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 15 

Graphical abstract. This study compares the performance of four different hydrogels used as protein 16 

encapsulants in a graphene-nanometal-enzyme biosensor using alcohol oxidase as the biorecognition 17 

element. Hydrogels composed of chitosan, poly-N-isopropylacrylamide, silk fibroin, and cellulose 18 

nanocrystals were compared in terms of electroactive surface area, electron transfer kinetics, film 19 

morphology, sensitivity, response time, limit of detection, hysteresis, and shelf life. 20 

  21 
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Abstract 22 

Hydrogels have become increasingly popular as immobilization materials for cells, enzymes and 23 

proteins for biosensing applications. Enzymatic biosensors that utilize hydrogel as an encapsulant have 24 

shown improvements over other immobilization techniques such as cross linking and covalent bonding. 25 

However, to date there are no studies which directly compare multiple hydrogel-graphene 26 

nanocomposites using the same enzyme and test conditions. This study compares the performance of four 27 

different hydrogels used as protein encapsulants in a mediator-free biosensor based on graphene-28 

nanometal-enzyme composites. Alcohol oxidase (AOx) was encapsulated chitosan, poly-N-29 

isopropylacrylamide (PNIPAAM), silk fibroin or cellulose nanocrystals (CNC) hydrogels, and then spin 30 

coated onto a nanoplatinum-graphene modified electrode. The transduction mechanism for the biosensor 31 

was based on AOx-catalyzed oxidation of methanol to produce hydrogen peroxide. To isolate the effect(s) 32 

of stimulus response on biosensor behavior, all experiments were conducted at 25 °C and pH 7.10. 33 

Electroactive surface area (ESA), electrochemical impedance spectroscopy (EIS), sensitivity to methanol, 34 

response time, limit of detection, and shelf life were measured for each bionanocomposite. Chitosan and 35 

PNIPAAM had the highest sensitivity (0.46 ± 0.2 and 0.3 ± 0.1 µA mM-1, respectively) and electroactive 36 

surface area (0.2 ± 0.06 and 0.2 ± 0.02 cm2, respectively), as well as the fastest response time (4.3 ± 0.8 37 

and 4.8 ± 1.1 s, respectively). Silk and CNC demonstrated lower sensitivity (0.09 ± 0.02 and 0.15 ± 0.03 38 

µA mM-1, respectively), lower electroactive surface area (0.12 ± 0.02 and 0.09 ± 0.03 cm2, respectively), 39 

and longer response time (8.9 ± 2.1 and 6.3 ± 0.8 s, respectively). The high porosity of chitosan, 40 

PNIPAAM, and silk gels led to excellent transport, which was significantly better than CNC 41 

bionanocomposites. Electrochemical performance of CNC bionanocomposites were relatively poor, 42 

which may be linked to poor gel stability. The differences between the Chitosan/PNIPAAM group and 43 

the Silk/CNC group were statistically significant (p < 0.05) based on ANOVA. Each of these composites 44 

was within the range of other published devices in the literature, while some attributes were significantly 45 

improved (namely response time and shelf life). The main advantages of these hydrogel composites over 46 

other devices is that the only one enzyme is required, all materials are non-toxic, the sensor does not 47 

require mediators/cofactors, and the shelf life and response time are significantly improved over other 48 

devices. 49 

 50 

Keywords: hydrogel, graphene, nanocomposite, alcohol oxidase,  51 

 52 

Introduction 53 

Hydrogels demonstrate characteristics that are promising for enzyme encapsulation in biosensing, 54 

such as water absorption, swelling, cross linking, resistance to dissolution, and formation of hydrophilic 55 

aqueous microenvironments (Jang 2010). Furthermore, many natural and synthetic hydrogels are 56 

biocompatible, abundant materials that meet requirements for high performance biosensors based on 57 

sustainable materials. Hydrogels can significantly improve enzyme activity in thin films, which is the 58 

most critical factor in the performance of enzymatic biosensors (Buenger et. al., 2012). Four hydrogels 59 

that have recently gained much attention in the development of biosensors include chitosan, poly-N-60 

isopropylacrylamide (PNIPAAM), silk fibroin, and cellulose nanocrystals (CNC) (Zhai, 2013). These 61 
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hydrogels have chemical, physical, and electrical properties that are useful in enzymatic biosensing, 62 

particularly when proteins such as oxidoreductase are used as the biorecognition agent. 63 

Chitosan is a biocompatible, nontoxic, inert, and hydrophilic natural biopolymer derived from 64 

crustacean shells (from chitin) (López-León et al., 2005). The amino groups in chitosan facilitate enzyme 65 

immobilization via ionic bonding between carboxyl groups on the protein surface and the hydrogel (Miao 66 

and Tan et al., 2000; Suginta 2013; Pauliukaite et al., 2010). PNIPAAM is a polymer that is synthesized 67 

by free radical polymerization of isopropylacrylamide monomers (Ahmed 2013). PNIPAAM contains 68 

both hydrophilic groups (acylamino group, – CONH) and hydrophobic groups (isopropyl, –CH(CH3)2) , 69 

both of which are known to form hydrogen bonds with proteins. Silk fibers (composed of the proteins 70 

sericin and fibroin) are the strongest, toughest natural fibers known. Silk-based materials have been used 71 

for optics, photonics, and electronics (Tao et al., 2012; Liu et al., 1996; Kim et al., 2004, Rockwood et al., 72 

