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Abstract 11 

We demonstrate the first report of graphene paper functionalized with fractal 12 

platinum nanocauliflower for use in electrochemical biosensing of small molecules 13 

(glucose) or detection of pathogenic bacteria (Escherichia coli O157:H7). Raman 14 

spectroscopy, scanning electron microscopy and energy dispersive spectroscopy show 15 

that graphene oxide-coated nanocellulose was partially reduced by both thermal 16 

treatment, and further reduced by chemical treatment (ascorbic acid). Fractal 17 

nanoplatinum with cauliflower-like morphology was formed on the reduced graphene 18 

oxide paper using pulsed sonoelectrodeposition, producing a conductive paper with an 19 

extremely high electroactive surface area (0.29  0.13 cm2), confirmed by cyclic 20 

voltammetry and electrochemical impedance spectroscopy. The platinum surface was 21 

functionalized with either glucose oxidase (via chitosan encapsulation) or a RNA 22 

aptamer (via covalent linking) for demonstration as a point of care biosensor. The 23 
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detection limit for both glucose (0.08  0.02 μM) and E. coli O157:H7 (≈4 CFU mL-1) 24 

were competitive with, or superior to, previously reported devices in the biosensing 25 

literature. The response time (6 sec for glucose and 12 min for E. coli) were also similar 26 

to silicon biochip and commercial electrode sensors. The results demonstrate that the 27 

nanocellulose-graphene-nanoplatinum material is an excellent paper-based platform for 28 

development of electrochemical biosensors targeting small molecules or whole cells for 29 

use in point of care biosensing. 30 

 31 
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1. Introduction 35 

A wide variety of paper-based biosensors such as colorimetric indicators 36 

(Suaifan et al., 2013), fluorescent/chemiluminescent immunoassays (Ellerbee et al., 37 

2009; Ge et al., 2012), microfluidic arrays (Abe et al., 2008; Chen et al., 2008; Liu and 38 

Crooks, 2011), origami immunosensors (Li et al., 2014), and electrochemical biosensors 39 

(Dungchai et al., 2009) have been developed. Development of conductive paper for 40 

electrochemical sensing based on conductive nanocarbon has been an area of 41 

extensive research for the last few decades. Conductive nanocarbon-based paper has 42 

been synthesized using fullerenes, nanotubes, and single layer nanosheets (Dikin et al., 43 

2007; Liu, 1998; Madden et al., 2006; Park et al., 2008; Spinks et al., 2002; Zhang et 44 

al., 2004). Recently, most research in conductive paper for electrochemical biosensing 45 

has focused on use of graphene or reduced graphene oxide as the conductive 46 

backbone (Chen et al., 2008; Eda et al., 2009, 2008; Mates et al., 2015; Xu et al., 2010; 47 

Yang et al., 2013). Many groups have shown that hybrid nanostructures containing 48 

nanocarbon and nanometal are one of the most efficient platforms for electrochemical 49 

sensors and biosensors (Labroo and Cui, 2014; Xia et al., 2011). However, to date 50 

there are no examples of nanometal-graphene hybrid composites for use in paper-51 

based biosensing. 52 

Among the many approaches for deposition of nanometal onto conductive 53 

carbon, many groups have focused on synthesis of nanometal fractal structures with the 54 

aim of fabricating high efficiency electronic devices. For example, (Chamousis et al., 55 

2014) recently showed that fractal silver nanostructures in organic semiconducting 56 

polymer films are more efficient than traditional “flat” photovoltaic electrodes. Wang et al 57 
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(Wang et al., 2013) developed fractal gold nanostructures for the ultra-sensitive 58 

recognition of rare cancer cells from whole blood samples. Zhou et al (Zhou et al., 59 

2007)synthesized fractal palladium nano urchins and dendrites for use as a highly 60 

conductive platform in amperometric sensing. Nanometal structures with morphology 61 

similar to cauliflower or broccoli have been synthesized with gold (Sattayasamitsathit et 62 

al., 2013), zinc oxide (Izaki et al., 2008), iron oxide (Warren et al., 2013), and cadmium 63 

sulfide (Wilson et al., 2014). Other nanostructure morphologies such as flowers, 64 

raspberries, urchins, and confeito have also been synthesized (Liu et al., 2014; Marr et 65 

al., 2015; Ujihara and Imae, 2013; Wang et al., 2010; Wei et al., 2012). Among the 66 

various metals used to create fractal nanostructures, nanoplatinum (nPt) has properties 67 

