeded from BC esterification (P.-S. Liu et al., 2009). C-Br bond 

may have also contributed to the intensity read at 285.0 eV (Belgacem, Czeremuszkin, Sapieha, 

& Gandini, 1995). The degree of substitution (DSS) of BiBB can be inferred from the content of 

the C1s associated to the ester bond (O-C=O) from the following equation (Equation 3) 

(Belgacem et al., 1995): 

𝐷𝑆𝑆 =
−%𝐶(𝑂−𝐶=𝑂)×𝑀𝐴𝐺𝑈

%𝐶(𝑂−𝐶=𝑂)×𝑀𝑔𝑟𝑎𝑓𝑡𝑠−𝑀𝑐
 ,                                           (3) 

where %C(O-C=O) is the atomic percentage of C1s of the ester group, MAGU is the mass of the 

anhydro-glucose unit (162 g.mol-1), Mgrafts is the mass of the graft moiety and MC is the mass of 

carbon. From this equation, the DSS of BC-BiBB is 77%, which means about 77% of BC 

growing sites were readily available for PVAN grafting which shows a good agreement with the 

reported literature (Joubert, Musa, Hodgson, & Cameron, 2014; Hongle Wang, Fu, Wang, Shao, 

& Qin, 2017). Moreover, it is very unlikely that every hydroxyl group would be equally 

accessible for modification as consequence, among others, of BC drying process prior to BiBB 

immobilization. 
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Figure 4. Typical wide scans of a.1) BC, b.1) BC-BiBB, c.1) BC/PVAN (BiBB:VAN=1:5) and 

d.1) BC/PVAN/PANI (BiBB:VAN=1:5). High resolution C1s scans of a.2) BC and b.2) BC-

BiBB, and high resolution N1s scans of c.1) BC/PVAN (BiBB:VAN=1:5) and d.1) 

BC/PVAN/PANI (BiBB:VAN=1:5). 
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The resultant spectra in Figure 4c,d confirmed successful the PVAN and PANI grafting onto 

BC membranes evidenced by the presence of BE corresponding to nitrogen 1s (N1s) and higher 

relative peak intensities of C1s, reflecting the enrichment in carbon content from the aromatic 

rings that composes both PVAN and PANI (Figure 2c). The N1s core-level of BC/PVAN could 

be curved-fitted into two individual peaks at 399.8 eV and 401.7 eV, ascribed to the neutral (-

NH-) and positively charged (-NH2
+) amine group, respectively. Further functionalization with 

PANI led to an expected increase in N1s content, that can be de-convoluted into four peaks 

representing four components with BE corresponding to the quinoid imine (=N-) at 398.0 eV, 

benzenoid amine (=N=) at 399.3 eV, and positively charged nitrogen atoms at 400.1 eV and 

401.9 eV (=NH+= and -NH2
+, respectively) (Tanwar & Ho, 2015; Tong et al., 2014). The doping 

level of PANI can be estimated from the fractional areas of protonated nitrogen atoms. The 

fractional areas of these four peaks were estimated to be 0.02, 0.30, 0.54 and 0.14, which 

indicates the doping level can reach as high as 68% (Tanwar & Ho, 2015). 

The relative amount of both PVAN and PANI on BC surface could be inferred from the 

N1s/C1s ratio (Table 1). As anticipated, higher N1s/C1s intensity was perceivable with higher 

VAN feeding ratio. After aniline polymerization, N1s/C1s ratio doubled from 0.07 to 0.15 for 

BiBB:VAN=1:5 membranes. Interestingly, when lower VAN monomer contents were used, 

N1s/C1s ratio decreased, which implies that higher VAN amounts promote higher PANI yields. 
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Table 1. Elemental composition (atomic percentage, at%) of BC, BC-BiBB, BC/PVAN and 

BC/PVAN/PANI composites extracted from XPS analysis.  

  C1s O1s Br3d N1s N1s/C1s 

BC - 58.3  38.0  - - - 

BC-BiBB - 59.8  39.3  0.4  - - 

BC/PVAN BiBB:VAN=1:3 69.4  25.6  - 4.3  0.06 

BiBB:VAN=1:5 68.8  23.1  2.3  4.8  0.07 

BC/PVAN/PANI BiBB:VAN=1:3 79.5  15.4  - 3.6  0.04 

BiBB:VAN=1:5 73.7  12.0  0.5  11.1  0.15 

 

3.2. Evaluation of electrical properties of BC/PVAN/PANI nanocomposites  

The conductivity of PANI-based membranes presents a trend of increasing subject to the 

nanofibers density, PVAN grafting yield, as well as to changes in COP parameters. The 

conductivity values as high as σ=(4.5±1.7)x10-2 S.cm-1 have been achieved for higher PVAN 

grafting yield on the denser side of the membranes. 