2011; Lee et al., 2005). Hydrogels composed of silk fibroin have been used for immobilization of proteins 73 

by hydrogen bonding within the beta pleated fibroin sheets (Hu et al., 2005). CNC are formed when 74 

cellulose fibers are subjected to acid hydrolysis, and the fibers yield defect-free, rod-like crystalline 75 

residues (Reiner and Rudie, 2013). CNC has a high surface area, low density, and high mechanical 76 

strength; in addition, it is a renewable, sustainable and abundant material (Habibi et al., 2009). Many 77 

enzymes (including alcohol oxidase) are known to have carbohydrate binding modules (CBM) that form 78 

covalent bonds with cellulose (Levasseur et al., 2013). Chitosan, PNIPAAM, and CNC are known to 79 

exhibit stimulus-response behavior, resulting in significant structural changes with slight changes in pH 80 

and/or temperature (Zhang et al., 2000; Dufresne, 2010; Francisco et al., 2011). On the other hand, silk 81 

hydrogels do not behave as a stimulus-responsive material due to the presence of crystals that ensure 82 

dimensional stability over a wide temperature range, although acidic conditions have been shown to 83 

induce swelling in a few studies (Gil et al., 2005, Hu et al., 2010). 84 

The state of the art in electrochemical biosensing is to immobilize enzymes on electrodes 85 

modified with a transducer nanomaterial such as nanometals, nanocarbon, or other conductive 86 

nanomaterials (Shao et al., 2010; He et al., 2011; Kim and Palmore, 2012; Kotanen et al., 2013). This 87 

approach is useful because materials such as graphene-platinum nanocomposites have demonstrated 88 

enhanced sensitivity and response time (Vanegas et al., 2014; Chaturvedi et al., 2014). When hydrogels 89 

are combined with conductive nanomaterials, a highly porous, hydrophillic network is formed that is 90 

capable of encapsulating enzymes with high electron mobility (Yuan et. al., 2013, Bai et. al., 2011, 91 

Pauliukaite et. al., 2010).  92 

This manuscript compares the use of chitosan, PNIPAAM, silk fibroin and CNC hydrogels for 93 

immobilization of alcohol oxidase (AOx) on a graphene-platinum nanocomposite (Figure 1). AOx is 94 

useful in the measurement of short chain alcohols in the pulp processing, food/beverage, bioprocessing, 95 

clinical, and forensic industries (Akin et al., 2011, Das et al., 2013, Wu et al., 2007, Jang et al. 2010). A 96 

wide variety of materials have been investigated for encapsulating AOx, including nitrocellulose (Boujtita 97 

et al., 2000), polyvinyl ferrocenium (Gulce et al., 2002), graphite-doped Teflon (de Prada et al., 2003), 98 

electropolymerised dihydroxynaphthalene (Badea et al., 2003), polyvinyl imidazole (Alpeeva et al., 99 

2005), Teflon (Akyilmaz and Dinckaya, 2005), polypyrrole (Carelli et al., 2006), chitosan/eggshell 100 

membrane (Wen et al., 2007), polyamidoamine dendrimers (Akin et al., 2010), polyethyleneimine (Das et 101 

al., 2013) and polycarbonyl sulfonate (Alpeeva et al., 2001). However, to date there are no comparative 102 

studies which directly address how different hydrogels interact with the same graphene-nanometal 103 
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transducer layer in biosensing with AOx. This study shows that hydrogels are an excellent material for 104 

encapsulating AOx on graphene-nanometal hybrid composites. The sensors showed increased shelf life 105 

and response time, while sensitivity and range were within the range of other sensors in the published 106 

literature.  107 

 108 

 109 

Figure 1. This manuscript presents a comparative study of hydrogel-graphene hybrid nanocomposites for 110 

biosensing using AOx to measure short chain alcohols. Hydrogels analyzed include chitosan, PNIPAAM, 111 

silk fibroin, and CNC. AOx forms ionic bonds with amino groups found in chitosan hydrogels. AOx is 112 

encapsulated in PNIPAAM by hydrogen bonding with acylamino and isopropyl groups. AOx binds to 113 

CNC via carbohydrate binding modules. Silk-based hydrogels encapsulate AOx through hydrogen 114 

bonding within beta pleated sheets of the structural fibroin. 115 

 116 
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Experimental 117 

Materials and Reagents 118 

Single-layered graphene oxide (GO) was purchased from ACS Material (Medford, MA). Lead 119 

acetate (30% w/v), chloroplatinic acid (8% w/w), chitosan (Mw 190-310 kDa, 75-85% deacetylated chitin) 120 

and alcohol oxidase (type AOX1) from the methylotrophic yeast Pichia pastoris (MW = 975 kDa) were 121 

purchased from Sigma-Aldrich (St Louis, MO). Potassium nitrate (KNO3) was purchased from Acros 122 

organics (New Jersey, USA). Potassium ferrocyanide trihydrate (K3Fe(CN)6) was purchased from EMD 123 

chemicals (Billerica, USA). Phosphate buffer saline (PBS) was purchased from Mediatech, Inc. 124 

(Manassas, USA). Alumina and diamond slurries were purchased from Bioanalytical Systems, Inc (BASi, 125 

Inc., West Lafayette, IN). Pt wire (99.95% Pt, 1.2 mm dia, 2 cm length) was obtained from Alfa Aesar 126 

(Ward Hill, MA). Silk cocoons were purchased from Mulberry Farms (Fallbrook, CA). Cellulose 127 

nanocrystals were acquired from the Process Development Center at The University of Maine (Orono, 128 

ME). 129 

 130 

Equipment 131 

Electrochemistry was performed on a BASi electrochemical cell stand with Pt/Ir working and 132 

counter electrodes and Ag/AgCl reference electrodes (BASi, West Lafayette, IN) or on an 133 

electrochemical impedance analyzer (ERZ100) and supporting software from eDAQ Inc (Colorado 134 

Springs, CO). All scanning white light interferometry (SWLI) was performed on a NewView 7300 3D 135 

optical surface profiler (Zygo Corporation (Middlefield, CT). Sonication for electrode cleaning was 136 

performed using a Model 150VT ultrasonic homogenizer (BioLogics Inc., Manassas, VA). 137 

Sonoelectrodeposition was performed using a DC power supply and an ultrasonic cleaner (Chicago 138 

Electric, Carol Stream, IL). Silk fibroin centrifugation was performed in a Beckman GPR centrifuge with 139 