that make it particularly useful for biosensing (it is biocompatible, easily 68 

biofunctionalized, corrosion resistant, and stable).  69 

In this manuscript, we demonstrate the synthesis and application of platinum 70 

nanocauliflower-graphene hybrids on nanocellulose paper for use in point of care (POC) 71 

biosensing. We demonstrate use of this device in amperometric biosensing with an 72 

oxidase and a RNA aptamer for detection of glucose of Escherichia coli O157:H7, 73 

respectively.  74 

 75 

2. Methods 76 

See supplemental section for list of materials and reagents and methods for 77 

microbial cultivation. 78 

 79 

2.1 Preparation of conductive paper 80 
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Graphene-nanocellulose paper was prepared based on modification of the recipe 81 

developed by (Marr et al., 2015). A CNC layer was first formed by vacuum filtration of a 82 

1:4 (slurry: water) mixture through a 7.0 cm cellulose acetate filter paper (50 mL total 83 

slurry volume). The filter with CNC retentate was removed and pressed between 84 

borosilicate glass slides, and then dried at 75C for one hour. The CNC paper was then 85 

coated with 500 µL of conductive ink, and dried in a vacuum oven at 115oC for 2 hours. 86 

After this thermal reduction (referred to as thermally reduced graphene paper, or TRG), 87 

the material was immersed in 1mM ascorbic acid for one hour to chemically reduce the 88 

graphene oxide (referred to as ascorbic acid reduced graphene paper, or AARG). 89 

Finally, the samples were dried for 30 minutes at 75C and cut into rectangular strips 90 

(1.2 cm by 0.5 cm). Platinum was electrodeposited on graphene-nanocellulose paper 91 

using pulsed sonoelectrodeposition at a frequency of 500 mHz for 180 sec at 10 V 92 

versus a bare platinum wire based on (Burrs et al., 2015; Chaturvedi et al., 2014). The 93 

conductive paper was fixed into a custom 3-D printed sample immobilization device with 94 

an open diameter of 2mm (see supplemental Figure S1).  95 

 96 

2.2 Biofunctionalization of conductive paper 97 

Glucose biosensors were prepared by functionalizing the nanoplatinum with 98 

glucose oxidase (GOx) entrapped in a chitosan hydrogel based on Burrs et al (Burrs et 99 

al., 2015). In summary, an aliquot (10 µL) of GOx (46mg/mL at a protein concentration 100 

of 138.4 kU/g) was mixed with 10 µL of chitosan (0.05% w/v), and vortex-agitated for 1 101 

min. A 2 µL aliquot of enzyme-hydrogel suspension was drop-coated onto the surface of 102 

the device and dried at room temperature for 30 minutes. 103 
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Aptasensors for detecting E. coli by O157:H7 by were prepared by dropcasting 104 

2L of thiolated 64-mer RNA aptamer that is known to bind the O-antigen (KD = 110 nM) 105 

suspended in 10 mM TRIS EDTA buffer, pH 7.4). The aptamer was allowed to adsorb  106 

for 30 minutes at room temperature. 107 

 108 

2.3 Electrochemical Analysis  109 

All electrochemical analysis was performed in a 3D printed sample 110 

immobilization device (see supplemental Figure S1). Cyclic voltammetry (CV) and DC 111 

potential amperometry, (DCPA) were carried out using a potentiostat (BASi, West 112 

Lafayette, USA). Electrochemical impedance spectroscopy (EIS) was conducted on a 113 

EA163 potentiostat and an eDAQ ERZ100 (eDAQ, Colorado Springs, USA). 114 

CVs were performed in 4 mM Fe(CN)6 with 100 mM KNO3 as the electrolyte at a 115 

switching potential of 600 mV versus a Ag/AgCl reference electrode with 5 seconds 116 

quiet time at scan rates of 20, 50, 100, 150, and 200 mV s−1. DCPA tests were 117 

conducted in 5 mL of PBS at a working potential of +500 mV versus a Ag/AgCl 118 

reference electrode with a sampling rate of 1 kHz. EIS was conducted in a solution of 119 

2.5 mM K4Fe(CN)6 and 2.5 mM K3Fe(CN)6 with 1 mM KCl as the electrolyte versus a 120 

Ag/AgCl reference electrode using a bare platinum wire as the counter electrode. With a 121 

potential of 100 mV (AC) and 0.25 mV (DC) at 1 Hz were used to calculate sensitivity 122 

and LOD.  123 

 124 

2.4 Imaging and material analysis 125 
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Raman spectra were obtained using a Horiba Aramis Raman spectrometer with a 126 

532-nm laser source. A 100 μm confocal hole with a 1-3% transmission filter (400-3000 127 

range) at 20 seconds per scan and 1X ad hoc averaging was used for all samples. 128 