The kinetic of PANI synthesis determines the overall conducting properties, which depend on 

several parameters according to the following equation (Equation 4) (I. Y. Sapurina & Shishov, 

2012): 

−
𝑑[𝐴𝑁𝐼]

𝑑𝑡
= 𝑘1[𝐴𝑁𝐼][𝑂𝑥] + 𝑘2[𝐴𝑁𝐼][𝑃]                                     (4) 

with [ANI], [Ox], [P] standing for monomer, oxidant (i.e. [APS]) and polymer concentrations, 

respectively, where k1 and k2 are constants. k1 accounts for the induction period, while k2 reflects 

the contribution of both acid concentration and surface area. It is worthwhile to mention that an 

increased polymerization rate, and hence PANI yield, does not always lead to the formation of 
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highly conductive structures, although it may indirectly have contribution under certain 

conditions, providing that suitable electronic band structures are created (I. Sapurina & Stejskal, 

2008). 

 

3.2.1. Effect of BC porosity and PVAN grafting on electrical conductivity 

The intrinsic PANI conductivity can be attributed to the long-range of delocalized charge 

carriers system arising from the oxidation of nitrogen atoms that serve as oxidation centers 

(Focke, Wnek, & Wei3, 1987). Variations of parameters in the polymerization, including the 

surface area available for the reaction, have a definitive effect on the PANI size and shape, which 

induces some changes in this delocalized system (Bhadra, Singha, Chattopadhyay, & Khastgir, 

2007; I. Y. Sapurina & Shishov, 2012). In spite of the widely recognized electrically insulating 

properties, BC not merely provides a substrate for allocating PVAN/PANI bilayer as a cohesive 

and uniform coating, but also acts as a catalyst of aniline polymerization as such increases its 

growth rate. In addition, it furnishes an appropriate 3D porous system as a path for efficient 

charge carrier flow. In Figure 5, PVAN treated membranes showed a comprehensive higher 

value of conductivity up to one order of magnitude than those non-treated BC/PANI. The 

measurements from all samples revealed also a trend of a comparable difference in the 

conductivity on both sides of the membrane that is correlated with the asymmetry of BC network 

(Bäckdahl et al., 2006; Ruan et al., 2016). This asymmetry of the membrane is related with BC 

synthesis procedure. Under static conditions, a pellicle is formed in the medium surface, which 

grows downwards. Higher oxygen and carbon sources available for bacteria at the liquid-air 

interface leads to greater yield of production of cellulose fibers of compact structure, in contrast, 

less oxygen and carbon are available inside the culture medium, resulting in reduced yield of 
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production of cellulose fibers causing a more porous structure. Assuming a uniform PANI 

coating was formed, the side of BC membranes with a compact packing of BC fibers would 

reflect in a larger area covered by PANI as a continuous film with higher concentration of charge 

carriers and thus, resulting in a higher conductivity in comparison with the side with a porous 

structure of BC fibers (Figure 5). Different surface areas with simultaneous changes on COP 

parameters are expected to reflect additional modifications in PANI properties, as such this leads 

to a multiplicity of PANI synthetic rates (I. Y. Sapurina & Shishov, 2012). Similar to BC, PVAN 

is not inherently conductive as PANI (Balint, Cassidy, & Cartmell, 2014). However, the 

incorporation of PVAN and subsequent increase of its content led to an augmented conductivity 

up to one order of magnitude. For instances, on the compact side of the membrane it increased 

from (3.7±0.5)x10-3 (BC/PANI) to (5.2±0.9)x10-3 (BiBB:VAN=1:3) and then to (2.2±0.6)x10-2 

S.cm-1 (BiBB:VAN=1:5), respectively. This increased conductivity might have been resulted 

from the formation of more organized PANI structures that, among others, elongated the 

polyconjugated system by enhancing the charge carrier mobility as that of the doping agent 

(HCl) (Skotheim & Reynolds, 2007). 
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Figure 5. Electrical conductivity of BC/PANI, and BC/PVAN/PANI membranes with different 

BC to VAN molar ratios, the embedded images show the morphology of the selected area. 