GH-3.7 Horizontal Rotor (Beckman Coulter, Brea, California). PNIPAAM drying was performed in a 140 

vacuum oven (Squared Lab Line Instruments, Melrose Park, IL). 141 

 142 

Graphene-Nanoplatinum Deposition 143 

Platinum/iridium (80/20) electrodes (1.6 mm diameter) were decorated with graphene-platinum 144 

nanocomposite as described by Vanegas et al. (2014). Briefly, nanoplatinum was formed on the surface of 145 

each electrode via sonoelectrodeposition at 10 V for 90 seconds in a solution of 1.44 % (w/v) 146 

chloroplatinic acid and 0.002 % (w/v) lead acetate. A one ml aliquot of DI water was mixed with 2 mg of 147 

GO and 8 mg of L-ascorbic acid to form reduced graphene oxide (rGO). The suspension was 148 

ultrasonicated for 30 minutes. Immediately after sonication, a 2 µl aliquot of rGO was spin-coated on nPt-149 

modified electrodes. The spin coat process included two cycles: the first cycle coats at 2621 rpm for 30 150 

seconds, followed by coating at 5738 rpm for 60 seconds. After spin coating the rGO onto nPt, a second 151 

layer of nPt was electrodeposited on the surface of the modified electrode via sonoelectrodeposition at 10 152 

V for 90 seconds. This nPt-rGO-nPt “sandwich” structure is denoted as PGP and specifically refers to 153 

spin-coat deposited rGO sandwiched between layers of platinum nanoclusters (nPt) as described in 154 

Vanegas et al. (2014). Vanegas et al (2014) provide details on the structural, electrochemical, and surface 155 
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chemistry for various architectures of graphene-nanoplatinum and CNT-nanoplatinum hybrid materials. 156 

Among these, “sandwich” structures for both hybrids yielded the highest electrochemical performance. 157 

 158 

Hydrogel – Enzyme Nanocomposites  159 

Chitosan hydrogels were prepared by dissolving chitosan (0.05 % w/v) in DI water, adding 160 

0.008% (w/v) hydrochloric acid to solubilize the chitosan, and then vortex mixing at room temperature for 161 

5 minutes. PNIPAAM hydrogels were synthesized by a radical polymerization reaction (Zhang et al. 162 

2004). Briefly, NIPAAM monomer was dissolved in DI water to obtain a concentration of 6.7% (w/w) 163 

and then 2.0% (w/w) MBA (N,N-methylene-bisacrylamide) relative to NIPAAM was added. Free radical 164 

polymerization with 1.0 % (w/w) APS (Ammonium Persulfate) and TEMED (N,N,N’,N’-Tetramethyl-165 

ethylenediamine) was followed by immersion in DI water to leach reactants. Finally, the material was 166 

dried in a vacuum oven (Squared Lab Line Instruments, Melrose Park, IL) at room temperature at a 167 

pressure less than 13.3 kPa until all moisture was removed (approximately 24 hours). The resulting 168 

PNIPAAM solution had a concentration of 1.5 % (w/v). Silk hydrogel was created by extracting dead 169 

worms from silk cocoons, chopping the cocoons into small pieces (≈1 mm), and subjecting them to at 170 

least five one hour cycles of boiling and ultrasonication in DI water. The resulting suspension was then 171 

centrifuged at 1691g for 30 min. The supernatant liquid was further concentrated up to 1 % (w/w) solids 172 

and the hydrogel mixture was then vortex-agitated for 1 min at room temperature. CNC hydrogels (6.2% 173 

w/w) were directly used as purchased from the Process Development Center. 174 

Enzyme-hydrogel composites were prepared by mixing 10 µl of AOx solution (14 U/mg 175 

suspended in PBS) with 10 µl of hydrogel, followed by vortex-agitation for 1 min at 25 °C. Hydrogel-176 

enzyme-graphene-nanoplatinum composite electrodes were prepared by spin coating a 2 µl aliquot of the 177 

enzyme/hydrogel matrix onto PGP-modified electrodes by using the spin cycles previously described. 178 

The resulting biosensors are referred to as PGP_CHI (chitosan), PGP_PNI (PNIPAAM), PGP_CNC 179 

(CNC) and PGP_SILK (silk fibroin). 180 

 181 

Electrochemical analysis and Imaging 182 

To isolate the effects of hydrogel stimulus-response on electrochemical performance, all 183 

experiments were conducted at 25 °C and pH 7.10. Electrochemical characterization was performed using 184 

a three electrode cell stand according to Vanegas et al. (2014) and Chaturvedi et al. (2014). Cyclic 185 

voltammetry (CV) was carried out in 4 mM Fe(CN)6/1 mM KNO3 solutions at a switching potential of 186 

600 mV versus a Ag/AgCl reference electrode with 5 seconds quiet time at scan rates of 50, 100, 150, and 187 

200 mV/s. The electroactive surface area (ESA) was determined using the Randles-Sevcik equation (Eqn 188 

1): 189 

ip=(2.69×105) n3/2 D1/2 CAv1/2 (Eqn 1) 190 

where: ip is the reduction peak (Amps) obtained from the cyclic voltammogram, n is the number of 191 

transferred electrons in the redox reaction, D is the diffusion coefficient (cm2 sec-1), C is the molar 192 
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concentration of the working solution (mol cm-3), A is the ESA of the electrode (cm2) and v is the 193 

potential scan rate (V sec-1). The constant term in Eqn 1 has the units of C mol V0.5). 194 

DC potential amperometry (DCPA) tests were conducted in 15 ml of PBS at a working potential 195 

of +500 mV versus a Ag/AgCl reference electrode with a sampling rate of 1 kHz. Electrodes were 196 

polarized for at least 1 hour, and current was measured at constant potential while successively injecting 197 

methanol in the stirred solution (450 rpm) at 2 minute intervals. The sensitivity, response time and lower 198 

limit of detection (LOD) were derived from DCPA time series plots using common methods in the 199 

literature (Vanegas et al., 2014; Chaturvedi et al., 2014).  200 

Electrical impedance spectroscopy (EIS) was conducted in a solution of 4 mM KFe(CN)6/1 mM 201 