Scanning electron micrographs (SEM) were captured using an FEI XL-40 FEG-SEM, 129 

with accelerating voltage of 20 kV (100kX). Electron dispersive X-ray spectroscopy 130 

(EDS) was conducted with a solid state EDAX silicon drift detector (20 kX) on a SEM 131 

6400 for elemental analysis.  132 

 133 

3. Results and Discussion 134 

3.1 Material Analysis and Surface Morphology  135 

Raman spectroscopy was used to characterize thermally reduced (TRG) and 136 

chemically reduced (AARG) nanocellulose paper (λx = 532 nm). Stokes and anti-stokes 137 

peaks associated with graphene are clearly visible in Fig 1 A-C (Raman spectra 138 

between 1000 to 3000 cm-1 can be seen in supplemental Figure S2). The anti-stokes 139 

shift appears in the D-band (1364.5  1.4 cm-1), while the stokes shift is reflected in the 140 

G-band (1593.1  1.4 cm-1) and the 2D-band (2718.8  5.2 cm-1) (Kabiri et al., 2014; 141 

Zhang et al., 2016). The D-band, G-band and 2D-band for pristine graphene (shown as 142 

a dashed line in Fig. 1) are located at approximately 1330 cm-1, 1586 cm-1, and 2690 143 

cm-1, respectively; these lines are slightly different than the graphene nanocellulose 144 

hybrid material developed here (Childres et al., 2013; Stankovich et al., 2007). The G-145 

band is related to graphitic components, while the D-band is associated with structural 146 

defects and partially disordered structures of sp2 domains (Kabiri et al., 2014; 147 

Stankovich et al., 2007; Zhang et al., 2016). The appearance of a distinct peak near the 148 
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D-band (Fig 1A) indicates that the TRG and AARG are not pristine, which was expected 149 

for this graphene-PMMA composite ink. Furthermore, the subtle shifts in wavenumber 150 

peak for the Raman bands (relative to pristine single layer graphene) are likely due to: 151 

1) the presence of aggregated graphene islands (see also Fig 2 and related 152 

discussion), 2) surface bound PMMA within the composite, and 3) use of a 532 nm 153 

monochromatic laser, or 4) residual solvent effects after washing. Chemical reduction 154 

with ascorbic acid (i.e., AARG) also caused a slight bathochromic shift (approximately 155 

10 cm-1) in the D-band (Fig 1A) and the G-band (Fig 1B), which is most like due to 156 

residual solvent effects.  157 

The intensity of the D-, G-, and 2D-bands for AARG were significantly lower than 158 

TRG (p=0.01; α=0.05; see supplemental Fig S2), which is similar to studies of pristine 159 

graphene (Stankovich et al., 2007). Furthermore, the intensity ratio (ID/IG) for AARG 160 

(0.79 ± 0.01) was significantly lower than TRG (0.83 ± 0.01), which is indicative of 161 

partial removal of hydroxyl groups during reduction of graphene (Tanizawa et al., 2012).  162 

The ID/IG ratio decreases in the low disorder region because the distance between 163 

defects is reduced, as hydroxyl groups contribute to the disorder as apparent in the D 164 

band (Childres et al., 2013). 165 

The electron micrographs in Fig 1 D-F show distinct changes in surface 166 

morphology after each progressive treatment during fabrication of the conductive paper. 167 

The TRG ink on nanocellulose paper (Fig 1D) contained plate like structures similar to 168 

the islands shown by Ramanathan et al (Ramanathan et al., 2008). Gomez-Navarro et 169 

al (Gómez-Navarro et al., 2010) and others have shown that composites with reduced 170 

graphene oxide (rGO) contain more than 50% of these aggregated reduced graphene 171 
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oxide (rGO) islands interspersed with amorphous sp2 bonded clusters. After ascorbic 172 

acid reduction (AARG; Fig 1E), the surface area increased, and there were discernable 173 

pores in the electron micrograph (approximately 200 nm). Wang et al (Wang et al., 174 

2013) showed that defect clusters in rGO islands can be selectively removed with acid 175 

to produce a graphene nanomesh structure with graphene basal planes, enhancing 176 

surface area and conductivity. Although we did not explore longer chemical reduction 177 

times or stronger acid treatments, (i.e., larger pores), the 200 nm pores developed here 178 

may be related to the enhanced conductivity after chemical reduction based on Wang et 179 

al (Wang et al., 2013) (see Fig 2 for electrochemical data). EDS analysis (see 180 

supplemental Table S1) confirmed that the graphene oxide was reduced by 181 

thermal/chemical treatment. The carbon-oxygen weight ratio decreased by 11.2%, and 182 

the atomic carbon-oxygen ratio decreased by 9.7% after chemical treatment with 183 

ascorbic acid. Fig 1F shows platinum nano cauliflower structures that were formed on 184 

the rGO-CNC paper after chemical reduction of graphene oxide. Platinum 185 

nanocauliflowers with structures ranging from 10 nm nodes to 2 m terminal clusters 186 

were homogenously distributed across the surface. The specific particle size, or fractal 187 

dimension, of these platinum nanostructures was not determined. As noted by Kim et al 188 