 

3.2.2. Effect of aniline polymerization parameters on electrical conductivity 

The effect of COP parameters on the electrical conductivity of the PANI/PVAN 

functionalized BC composites is summarized and presented in Figure 6. Studies reported in the 

literature up to now on PANI synthesis have suggested that the strong acidic media (pH below 

2.5) promotes highly conductive PANI structures, i.e. in the emeraldine oxidation form (Duid 

& Mandid, 1992; Stejskal, Sapurina, & Trchová, 2010). Herein, higher conductivity was 

observed on the dense side with the samples prepared in the solutions containing 1 M HCl in 

comparison with those prepared in 0.5 M HCl. This was likely to be related to a higher degree 

of protonation products of aniline oxidation and may also be correlated with an increase of the 
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crystallite size together with a decrease in d-spacing and interchain separation of PANI 

(Clasen, Sultanova, Wilhelms, Heisig, & Kulicke, 2006; I. Y. Sapurina & Shishov, 2012). 

Slightly higher conductivity at 0.5 M on the porous side can be observed, probably related with 

a balanced effect of the surface area. The conductivity under both conditions fell, however, 

into the same range due to the slightly increase of pH value of the media from 0 to 0.3 when 

decreasing the concentration of acid from 1 M to 0.5 M. The variation of molar ratio of 

ammonium persulfate (oxidant) to aniline (monomer) also influenced the final conductivity of 

the synthesized membranes. Ammonium persulfate is considered as a strong oxidizing agent, 

which is able to oxidize both aniline monomer and the growing chain during polymerization. 

According to the chemical reaction, [APS]:[ANI]=1.25 is the stoichiometric ratio that reflects 

the minimum oxidant amount to be used for complete monomer oxidation, which is expected 

to yield more conductive structures. However, the highest conductivity was obtained when 

using the lowest molar APS:ANI feeding ratio (APS:ANI=1), this is likely associated with the 

over-oxidation of aniline that has enabled the formation of fully oxidized pernigraniline salt  

with low conductivity, instead of the partially oxidized emeraldine salt with high conductivity 

(E. J. Jelmy et al., 2013). This effect has been reported in the literature for oxidant to monomer 

ratios over 1.15, which is comparable with the results herein obtained (Cortés & Sierra, 2006; 

Mahalakshmi & Vedhi, 2014). Extending the polymerization time, e.g. from 3 hours to 6 

hours, the conductivity of the PVAN/PANI functionalized BC membranes increased from 

(1.0±0.6)x10-2  S.cm-1 up to (2.2±0.6)x10-2  S.cm-1 accordingly. However, further prolonged 

time of polymerization was hardly shown any significant improvements in their conductivity 

on the dense side of the samples because higher PANI molecular weight has induced the 

formation of certain defects that causes modification of the delocalized system which has 
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ultimately reduced the conductivity (Bhadra et al., 2007; Xie, Ma, & Feng, 2000). In contrast, 

on the porous side there is an apparent trend to increase, ascribed to a slower PANI loading 

process with appropriate band structure that may be able to increase for longer reaction times. 

Greater conductive values were also found to be associated with larger monomer 

concentration. From [ANI]=0.2 M to 0.7 M, the conductivity of the BC composites increased 

significantly, at which the highest value of (4.5±2.8)x10-2  S.cm-1 was achieved. Increasing 

monomer concentration leads to an increased yield, thus a ultimate augmented BC/PVAN 

nucleation sites for continuous PANI growth  of proper band structure (Bhadra et al., 2007; 

Xing, Zhao, Jing, & Wang, 2006).  
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Figure 6. Differences on the electrical conductivity of BC/PVAN/PANI composites with 

variation of aniline polymerization parameters: molar ratio APS:ANI, acid concentration, 

reaction time and aniline concentration. 