KCl using a three electrode EA163 potentiostat and an eDAQ ERZ100. The applied potential was 100 202 

mV (AC) and 0.25 mV (DC) with a frequency range of 1 Hz to 20 kHz. Analysis was performed on 203 

complex plane diagrams (Nyquist plots) generated by Z100. Equivalent circuit analysis was performed 204 

with Zman software. 205 

SWLI was performed on a Zygo Newview 7100 optical surface profiler with a 20X by 2X 206 

objective using a gauss Spline filter (band-pass mode) with cut-off wavelength of 20 microns (low pass) 207 

and 0.83 microns (high pass). 208 

 209 

Statistical Analysis 210 

Analysis of variance (ANOVA model 1) and Tukey tests were performed using Minitab 17 211 

software (Minitab Inc, State College, PA) to determine if electrode treatments produced significant 212 

differences (p< 0.05) in sensitivity, response time, or LOD. All experiments were based on a completely 213 

randomized design with at least three replications. All averages represent the arithmetic mean and all 214 

error bars represent the standard error of the mean based on Streiner et al (1996).  215 

 216 

Results and Discussion 217 

Electrochemical and imaging analysis were performed on each film and compared to bare Pt/Ir 218 

electrodes as well as PGP-modified electrodes. With the exception of silk, all of the hydrogels in this 219 

study are known to exhibit stimulus-response behavior; gel swelling is known to affect electron transport. 220 

To rule out structural changes as a contributing factor to electron transport during DCPA, the solution pH 221 

(7.07 ± 0.01) and temperature (25.0 ± 0.3 °C) were maintained constant throughout all experiments. 222 

Additionally, these operating conditions are expected for in situ autonomous monitoring under field 223 

conditions in the applications discussed herein. 224 

 225 

Electrochemical analysis  226 

Cyclic voltammetry was performed for six different electrodes including bare Pt/Ir, PGP, 227 

PGP_CHI, PGP_PNI, PGP_SILK, and PGP_CNC. Each of these treated electrodes demonstrated 228 
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reversible redox couples in potassium ferrocyanide. Representative CVs are shown in Figure 2a at a scan 229 

rate of 100 mV/sec and switching potential of 650 mV. Figure 2b shows the average ESA for each treated 230 

electrode (n > 3). As noted by Vanegas et al. (2014), PGP significantly improves electron transport 231 

relative to a bare Pt/Ir electrode; ESA values for PGP modified electrodes (0.21 ± 0.02 cm2) were similar 232 

to Vanegas et al. (2014). This ESA is approximately fourteen times greater than a bare Pt/Ir electrode 233 

(0.015 ± 0.0004 cm2). Although each of these four hydrogels has exhibited some conductivity in other 234 

studies, it was anticipated that addition of enzyme-hydrogel layers on PGP-modified electrodes would 235 

reduce the ESA due to the relatively high electron mobility in the PGP layer. For PGP_CNC, the 236 

reduction in ESA was significant, although the other hydrogels did not significantly reduce ESA. This 237 

was verified with analysis of variance (ANOVA) and a Tukey pairwise comparison. ANOVA revealed 238 

significant differences amongst the four PGP-hydrogel composites in terms of ESA (p = 0.35). Based on a 239 

Tukey pairwise comparison, chitosan (0.20 ± 0.06 cm2), PNIPAAM (0.19 ± 0.02 cm2) and silk (0.12 ± 240 

0.02 cm2) hydrogels were not significantly different compared to a PGP electrode at the 95% confidence 241 

interval. Conversely, PGP_CNC (0.09 ± 0.03 cm2) was significantly lower than PGP at the 95% 242 

confidence interval, but higher than a bare Pt/Ir electrode.  243 

 244 

Figure 2. Electroactive surface area of various hydrogel-graphene-AOx bionanocomposites. a) 245 

Representative cyclic voltammograms at a scan rate of 100 mV/sec and switching potential of 650 246 

mV. b) Average electroactive surface area for all electrodes compared to a bare Pt/Ir electrode and an 247 

electrode modified with PGP nanocomposite (n > 3). 1=PGP, 2=PGP_CHI, 3=PGP_PNI, 248 

4=PGP_SILK, 5=PGP_CNC, 6=Bare Pt/Ir. Groups i and ii exhibit statistical differences (p < 0.05) 249 

based on a Tukey pairwise comparison. *Bare Pt/Ir electrode is shown for comparison. 250 

 251 

Figure 3a shows a representative Nyquist plot for bare Pt/Ir, PGP, and PGP_CHI electrodes at a 252 

potential of 100 mV (AC), 0.25 mV (DC) and frequency range of 1 Hz-100 kHz. Bare Pt/Ir electrodes 253 

exhibit slow electron transfer, indicated by the semicircular region in the faradaic impedance spectrum 254 

(Kaushik et al., 2010; Wang et al., 2014). The charge transfer resistance for bare Pt/Ir (9.3 ± 1.9 kΩ) is 255 

significantly higher than the modified electrodes. Conversely, no semicircular region was measureable for 256 

PGP and PGP-hydrogel bionanocomposite electrodes (inset in Figure 3a and Figure 3b), indicating fast 257 
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electron transfer with negligible charge transfer resistance. ZmanTM software (eDAQ Inc.) was used to 258 

estimate the charge transfer resistance (Rct) based on the Randles-Ershler equivalent circuit model (Figure 259 

3c). The Chi squared values for all electrodes (1.3 x 10-3 to 3.9 x 10-3) were similar (see supplemental 260 

Table S1) indicating a good fit to the equivalent circuitry. Charge transfer resistance in chitosan, 261 

PNIPAAM, CNC and silk nanocomposites were not statistically different than PGP electrodes based on 262 