(Kim, 2004), three dimensional fractal structures are inherently difficult to quantify for 189 

cauliflower structures. After formation of nanocauliflowers, the oxygen was reduced by 190 

88%, and surface coverage of graphene was reduced by 97% (see supplemental Table 191 

S1 and Fig S3). EDS spectra also confirmed the presence of two types of platinum (PtM 192 

and PtL), which is similar to previous work with rGO-nPt nanostructures (Chaturvedi et 193 

al., 2014). The detection of a relatively small PtL peak (edge energy = 3.3 keV) relative 194 



 

10 

to the PtM peak (edge energy = 9.4 keV) indicates that the platinum structure is stable 195 

up to the penetration depth of the X ray (approximately 1-2 μm). No peaks for Pt oxide 196 

were observed, although Taguchi et al (Taguchi et al., 2016) recently showed formation 197 

of Pt oxide using similar metal deposition techniques on commercial Pt/Ir electrodes. 198 

No cracks or structural abnormalities were observed in the nanoplatinum (also 199 

see supplemental Fig S3), and no capping agents or quaternary ammonium salts were 200 

used to form the fractal nanometal structures.  201 

 202 

 203 

Figure 1. Panels A-C: Raman spectrographs of TRG and AARG using a 532 nm laser 204 

excitation showing A) D-band, B) G-band, and C) 2D-band. Stokes shifts after partial 205 

reduction of graphene oxide are shown in the G-band and 2D bands, while Anti-stokes 206 

shift are shown for the D-band. Full Raman spectra are shown in supplemental Figure 207 

S2. Panels D-F: SEM images of conductive paper surface following each treatment. (D) 208 

TRG ink on cellulose paper with irregular reduced graphene oxide microplatelet 209 
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structures, (E) AARG with heterogeneous 200 nm pores (indicated by arrows), and (F) 210 

pulSED nano cauliflowers on the reduced graphene oxide ink. 211 

 212 

Although a deterministic electron transport model has yet to be developed, a 213 

number of researchers have empirically demonstrated that nanometal cauliflower, 214 

broccoli, and raspberry structures have extremely high electron transport relative to 215 

other nanometal morphologies. Simonet (Simonet, 2006) demonstrated the formation of 216 

Pt nano raspberry structures using galvanostatic electrodeposition in the presence of 217 

dimethylformamide and tetraalkylammonium salts. Other non-fractal nanoscale platinum 218 

morphologies used in electrochemical biosensing include micro-islands (McLamore et 219 

al., 2011; Shi et al., 2011), nanosphere-decorated carbon nanotubes (Claussen et al., 220 

2012, 2011, 2009), graphene-nanocoral sandwich films (Chaturvedi et al., 2014; 221 

Vanegas et al., 2014), and multi-layered graphene-nanosphere petals (Claussen et al., 222 

2011). The recent interest in fractal nanostructures for electronic applications is in 223 

essence a form of biomimicry; natural systems have evolved fractal patterns that 224 

optimize mass transfer, heat transfer, and structural integrity utilizing a vast array of 225 

fractal morphologies (Kane et al., 1999; Sawada et al., 1986; Sims et al., 2008). 226 

 227 

3.2 Electrochemical Analysis 228 

Thermal reduction of the graphene-nanocellulose paper did not produce well-229 

defined CV peaks using either ferrocyanide or with the ferrocyanide/ferricyanide redox 230 

couple (Fig 2A). This indicates that the TRG paper had poor charge transfer (also see 231 

supplemental Figure S4). Chemical reduction of the graphene ink increased the peak 232 
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current response, but the change in redox peak was not significant (p=0.31; α=0.05). 233 

When platinum nanocauliflowers were deposited on the AARG graphene, well-defined 234 

reversible redox peaks were apparanet, and the peak current increased by 160 ± 12 μA 235 