 

Overall, BC/PVAN/PANI nanocomposites revealed reasonable conductivity which may suits 

many potential bioelectronic applications, that was explicitly improved by means of PVAN 

incorporation and appropriate adjustment of COP parameters. The different conductivity seen on 

both sides of the membrane may be beneficial for more singular applications where applicable.  
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3.3. Thermal stability of PVAN/PANI coatings 

Thermogravimetric analysis (TGA) was performed from room temperature up to 800 oC on 

pure BC and the PVAN/PANI functionalized composite BC membranes to assess their thermal 

stability (Figure 7).  As measured through weight loss, the thermal decomposition of these 

membranes after thermal loading follows a similar trend with the temperature increase, 

consisting of three main stages (Borsoi, Zattera, & Ferreira, 2016). In the first stage, the weight 

loss of BC and BC/PVAN membranes took place from room temperature to ~150 oC, but the 

degradation occurred from room temperature to 100 oC for BC/PVAN/PANI membranes. This is 

concerned with some moisture remaining inside the membranes, in the form of either water 

and/or dopant HCl as has been reported elsewhere (D. Y. Liu, Sui, & Bhattacharyya, 2014). In 

the second stage, a drastic weight reduction in the pure BC membranes was found between 250 

and 375 oC, whereas in BC/PVAN and BC/PVAN/PANI membranes the temperature range for 

the abrupt weight loss has started earlier, i.e. 200-350 oC and 175-250 oC, respectively. This can 

be associated with the main chain decomposition of crystalline and amorphous regions of BC 

into D-glucopyranose monomer and further into free radicals (W. Hu et al., 2011). In the third or 

final degradation stage as can be identified from 375, 350 and 250 oC in BC, BC/PVAN and 

BC/PVAN/PANI membranes respectively, the weight loss was insignificant and gradually 

reaching a relative steady level owing to the residual main chain decomposition (F. Wang et al., 

2016). However, the onset degradation temperature varied from 362 oC in BC to 241 oC in 

BC/PVAN and 207 oC in BC/PVAN/PANI membranes, while the degradation of the third stage 

was stabilized at the temperature 20 oC in BC to 30 oC in the composite membranes. Noticeably, 

the remaining mass of both BC/PVAN and BC/PVAN/PANI composite membranes was 

approximately 30% greater than that of pure BC membranes. 
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Figure 7. Representative thermogravimetric curves of BC, BC/PVAN 1:5 and BC/PVAN/PANI 

1:5 membranes measured from room temperature to 800 oC. Three main stages of weight loss 

identified: Stages I, II and II. 

 

3.4. Cytocompatibility with SVZ cells 

To verify the cytocompatibility of the newly developed functionalized BC nanocomposites for 

neural applications, neural stem cells from the subventricular zone (SVZ) of postnatal mice were 

incubated with the grafted BC membranes for 7 days, as such their responses were evaluated and 

compared with that of pristine BC and tissue culture treated plastic (TCTP), which was used as a 

control. Representative images of the SVZ cells on the functionalised BC are depicted in Figure 

8, in which live cells are stained green with calcein-AM and dead cells red with propidium 

iodine. The cell viability and cell number relative to the TCTP are shown in Figure 8i,j. 20,000 

cells per well were seed equally to all BC composites and TCTP. After 7 days of culture, over 

 

Stage I 

Stage II 

Stage III 
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80% of cells were viable in all conditions, reaching up to approximately 90% of viability on 

PANI-reinforced BC, which suggests the substrates are not cytotoxic. However, with 95% 

confidence level, there is an apparent lower number of cells on BC/PVAN/PANI 

nanocomposites compared to that of control TCTP (Figure 8a-h,j). This could be due to the 

presence of some residual chemicals after COP, including unreacted aniline monomer and 

oligomers, oxidant and acid, although the grafted samples had been pre-washed extensively 

before being used for cell culture. In particular HCl, as seen with the presence of Cl─ ions in 

STEM x-ray mapping (Figure 3h) and XPS wide spectra of BC/PVAN/PANI (Figure 4d.1). 

Considering the nano-porous structures of the composite, the pre-wash steps relying on mass 

diffusion might not have efficiently removed all the residual chemicals and this may have led 

HCl not to be properly neutralized, creating an acidic environment which is known not to be 

favourable for cell growth (Rotin, Robinson, & Tannock, 1986), but further investigation will be 

needed to confirm this. 
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Figure 8. Cell viability of SVZ cells on BC composites after 7 days of incubation. Live and dead 

staining of a,b) BC, c,d) BC/PVAN, e,f) BC/PVAN/PANI and g,h) TCTP, and i) corresponding 

percentage of viable cells and j) percentage of cells relative to TCTP, with standard deviation 

error bars. Live cells are marked as green and dead cells are marked as red. Significance is 

denoted as *p<0.05 and #p<0.01. 