ANOVA (p = 0.23). The solution resistance (Rs) did not significantly change for any of the electrodes 263 

tested except the bare electrodes (see supplemental Table S1). The trends in Figure 3d are similar to ESA 264 

data for each electrode (Figure 2b); validating excellent charge transfer resistance in all PGP modified 265 

electrodes relative to a bare Pt/Ir electrode. This supports the finding by Vanegas et al. (2014), and 266 

extends the concept to include PGP-hydrogel-enzyme bionanocomposites.  267 

 268 

 269 

Figure 3. Electron transfer kinetics determined with EIS for various hydrogel-graphene-AOx 270 

bionanocomposites. a) Representative Nyquist plots for bare Pt/Ir (black circles), PGP (white circles) and 271 

PGP_CHI (black triangles). Solid lines indicate fitting data to equivalent circuit. Inset shows exploded 272 

view of PGP and PGP_CHI electrodes. b) Nyquist plots for PGP_CHI, PGP_PNI, PGP_SILK and 273 

PGP_CNC treated electrodes. c) Randles-Ershler equivalent circuit used to derive solution resistance (Rs) 274 

and charge transfer resistance (R). d) Average charge transfer resistance for treated electrodes; 1=PGP, 275 

2=PGP_CHI, 3=PGP_PNI, 4=PGP_SILK, 5=PGP_CNC, 6=Bare. 276 

 277 
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Figures 2 and 3 indicate that chitosan and PNIPAAM had a higher permeability to charged ions 278 

than fibroin and CNC hydrogels, which indicates that both have a more porous structure network relative 279 

to fibroin and CNC hydrogels under the same experimental conditions. This is based on the assumption 280 

that permeable structure, or lightly crosslinked networks, have higher permeability relative to dense, 281 

highly crosslinked network as shown by others using first order kinetic models (Murphy et al., 1992; 282 

Sung et al., 2014; Zhao et al., 2012).  283 

 284 

Imaging 285 

Figure 4a shows a representative SWLI image of a PGP_CHI treated surface. Chitosan and 286 

PNIPAAM treatments formed films with feature sizes on the order of 550 to 750 nm, while Silk and CNC 287 

treatments formed relatively smooth surfaces with feature sizes (50 to 200 nm) an order of magnitude 288 

lower (see supplemental Figure S1 for all SWLI images). The average root mean square roughness (RMS) 289 

data for all electrodes (Figure 4b) shows that chitosan (699.5 ± 113.2 µm) and PNIPAAM (712.6 ± 31.4 290 

µm) treatments were not statistically different than PGP alone (587.0 ± 63.4 µm) (group a). However, the 291 

surface roughness of PGP_CNC treated electrodes (44.8 ± 0.8 µm) was significantly lower than PGP 292 

based on Tukey pairwise comparison. Electrodes treated with PGP_SILK (267.9 ± 144.2 µm) were not 293 

statistically different than groups i and ii. These trends are similar to the ESA and EIS data (Figures 2-3), 294 

with the exception of PGP_SILK. The low RMS for silk nanocomposites may be due the formation of 295 

micellular microstructures as noted by Hu et al. (2010) and Jin et al. (2003). Increased surface roughness 296 

is associated with improved ESA and decreased charge transfer resistance due to the increase in radial 297 

electron transport. The mechanism for increased charge transfer due to nanoscale roughness features is a 298 

radial transport term (iradial =nFACD*r-1) which contributes in a summative fashion to planar transport 299 

(iplanar =nFACD0.5 * πt-1) where: iradial is the reduction peak (amps) obtained from the cyclic 300 

voltammogram, n is the number of transferred electrons in the redox reaction, F is the Faraday constant 301 

(C mol V0.5), A is the electroactive surface area of the electrode (cm2), C is the molar concentration of the 302 

working solution (mol cm-3), D is the diffusion coefficient (cm2 sec-1), r is the radius of the radial 303 

diffusion layer (cm), and t is the depth of the planar diffusion layer (cm) (Gmucová et al., 2012). 304 

 305 

 306 

Figure 4. a) Representative SWLI oblique map of PGP_CHI electrode. b) Average root mean square 307 

surface roughness coefficient for all bionanocomposites (n > 3). 1=PGP (RMS = 587.0 ± 63.4 nm), 308 
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2=PGP_CHI (RMS = 699.5 ± 113.2 nm), 3=PGP_PNI (RMS = 712.6 ± 31.4 nm), 4=PGP_SILK (RMS = 309 

267.9 ± 144.2 nm), 5=PGP_CNC (RMS = 44.8 ± 0.8 nm), 6=Bare (RMS = 25.89 ± 1.83 nm). Electrodes 310 

with chitosan, PNIPAAM, and silk fibroin hydrogels have significantly higher surface roughness (group 311 

a) than those treated with CNC (group b), while PGP electrodes coated with silk hydrogel show a slight 312 

decrease in surface roughness that is not statistically different than groups i and ii. *Bare Pt/Ir electrode is 313 

shown for comparison. 314 

 315 

The variations in electron transport and morphology observed in Figures 2-4 can be linked to pH 316 

and temperature during experimentation. Solution pH plays an important role in conductivity of 317 

polyelectrolytic hydrogels by formation of acidic groups on the surface. For chitosan, PNIPAAM and 318 

CNC, temperature induces structural changes which regulate gel porosity. Under the experimental 319 

conditions (pH = 7.1 and 25 °C), chitosan (pI = 6.5) and PNIPAAM (pI = 6.2) hydrogels are 320 

macroporous, but are expected to be deprotonated (López-León et al., 2005; de Alvarenga, 2011; Zhang 321 

and Peppas, 2000; Anirudhan et al., 2013). At pH 7.1, fibroin hydrogels (pI ≈ 3.7) are deprotonated 322 

negatively charged and macroporous after transition from amorphous to the β-sheet allotrope (Foo et al., 323 