(Fig 2A). Representative Nyquist plots (Fig 2B) and Bode magnitude plots (Fig 2C) 236 

confirm this trend; TRG and AARG had a relatively high charge transfer resistance (Rct) 237 

at low frequency impedance values (indicated by the semicircular region), and diffusion 238 

limitations at high frequency. However, EIS for the Pt nano cauliflower-decorated AARG 239 

paper did not have an obvious semicircular region, which indicates the charge transfer 240 

resistance was negligible (also see Fig 3 and Table 1). For all samples, the solution 241 

resistance did not change significantly (see supplemental Figure S5 for solution 242 

resistance data and the Randles-Ershler equivalent circuit model). The Bode magnitude 243 

plots in Fig 2C indicate that charge transfer in the TRG and AARG conductive paper 244 

was diffusion limited, but not in the Pt nanocauliflower-decorated samples (also see 245 

supplemental Figure S6). 246 
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 247 

 248 
Figure 2. Electrochemical behavior of graphene-nanocellulose conductive paper for 249 

each treatment. Representative A) cyclic voltammograms at a scan rate of 100 mV/sec 250 

and switching potential of 650 mV, B) Bode magnitude plot, and C) Bode phase plot. 251 

 252 

 253 
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 254 

Fig 3 shows the average CV and EIS data for each material (n>3). The average 255 

electroactive surface area (ESA) increased by an order of magnitude after deposition of 256 

Pt nanocauliflower structures (Fig 3A). For the data in Fig 3A, only the nano Pt-257 

decorated material showed well-defined, reversible redox peaks that can be used for 258 

calculation of ESA using Randles-Sevcik. On the other hand, the AARG and TRG 259 

samples produced “bird beak” shaped voltammograms similar to nanoelectrodes, with 260 

no distinct oxidation or reduction peak (supplemental Fig S4); thus we estimate peak 261 

reductive current as an approximation only for comparison purposes to calculate 262 

average ESA for the three nanomaterials as shown in Fig 3A. Although there is 263 

significant variation in the ESA for all materials, the deposition of pulSED Pt 264 

nanocauliflowers on AARG-CNC paper significantly improved ESA to an average value 265 

of 0.29  0.13 cm2 (see Table 1 for a comparison to other devices in the published 266 

literature), 267 

The average Rct of Pt nano cauliflower (24  6 ) was was orders of magnitude 268 

lower than Rct for TRG (980  162 ) and AARG (1720  206 ) paper (ANOVA, 269 

p=0.010, =0.05) (Fig 3B). The average Warburg resistance for the TRG (1.7  0.1 k) 270 

and AARG (1.9  0.2 k) was significantly higher than the Pt nano cauliflower 271 

decorated graphene (1.1  0.1 k) (see Fig 3B). This result, and the Bode phase plots 272 

in supplemental Figure S6, indicate that diffusive transport limitations reduce the 273 

sensing performance of TRG and AARG conductive paper, but performance is 274 

enhanced significantly after metallization. Although mixing and increase in operating 275 

temperature would likely reduce these effects for TRG and AARG nanocellulose paper, 276 
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the Pt nano cauliflower device was highly efficient at room temperature and with no 277 

solution convection, which is a major advantage for application in POC biosensing. 278 

Although capacitance is not a critical parameter for electrochemical biosensing in paper 279 

diagnostic devices, Fig 3B also shows that the average double layer capacitance for the 280 

Pt nano cauliflower graphene paper (1.00  0.02 F) was significantly higher than the 281 

TRG (0.52  0.04 F) and the AARG (0.59  0.03 F) graphene paper based on ANOVA 282 

(p < 0.01; =0.05). 283 

 284 

Figure 3. Average electrochemical performance for each treatment of graphene-285 

nanocellulose paper. A) Average electroactive surface area. B) Average charge transfer 286 

resistance (Rct) , Warburg impedance (W), and double layer capacitance (Cdl) from a 287 

Randles-Ershler equivalent circuit. Error bars represent standard error of the arithmetidc 288 

mean. Asterisk (*) indicates significant difference in the arithmetic mean based on 289 

Tukey pairwise comparison (p < 0.05, n>3). 290 

 291 

As shown in Table 1, the average ESA for the Pt nanocauliflower-decorated 292 

graphene paper (0.29 ± 0.05 cm2) is within the same range as previously reported 293 

nanocarbon/nanoplatinum devices used based on commercial electrodes and silicon 294 

biochips. The ESA of the nanocauliflower AARG paper was similar to platinum 295 
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nanosphere sandwich structures formed on reduced graphene oxide (rGO) using a 296 

commercial Pt/Ir electrode (Vanegas et al., 2014) and amorphous nanoplatinum formed 297 

on nanoceria-functionalized rGO electrodes (Chaturvedi et al., 2014) when normalized 298 

for electrode diameter. The ESA was higher than platinum microstructures formed on 299 

carbon nanotube-modified Pt/Ir electrodes (McLamore et al., 2011; Shi et al., 2011) or 300 

carbon-ceramic electrodes (Habibi and Razmi, 2012). Surprisingly, the paper based 301 

electrode exhibits approximately five times higher ESA than low-density SWCNT arrays 302 

grown from the pores of porous anodic alumina and decorated with platinum carbon 303 

nanotubes (Claussen et al., 2011) when accounting for electrode surface area. 304 