 

Despite what has been observed, the cell viability was not affected by the functionalized BC 

membranes and appeared similar to that of the control without statistical significant difference. 

It is very promising to see that almost 90% of cells were viable on BC/PVAN/PANI 
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composites. Further, an observable higher number of cells on BC/PVAN composites indicates 

PVAN provides good support for cell proliferation, which could be attributable to the 

improved hydrophilic properties (Yuan et al., 2012). This suggests that the composites, in 

particular, PVAN/PANI functionalized BC with enhanced conductivity do not cause any 

cytotoxicity. 

 

3.5. Potential applications 

On the basis of multi-layered structure, we have developed with above BC/PVAN/PANI 

system, an enclosed BC covered both sides with electrical conductive PANI coatings that may be 

considered for constructing a bioelectronic device capable of stimulating and monitoring the 

interfacial behavior. The possible switch of the electrochemical performance of PANI caused by 

redox reactions, as demonstrated in literature (Shi et al., 2014) and confirmed in our current 

ongoing study, can act as pathway for appropriate signal amplification. Such functionalized BC 

can provide not only the desirable morphological and electrical properties due to the PVAN 

interlayer but may also significantly improve the biocompatibility. The elevated thermal stability 

of electrical conductive BC nanocomposites ensures thermal feasibility from electronic (⁓100 

oC) and biological point of views (37 oC). It is therefore believed this may well perform and act 

as an efficient biosystem for building neural interfaces, by effectively detecting, recording and 

amplifying electrical signals from neurons that has an estimated electrical conduction of σ=7x10-

4 C.m-2 (McCandless, 1997; Peters, Stinstra, & Leveles, 2004). This will ultimately promote cell 

adhesion and growth by means of a substrate with suitable interconnected porosity and pore size, 

enabling cell migration and proper flow of nutrients. The conductive PANI surface layer can 

detect nerve impulses caused by ionic depolarization of the neuron membrane, and subsequently 

ACCEPTED M
ANUSCRIP

T



 32 

be converted into an electrical signal (transduction) and transmitted with aids of the excellent 

mass transport capacity of BC network, to be readable with a externally connected electrical 

device, as schematically represented in Figure 9.  

 

Figure 9. Schematic representation of flexible electrical conductive BC/PVAN/PANI 

nanocomposite membranes, biologically interfacing with neurons for efficient nerve impulse 

conduction. 

 

4. Conclusions 

PVAN/PANI functionalized BC nanocomposite membranes with enhanced electrical 

conductivity and cell viability were successfully synthesized through ATRP and COP reactions 

for potential construction of bioelectronic interfaces. The chemical analysis confirmed the actual 

composition of PVAN/PANI which had been grafted onto BC nanofibres. Especially, an 

approximate 2 µm of an intact PVAN/PANI bilayer was formed uniformly on the surface of BC 

membranes. The electrical properties of the newly developed BC membranes were closely 

related to the supramolecular PANI structures produced during the chemical reaction. The 

PVAN interlayer inserted between PANI and BC enable an increase of PANI production with a 

more homogeneous distribution of its structural units in the form of nanofibers-/nanorods-like 
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shape, which can also be strengthened through denser PVAN brushes. This could be potentially 

applied onto other relevant substrates. Polymerization process to incorporate PVAN/PANI 

bilayer can be chemically controlled and optimized to achieve the desirable properties. It has 

been found that the polymerization with higher VAN monomer contents, and higher HCl and 

aniline concentrations for extended reaction time yielded a higher electrical conductivity of the 

BC/PVAN/PANI nanocomposites. Cell viability tests have indicated there had been no visible 

signs of cytotoxicity for SVZ cells after 7 days of culture, which is crucial in terms of building 

any potential bioelectronic interfaces. Furthermore, the PVAN/PANI coated BC nanocomposites 

were proven to be thermally stable up to 225 oC confirming their suitability for both electronics 

and body environments. These novel BC/PVAN/PANI nanocomposites can be particularly 

applicable for nervous system, such as those required delicate neural interfaces, biosensors, 

displays and smart drug-delivery systems. The potential application of the newly developed 

conductive and biocompatible layer on BC substrate as neural interface has been demonstrated 

on the basis of its electrical and biological properties. 
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