2006; Zhang et al., 2000). The heterogenous charge density of hydrogel/AOx composites on PGP 324 

nanostructures is not known, and further studies are needed to explore these fundamental material 325 

properties. However, the electrochemical data in Figures 2 and 3 suggest that the polymer network is 326 

positively charged. Under these experimental conditions CNC (pI = 6.5), is deprotonated, but film 327 

dispersion may lead to relatively poor performance, as CNC is known to have excellent dispersion in 328 

water (Liang et al., 2007). Based on the work by Dufresne (2010), it was anticipated that AOx would 329 

serve as a reinforcing structure for CNC via CBM and carboxyl-amine binding, leading to formation of a 330 

stable hydrogel. However, additional studies are needed to understand the mechanical properties and 331 

stability of CNC-oxidase composite films.  332 

 333 

Biosensor efficacy 334 

AOx oxidizes short chain alcohols, producing carbonyl compounds and hydrogen peroxide; free 335 

electrons produced during the deprotonation of hydrogen peroxide are measured as oxidative current at 336 

+500mV (see supplemental Figure S2). To investigate the efficacy of each hydrogel-graphene 337 

bionanocomposite, AOx biosensors were tested in PBS at 25°C and pH 7.07 ± 0.01 using DCPA. A 338 

representative DCPA time series is shown in Figure 5a for PGP_CHI, and the inset shows the calibration 339 

plot (see supplemental Figure S3 for an exploded view of inset). After stepwise addition of methanol, 340 

oxidative current increased until a steady state response was established. Figure 5b shows the average 341 

sensitivity values derived from calibration curves for all four bionanocomposites. Performance 342 

characteristics extracted from this curve include sensitivity (Figure 5b), response time (Figure 5c), and 343 

limit of detection (Figure 5d). 344 

Among the various hydrogel nanocomposites, the highest sensitivity toward methanol was 345 

observed for electrodes prepared with chitosan (0.46 ± 0.18 µA mM-1 and PNIPAAM (0.30 ± 0.11 µA 346 

mM-1). These treatments also yielded the fastest response times (4.33 ± 0.82 s for CHI and 4.77 ± 1.1 s for 347 

PNIPAAM). In contrast, PGP_SILK and PGP_CNC showed the lowest sensitivity (0.09 ± 0.02 µA mM-1 
348 
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for SILK, and 0.15 ± 0.03 µA mM-1 for CNC) and slowest response times (8.9 ± 2.1 for SILK, and 6.3 ± 349 

0.8 s for CNC). Detection limits for chitosan (0.1 ± 0.02 µM), PNIPAAM (0.09 ± 0.3 µM), silk (0.09 ± 350 

0.03 µM), and CNC (0.07 ± 0.01 µM) were all within ranges that were relevant for industrial applications 351 

such as forensics, food and beverage, and biofuel industries. Sensitivity, response time and limit of 352 

detection for all four electrode treatments were not statistically different based on ANOVA analysis (p = 353 

0.64 for sensitivity, p = 0.50 for response time, and p = 0.77 for limit of detection).  354 

 355 

Figure 5. DC potential amperometry for treated electrodes. (a) A representative DCPA time series for 356 

AOx immobilized in chitosan on a PGP-modified electrode (inset shows average current versus methanol 357 

concentration; see supplemental information for expanded plot) (b) Average sensitivity, (c) average 358 

response time and (d) average limit of detection for each electrode treatment (n > 3). 1=PGP_CHI, 359 

2=PGP_PNI, 3=PGP_SILK, 4=PGP_CNC. A Tukey pairwise comparison was used to group electrodes 360 

with no statistically significant differences in performance (indicated by the letter a). 361 

 362 

Hysteresis (measured as percent difference in polarization current after exposure to methanol) 363 

varied from 18 ± 7% for CNC treated electrodes to 54 ± 8% for silk treated electrodes. Hysteresis for 364 

chitosan (32 ± 8%) and PNIPAAM (49 ± 20%) nanocomposites was less than that of silk, but higher than 365 
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CNC (average hysteresis for all electrodes was 38 ± 8%). Hysteresis for the four electrode treatments was 366 

not statistically different based on ANOVA analysis and Tukey Tests (p=0.22 for hysteresis) (see 367 

supplemental figure S4). Shelf life of all bionanocomposites varied considerably; between 65% and 92% 368 

reduction in sensitivity after 100 days of storage in PBS at 4º C. The sensitivity of CHI electrodes 369 

decreased by 41.2% after 90 days, while sensitivity of PNI and CNC electrodes reduced by 84.2%, and 370 

85.5%, respectively (see Figure S5). The sensitivity of SILK treated electrodes after 100 days at 4º C was 371 

similar to as prepared electrodes. These data indicate that CHI and SILK may be the best materials for 372 

development of robust AOx bionanosensors; CHI is the clear candidate between these two materials for 373 

superior performance. If shelf life is not a design consideration, CHI or PNI bionanohybrid electrodes are 374 

both strong candidates using the configurations described herein. These two hydrogels have distinct 375 

stimulus-response properties that can be exploited in future studies: CHI is a pH-responsive polymer 376 

while PNI is a temperature-responsive polymer.  377 

 378 

Comparison to other AOx hydrogel biosensors  379 

The performance characteristics of the hydrogels investigated here are within the range of other 380 

devices in the published literature, and some properties are significantly improved (Table 1). Of particular 381 

importance is that the single enzyme bionanocomposites developed in this study are biocompatible/non-382 

toxic, and did not use mediators or cofactors. These are very important attributes for application in food 383 

and beverage industry (where release of noxious or toxic compounds is strictly prohibited) and also in 384 

biofuel reactor monitoring (where addition of mediators is not cost effective at the scale of analysis). The 385 

hydrogel-graphene bionanocomposites also demonstrated excellent response times; the biosensors in this 386 

study were at least an order of magnitude faster than previously published sensors.  387 

Table 1. Comparison of hydrogel immobilization approaches for alcohol oxidase biosensors.  388 

Hydrogel 
Sensitivity  

[µA mM
-1

] 

LOD  

[µM] 

Response 

Time [s] 

Linear  

range [µM] 
Reference 

AOx/HRP/ 
polyvinyl 

imidazole osmium 
1.31 ± 0.06 10 ± NR NR 

250 to 
2000 

Vijayakumar et al. 
(1996) 

PCS (a) 0.03 ± 0.0002  26 ± NR 12 ± 0.7 
100 to 
3000 

Patel et al.  (2001) 

HRP/PVI-
Os/PEG-DGE (a) 

0.10 ± NR  20 ± NR NR NR 
Alpeeva et al.  