Therefore the Pt nanocauliflower-decorated graphene paper displays a potential low-305 

cost route to create highly electroactive, carbon/Pt nanostructured electrodes as 306 

opposed to higher cost fabrication routes that use chemical vapor deposition and 307 

photolithography patterning. This is not a head-to-head comparison of the graphene 308 

paper in this manuscript to similar silicon based biochips devices since the density of 309 

nanostructures is not the same. However, the comparison highlights the excellent 310 

potential for this low cost and simple material as a biosensing platform. A brief shelf life 311 

study indicated that the Pt nanocauliflower-decorated paper maintained 90% of the 312 

reported electroactive surface area when stored in a desiccator at room temperature for 313 

at least 30 days, but completely deteriorated after 30 days; the paper was extremely 314 

brittle and testing of ESA was not possible using the methods herein after 30 days so no 315 

data can be shown (see supplemental Figure S7 for photos of paper).  316 

 317 
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Table 1. Performance characteristics for various nanocarbon-nanometal hybrid 318 

composite transducer layers for electrochemical biosensing 319 

Type of sensor Platform 
Electroactive 
surface area 
(cm2 X10-2) 

Physical 
surface 

area 
[cm2] 

Reference 

Nanocellulose 
paper 

TRG paper 0.06 ± 0.01 0.03 This work 

AARG paper 0.04 ± 0.02 0.03 This work 

Pt 
nanocauliflowers/ 

AARG paper 
0.29 ± 0.05 0.03 This work 

Pt/Ir electrode 

Pt nanocoral/ 
MWCNT 
sandwich 

0.07 ± NR 0.02 
(Vanegas et 

al., 2014) 

Pt nanocoral/ 
graphene 
sandwich 

0.18 ± NR 0.02 
(Vanegas et 

al., 2014) 

Amorphous 
Pt/nCe/graphene 

0.05 ± 0.02 0.02 
(Chaturvedi 
et al., 2014) 

Pt 
black/graphene 

0.6 ± 0.10 0.02 
(Shi et al., 

2011) 

Pt microislands/ 
MWCNT/TMOS 

0.7 ± NR 0.02 
(McLamore 
et al., 2011) 

Carbon-ceramic 
electrode 

AgNP/ 
SWCNT 

0.3 ± NR 0.22 
(Habibi and 

Razmi, 2012) 

Silicon biochip 
Pt nanosphere/ 

SWCNT 
0.02 ± 0.005 0.50 

(Claussen et 
al., 2011) 

 MWCNT = multiwalled carbon nanotube 320 
 SWCNT = single walled carbon nanotube 321 
 nCe = nanoceria 322 
 AgNP = silver nanoparticle  323 
 TMOS = tetramethyl orthosilicate sol gel 324 

 325 

In the next section, the nanoplatinum decorated graphene paper was used to 326 

develop an amperometric glucose biosensor and a RNA aptasensor for detecting E. coli 327 

O157:H7 as a proof of concept using the approach described by McLamore et al (2011) 328 

and Chaturvedi et al (2014) (see supplemental Figure S8 for a schematic of the working 329 

principle of each device).  330 
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 331 

3.3 Amperometric biosensing  332 

Prior to testing for glucose, each treatment of the graphene-nanocellulose paper 333 

was tested for sensitivity, LOD and response time towards hydrogen peroxide using 334 

DCPA at + 500 mV (see supplemental Figure S9 for details). The average sensitivity 335 

(2.9 ± 0.4 mA mM-1), LOD (0.2 ± 0.1 μM), and response time (6.5 ± 0.5 sec) are shown 336 

in Fig 4A; all values were within the range of laboratory electrodes and biochips 337 

functionalized with graphene-nanometal hybrid materials for detection of peroxide 338 