(2005) 

AOx/chitosan/ 
Eggshell (a) 

 (b) 30 ± NR 1.0 ± NR 
60 to  
800 

Wen et al.  (2007) 

PAMAM (a) 0.34 ± NR  16 ± NR 100 ± NR 
25 to 
1000  

Akin et al.  (2010) 
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PEI (a) 0.91 ± NR  5 ± NR 55 ± NR 
8 to 
42 

Das et al.  (2013) 

Chitosan_PGP 0.46 ± 0.18 100 ± 20 4.33 ± 0.8 
100 to 
2500 

this work 

PNIPAAM_PGP 0.30 ± 0.11 50 ± 10 4.77 ± 1.1 
50 to 
2500 

this work 

Silk_PGP 0.09 ± 0.02 90 ± 300 8.85 ± 2.1 
90 to 
2500 

this work 

CNC_PGP 0.15 ± 0.03 70 ± 10 6.30 ± 0.8 
70 to 
2500 

this work 

(a): sensor tested with ethanol, but shown for comparison. 389 

(b): sensitivity (3.02 ± NR mg-O2 L
-1
 mM-EtOH) was shown as decrease in dissolved oxygen.  390 

NR indicates data not reported 391 

 392 

Patel et al. (2001) and Vijayakumar et al. (1996) developed some of the first successful AOx 393 

biosensors. The single enzyme system immobilized AOx in poly(carbamoyl)sulfonate (PCS) hydrogel 394 

(Patel et. al., 2001). The sensor had a relatively low sensitivity (0.03 µA mM-1), although the LOD (26 395 

µM), response time (12 sec), and range (100 to 3000 µM) were comparable to most devices published to 396 

date. The bi-enzyme sensor develop by Vijayakumar et al. (1996) showed excellent sensitivity (1.31 µA 397 

mM-1), LOD (10 µM), and range (10 to 4000 µM), and in many ways is one of the best sensors to date. 398 

However, the use of osmium complexes as a mediator has some problems for applications in biological 399 

samples such as food and biofuel production. Lukasova et al. (1982) and others have shown that osmium 400 

complexes with ssDNA and dsDNA, which may lead to poor selectivity in samples where 401 

polynucleotides are present. Furthermore, the tetroxide form of osmium is highly toxic (Wheeldon et al., 402 

2008), which could lead to contamination of samples (or processors in the case of biofuel reactors). 403 

Another drawback of the device by Vijayakumar et al. (1996) is the need for two enzymes, which is 404 

suspected to lead to poor shelf life (although no data is reported beyond 7 days). 405 

Wen et al. (2007) developed an AOx device using a chitosan/eggshell membrane composite as 406 

the encapsulant. The LOD (30 µM) and response time (1 sec) were excellent. The sensitivity toward 407 

ethanol cannot be compared to other devices because the sensor output was recorded as a decrease in 408 

dissolved oxygen concentration (rather than directly using DCPA as other studies have done). The 409 

detection of oxygen consumption as a surrogate for direct measurement of ethanol is challenging for the 410 

applications discussed here because samples taken from food/beverage products or biogas reactors have 411 

variable background oxygen concentration. Furthermore, any contamination of the sensor surface with a 412 

living microorganism which undergoes aerobic metabolism imparts significant bias in the measured 413 

signal (on the order of 100-1000 times higher than the oxidase activity of the enzyme based on 414 

approximations of oxidoreductase distribution in cells). 415 
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A bi-layer, bi-enzyme sensor developed by Alpeeva et al. (2005) combined horseradish 416 

peroxidase (HRP) or royal palm tree peroxidase combined with AOx from a genetically modified strain of 417 

the methylotrophic yeast Hansenula polymorpha in hydrogel layers encapsulated in polyvinyl imidazole 418 

(PVI). The bi-enzyme sensor had a sensitivity that was relatively low (0.10 µA mM-1), but a relatively 419 

low LOD (20 µM) and high stability (measured based on a Michaelis deactivation constant). Response 420 

time and linear range were not reported for this device. 421 

A multiplexing device developed by Akin et al. (2010) was constructed with an 422 

AOx/glutaraldehyde/cysteamine/PAMAM composite on a gold electrode by self-assembly. Although this 423 

device was used to measure ethanol, oxygen, and glucose, the ethanol biosensor used AOx, and is 424 

therefore used for comparison. The sensitivity (0.34 µA mM-1) and low LOD (16 µM) for the PAMAM 425 

device were attributed to efficient crosslinking between cysteamine and the poly(amido amine) 426 

(PAMAM) dendrimers (Akin et al., 2010). The device also showed a wide sensing range (25 to 1000 µM) 427 

and a relatively low LOD (100 µM). The challenge with using the design by Akin et al. (2010) in food 428 

and beverage or biofuel applications is the cytotoxicity of PAMAM dendrimers (Akin et. al., 2010). It is 429 

also not possible to directly assess the reliability of this device for applications due to the lack of 430 

replication in many of the reported data. 431 

A design was recently published by Das et al. (2013), which involved deposition of AOx in 432 

polyethyleneimine (PEI) onto a gold electrode coated with multiwalled carbon nanotubes (MWCNT) 433 

suspended in Nafion at pH 7.5. This design demonstrated a good sensitivity (0.91 µA mM-1) and LOD (5 434 

µM) for argon purged solutions, although replicates were not reported for some of the data sets and no 435 

statistical validation could be conducted. The extremely low LOD was attributed to high enzymatic 436 

activity due to efficient amine bonding of AOx along positively charged PEI chains. Drawbacks of this 437 

design are the relatively poor linear range (8 to 42 µM), cytotoxicity of PEI chains, and that the working 438 

solution must be purged with argon prior to analysis (which is challenging in field studies). The 439 

cytotoxicity is a major concern for analysis of alcohols in food products since PEI is soluble in methanol 440 

(Liu et al., 2012). Although no leaching studies were conducted for the PEI device (Das et. al., 2013), 441 

dispersion of long chain PEI fractions during measurement could contaminate food products and/or 442 

biofuel reactors.  443 

The hydrogels used in this study are water soluble, biocompatible, and non-toxic. Although 444 

detailed selectivity tests were not conducted in this study, AOx from Pichia pasotoris has a high affinity 445 

for methanol, and is also known to oxidize propargyl alcohol (90% selective relative to methanol), 446 

ethanol (82% selective), and 2-propanol (81% selective) (Sahm et al., 1982). Future studies focusing on 447 

tuning of the hydrogel to meet specific application requirements (e.g., stimuli-response properties, 448 

durability, etc.) may significantly improve performance, although characterization of the rheological and 449 

stimuli-response properties is outside of the scope of this work.  450 

Vijayakumar et al. (1996) showed that bi-enzyme electrodes using polyvinyl imidazole osmium 451 

as the encapsulant can be stored for up to 7 days, and sensors are stable for up to 8 hours of continuous 452 

measurement. The stability and shelf life of all hydrogels was significantly better than the 8 days reported 453 

by Vijayakumar et al. (1996). Comparison to other sensors in the literature is difficult as hysteresis and 454 

shelf life are not commonly reported. 455 
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 456 

Conclusions 457 

Electroactive surface area, impedance spectra, amperometric sensitivity, response time, limit of 458 

detection and gel morphology were measured to quantitatively compare alcohol biosensors composed of 459 

enzyme-hydrogel-graphene bionanocomposites. The sensitivity, limit of detection, and range for all 460 

hydrogels composites in this study were within the range of other devices in the published literature. 461 

Response time and shelf life were significantly improved over other published devices. Based on the six 462 

performance parameters tested, biosensors composed of PNIPAAM and chitosan were the most efficient 463 

at pH 7.1 and 25°C. The highest shelf life was observed for biosensors prepared with chitosan and silk, 464 

although overall nanohybrid AOx sensors based on silk hydroges were relatively poor. AOx biosensors 465 

based on CNC hydrogels had the lowest performance of the four materials tested. Overall, electrodes 466 

prepared with chitosan and PNIPAAM hydrogels were the most efficient. These two hydrogels have 467 

distinct stimulus-response properties that can be exploited in future studies based on actuation of the 468 

nanohybrid material for sensing applications. Of particular importance is that the single enzyme 469 

bionanocomposites developed in this study are all biocompatible/non-toxic, and did not use mediators or 470 

cofactors. These are very important attributes for application in the food and/or biofuel industries. 471 

Evaluation of these materials in a side-by-side comparison provides insight into the mechanisms of 472 

enzyme-hydrogel nanomaterial interactions and the effect(s) on general biosensor performance for other 473 

oxidase with a similar pKa. 474 
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Supplemental information 582 

Table S1. Equivalent circuit analysis of Nyquist plots for various electrode configurations. EIS data was 583 

analyzed with the Randles-Ershler model. Results are shown for charge transfer resistance (R), solution 584 

resistance (Rs), Capacitance (Qv and Qa), Warburg impedance (W) and Chi-squared (ChiSq).  585 

 586 

  587 

Bare Platinum PGP PGP + CHI + AOX PGP + PNI + AOX PGP + SILK + AOX PGP + CNC + AOX
R (Ω) 9.27E+03 7.24E+03 1.08E+03 3.88E+03 5.37E+03 4.28E+03

Rs (Ω) 1.53E+03 7.79E+02 4.60E+02 6.07E+02 6.30E+02 7.22E+02

Qy 6.85E-05 6.37E-04 3.61E-04 7.37E+02 2.38E-04 1.15E+01

Qa 3.42E-06 1.50E-04 4.30E-04 2.58E-04 3.20E-04 2.40E-04

W 7.59E-01 6.92E-01 5.89E-01 5.82E-01 6.12E-01 6.20E-01
ChiSq 3.38E-03 3.45E-03 3.24E-03 3.92E-03 2.79E-03 1.30E-03

Table S1. Nyquist Simulation Results
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 588 

 589 

Figure S1. Representative SWLI images for all bionanocomposites. RMS values for each treatment were 590 

measured in triplicate (n > 3): 1=PGP (RMS = 587.0 ± 63.4 nm), 2=PGP_CHI (RMS = 699.5 ± 113.2 591 

nm), 3=PGP_PNI (RMS = 712.6 ± 31.4 nm), 4=PGP_SILK (RMS = 267.9 ± 144.2 nm), 5=PGP_CNC 592 

(RMS = 44.8 ± 0.8 nm), 6=Bare (RMS = 25.89 ± 1.83 nm). 593 

 594 

 595 
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 596 

Figure S2. Schematic diagram depicting the oxidation of short chain alcohols by alcohol oxidase (AOx). 597 

Byproducts of this reaction are carbonyl compounds and hydrogen peroxide. Under oxidative bias, 598 

hydrogen peroxide deprotonates to produce free electrons which are measured as current (not 599 

drawn to scale). 600 
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 602 

 603 

Figure S3. Representative average current versus methanol concentration plot from DCPA time series for 604 

AOx immobilized in chitosan on a PGP sandwich nanocomposite platform.  605 
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 607 

 608 

 609 

Figure S4. Average percent difference in polarization current for treated electrodes.  Hysteresis 610 

measurements for AOx immobilized in various hydrogels on PGP-modified electrodes (n > 3). 611 

PGP_CHI= 31.8% ± 6.6%, PGP_PNI= 48.6% ± 20.2%, PGP_SILK=53.6% ± 8.3%, PGP_CNC=18.0% ± 612 

7.3%. A Tukey pairwise comparison was used to group electrodes with no statistically significant 613 

differences in performance (indicated by the letter a). 614 
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 616 

Figure S5. Shelf life study of hybrid bionanocomposites after storage in PBS at 4°C 617 
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