(Chaturvedi et al., 2014; Claussen et al., 2011; Vanegas et al., 2014). Although 339 

hydrogen peroxide detection was not a major focus of this work, these results 340 

demonstrate that the paper based nanomaterial device has many potential applications 341 

for sensing and biosensing, and is capable of competing with conventional laboratory 342 

probes. The average sensitivity, limit of detection (LOD) and response time for 343 

enzymatic glucose biosensors prepared on the graphene nanocellulose paper was also 344 

tested using DCPA. A representative time-series plot of oxidative current for a Pt 345 

nanocauliflower decorated graphene paper device after stepwise addition of 50 μM 346 

glucose is shown in Fig 4A (arrows indicate addition of glucose). The average 347 

sensitivity for replicate biosensors (n=3) is shown in Fig 4B; average sensitivity was 348 

3.59 ± 0.68 mA mM-1, which is lower or within the range of laboratory electrochemical 349 

devices fabricated on glass, silicon, Katpon tape, and other materials. The average LOD 350 

(0.08 ± 0.02 μM), and response time (8.8 ± 1.8 sec) toward glucose are applicable for 351 

POC testing of glucose levels in saliva, tears, or diluted blood (approximately 10X 352 
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dilution). The response time toward glucose changed significantly within the testing 353 

range, but was less than 10 sec, and as low as 6 sec.  354 

 355 

Figure 4. Glucose biosensor developed using the graphene-nanocellulose paper. DC 356 

potential amperometry was used to calculate the sensitivity, limit of detection (LOD) and 357 

response time (t95) A) Representative oxidative current response to injections of 50 μM 358 
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glucose (indicated by vertical arrows). B) Average calibration curves for glucose derived 359 

from replicate DCPA tests (n=3). Inset shows linear range between 0 to 500 μM. C) 360 

Average LOD, sensitivity, and t95  for peroxide and glucose biosensors tested in buffer 361 

at 25 °C; Per.=hydrogen peroxide data, Gluc.= Glucose data. Error bars represent the 362 

standard error of the mean. 363 

 364 

3.4 Bacteria detection 365 

As a second demonstration of the versatile material, an aptasensor was 366 

developed for measuring E. coli O157:H7 (see supplemental Figure S8 for a schematic 367 

of the working principle). Fig. 5 shows a representative Nyquist plot (Fig 5a) and Bode 368 

plot (Fig 5b). Calibration curves obtained from the charge transfer resistance (derived 369 

using a Randles equivalent circuit) and the impedance at 1 Hz (from Bode plot) are 370 

shown in Fig 5c-d. The calibration plots for both measurements (Fig 5c) follow a non-371 

linear saturation behavior, and the rate constant for each plot is nearly identical (≈ 0.01 372 

mL CFU-1), as expected. The analysis frequency of 1 Hz was selected from Bode plots 373 

considering the total change in measured impedance (ΔZ’) and the rate constant 374 

associated with the non-linear calibration plot (see Fig S10 for details of the frequency 375 

optimization). As expected, log frequency plots indicated no change in impedance at 376 

high frequency, indicative of the solution resistance. The average sensitivity from each 377 

plot derived from the impedance value at 1Hz (Fig 5d) was 16.1 Ω/log CFU mL-1 for the 378 

direct impedance measurement (Z’= 16.1*log CFU mL-1 + 4699 Ω (R2=0.85)), and 20.1 379 

Ω/log CFU mL-1 from the charge transfer resistance (Rct = 20.1*log CFU mL-1 + 1937Ω 380 

(R2=0.97)) derived from the Randles circuit. Based on these two plots, the LOD was 3.5 381 
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± 1.1 CFU mL-1 for the impedance plot and 4.2 ± 0.8 for the charge transfer resistance 382 

(S/N ratio = 3). A brief kinetic study indicated that aptamer-E. coli binding is positively 383 

cooperative (i.e., there is interaction between binding sites). The Hill coefficient was 384 

greater than 1.0 using both Scratchard and Klotz theorems, which indicates cooperative 385 

binding (see Fig. S11).  386 

For both measurements, the signal at 1 CFU mL-1 was significantly higher than 387 

baseline (p<0.001, α=0.05), although calculation of LOD using the 3δ method indicated 388 

that the minimum detectable value in vegetable broth may be closer to ≈4 CFU mL-1. 389 

Using the calculated LOD above, the linear range using both Z’ and Rct as the output 390 

was from 4 to 105 CFU/mL with an average response time of 12 min (including 10 min 391 

for bacteria capture and 2 min for EIS). This LOD is relevant for food safety and public 392 

health since the infectious dose for E. coli O157:H7, which is estimated to be 10 to 100 393 

cells. The shiga toxin-producing serotype is implicated in the most incidents of illness 394 

worldwide (USFDA, 2015). These infections are mostly food and water borne and have 395 

implicated undercooked chicken and ground beef, raw milk, cold sandwiches, water, 396 

unpasteurized apple juice, and sprouts and vegetables.  397 

The performance values obtained in this study (LOD, response time and 398 

sensitivity) are comparable to, if not superior to, aptasensors published for the detection 399 

of E. coli O157:H7. Most recently, Ning et al. (Ning et al., 2015) developed an 400 

impedance-based immunosensor for O157:H7 based on self-assembled lectins with a 401 

LOD of 100 CFU mL-1, a linear range from 102 to 107 CFU mL-1, and a total detection 402 

time of 1 h. Fang et al. (Fang et al., 2014) developed a lateral flow biosensor based on 403 

aptamer-mediated strand displacement amplification with a detection limit of 10 CFU 404 
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mL-1; however, it required pre-enrichment steps and isothermal amplification prior to 405 

lateral flow test.  406 

 407 

 408 

Figure 5. Representative A) Nyquist and B) Bode magnitude plot (inset shows 409 

exploded view of lower frequency range) C) Calibration curve using direct impedance 410 

measurement and charge transfer resistance (n=3). D) Exploded view of linear sensing 411 

region from panel C. 412 

 413 

We have demonstrated the first reported development of graphene paper 414 

decorated with platinum nanocauliflower for use in electrochemical biosensing of small 415 

molecules (glucose) or detection of pathogenic bacteria (Escherichia coli O157:H7). The 416 

highly sensitive paper biosensor platform is low cost (less than $4 per sample; with 417 
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most of the cost derived from the platinum), lightweight, rapid, and reproducible by any 418 

biosensing laboratory. The device has a number of potential applications in point of care 419 

biosensing, particularly in developing regions where access to conventional fabrication 420 

equipment is not likely. Furthermore, the material could be improved by replacing the 421 

platinum with more abundant nanometals such as copper oxide (M et al., 2015; Somturk 422 

et al., 2015). This work represents the first example of highly conductive graphene 423 

paper that can compete with commercial metal electrodes for biosensing (Fig 4 and Fig 424 

5). For example, Dungchai et al (Dungchai et al., 2009) report one of the first 425 

electrochemical biosensors based on paper using a combination of photolithography 426 

and screen printing to create 1.3 mm2 working electrodes on cellulose filter paper for 427 

detection of uric acid, glucose, and lactate. Li et al (Li et al., 2014) demonstrated an 428 

electrochemical paper biosensor for detection of prostate protein antigen (PSA). The 429 

device by Li et al was fabricated by electrochemical synthesis of manganese oxide 430 

nanowires on gold nanoparticle “seeds” entrapped in a cellulose matrix. Kong et al 431 

(Kong et al., 2014) developed a screen printed electrode for glucose biosensing that 432 

used a paper disk, but the paper disk was used to concentrate a blood sample where 433 

the recognition/transduction steps were carried out on a paper electrode. In our work, 434 

the sample capture, recognition, and transduction steps all occur with one strip of 435 

conductive paper in the absence of any exogenous reagents such as ferrocene 436 

carboxylic acid. In addition to biosensing, the conductive paper has possible future 437 

diverse application in other areas, as demonstrated in development of printed circuit 438 

boards (Siegel et al., 2010), bioassays (Kuek Lawrence et al., 2014), 3D cell culture 439 

devices (Derda et al., 2011), and energy production/storage (Antolini, 2012). 440 
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 441 

4. Conclusions  442 

For the first time, we develop fractal nanoplatinum (cauliflower-like) on graphene-443 

nanocellulose paper, and the highly conductive structure is free of any discernable 444 

cracks or voids. Material analysis and electrochemical testing, together with the proof of 445 

concept testing show that the platinum nano cauliflower-functionalized graphene paper 446 

developed here is an extremely efficient material for use in electrochemical biosensing. 447 

The paper biosensor showed an extremely low detection limit for glucose (enzymatic 448 

biosensor) or E. coli O157:H7 (RNA aptasensor), which demonstrates that the facile 449 

material can potentially be applied in a diverse array of environmental, agricultural, and 450 

medical applications for POC biosensing This important finding shows that the 451 

graphene paper developed here is an excellent transducer platform for paper based 452 

biosensing and has a range of potential other applications in the area of electronic 453 

paper based devices. This represents a significant advance in electrochemical 454 

biosensing, as no laborious/expensive equipment, capping agents, or cofactors were 455 

used to develop the biosensor. 456 

 457 

 458 
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Highlight image. Conductive paper was prepared by decorating graphene-

nanocellulose strips with platinum nano cauliflowers. The surface was functionalized 

with biomaterials (oxidase or RNA) for demonstration as a point of care biosensor. 
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