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Abstract 36 

Effective detection of biomarkers for tumor cells has been the focus of attention. 37 

In this work, we have successfully fabricated a highly sensitive sensor based on 38 

solution-gated graphene transistors (SGGT) for detecting lactic acid content 39 

accumulated in tumor cells through their glycolysis metabolism. The sensing 40 

mechanism of the lactic acid sensor is attributed to electrochemical catalysis of H2O2 41 

produced by the oxidation of lactic acid by lactate oxidase near the gate electrode. The 42 

key component of the sensor is the functionalization of porous carbon loaded with 43 

ceria nanoparticles derived from a novel one step in situ pyrolysis of pretreated 44 

Jerusalem artichoke stalk, which significantly improved the sensor sensitivity, i.e. a 45 

detection limit as low as 300 nM and linear range from 3 µM to 300 µM. The 46 

optimized lactic acid sensor has successfully applied to the detection of lactic acid in 47 

practical cell culture samples with high credibility. The SGGT-based lactic acid 48 

biosensor shows great potential for the application in tumor microenvironment due to 49 

its superior biocompatibility and accuracy. 50 

Key words: Porous carbon, nanoceria, Biomass pyrolysis, Solution-gated graphene 51 

transistors, Lactic acid52 
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1. Introduction 53 

Cancer has become the second leading threat to human health and the number of 54 

people die of cancers is still growing rapidly. It has been reported that from 2006 to 55 

2016 the number of cancer deaths increased by 17.8%, from 7.58 million to 8.93 56 

million (GBD 2016 Disease and Injury Incidence and Prevalence Collaborators, 2017). 57 

Early diagnosis and treatment of cancers has been regarded as an effective approach 58 

for prolonging the survival time and even complete cure of patients.  59 

As is known to all, there are two main metabolic pathways of intracellular 60 

carbohydrate metabolism, i.e. aerobic respiration and glycolysis. In normal cells, 61 

oxidative phosphorylation of glucose is usually the main metabolic mode. On contrary, 62 

when cell carcinogenesis occurs, it has been reported that tumor cells bypass the 63 

pathway of aerobic metabolism and conduct glycolysis for energy supply (Xie et al., 64 

2014). This process accumulates large amounts of lactic acid around the tumor tissue. 65 

For example, the lactate concentrations in Hepato Cellular Carcinoma (HCC) biopsies 66 

were around 20 mM (Chao et al., 2016), leading to the acidic microenvironment of 67 

tumor. Therefore, rapid and sensitive detection of lactic acid in biological system 68 

offers a potential approach for the routine analysis and diagnosis of tumor cells.  69 

Various analytical methods for measuring lactic acid have been developed, 70 

including high performance liquid chromatography (HPLC) (Ross et al., 2010), mass 71 

spectroscopy (MS) (Tserng et al., 1984), electrochemical detection (Hernández-Ibáñez 72 

et al., 2016), and transistor-based sensing (Khodagholy et al., 2012). However, these 73 

methods have some limitations in practical applications. For example, they generally 74 
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require large equipment, complex operation, and excessive maintenance costs. And 75 

most importantly, these analytical methods take long time for final results and hence 76 

do not meet the need for quick, continuous and on-site determination of lactic acid. A 77 

transistor-based electrochemical sensor have shown promising applications in a 78 

variety of chemical and biological sensors (Lin, Yan, 2012). Advantages of 79 

transistor-based electrochemical sensors include high sensitivity, low cost, ease of 80 

manufacture, flexibility and biocompatibility (Novoselov et al., 2004). 81 

Transistor-based sensors are a combination of a sensor and an amplifier that can cause 82 

significant changes in channel current due to small potential changes on the surface of 83 

the gate electrode. Among them, solution-gated graphene field effect transistor 84 

(SGGT) is a transistor-based sensor with a graphene channel that operates in solution 85 

and has been widely applied across many fields (Liu et al., 2012; Rumyantsev et al., 86 

2012). Its main feature, ultra-sensitivity (usually assessed by the detection limit, i.e. 87 

the minimum concentration of the analyte can be distinguished from the blank value) 88 

originates from its inherent amplification function, namely the tiny voltage applied by 89 

the electrolyte/graphene interface on the gate surface (ie, electric double layer EDL in 90 

Fig. S1) to regulate the channel current between the source and drain.  91 

To further enhance the performance of SGGT based sensors, people have applied 92 

many types of functionalization to the gate electrode or the channel, such as noble 93 

metals (e.g. Pt (Zhai et al., 2013), Au (Hammock et al., 2013)), and transition-metal 94 

oxides (e.g. Fe3O4 (Miao et al., 2017), Co3O4 (Xiong et al., 2018), CeO2 (Liu et al., 95 

2015)). Among them, ceria (CeO2) nanoparticles have received broad attention in 96 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

electrochemical applications because of their superior electrocatalytic properties, 97 

excellent catalytic stability, low cost and good biocompatibility (Montini et al., 2016). 98 

It has been reported that the approach for immobilization of functionalizing materials 99 

also plays a significant role (Zhou, Hartmann, 2013; Zhang et al., 2017). 100 

Recently, porous carbon materials with outstanding electrical conductivity and 101 

chemical stability, high surface area, and loading capacity have received significant 102 

attention across many fields, including electrochemical capacitors (Hou et al., 2015), 103 

lithium-ion batteries (Gaddam et al., 2016; Zhou et al., 2017), catalysis (Han et al., 104 

2014), drug delivery (Huang, Lovell, 2016), etc. Since porous carbon materials 105 

integrate the merits of a carbonaceous composition and porous features, they show 106 

superior properties compared with traditional porous silica and other carbon-based 107 

nanomaterials. Current syntheses can be categorized as hard-template or soft-template 108 

methods, both require well supplied carbon precursor resources (Wang et al., 2016). 109 

Biomass is the most abundant and renewable carbon sources on the earth and has 110 

optimal structure of carbon materials through evolution (Saikat et al., 2014). It has 111 

been regarded as a well suitable precursor for porous carbons and has already been 112 

widely applied for their fabrication because of its low cost, eco-friendly features 113 

(Pode, 2016). The simplest approach to obtain porous carbons from biomass is 114 

pyrolysis of native materials under low oxygen environment through which porous 115 

carbon matrix naturally forms based on the original porous structure of biomass 116 

materials upon carbonization (Zhong et al., 2017; Veerakumar et al., 2016). The 117 

generated porous carbons are reported to have many unique advantages. For example, 118 
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the large surface area and high porosity of biomass derived porous carbon make it 119 

very promising for catalytic applications (Chen et al., 2018). 120 

Jerusalem artichoke is a kind of important cash and energy crop with high 121 

tolerance to barren and harsh environment (Long et al., 2016). So, the planting area of 122 

Jerusalem artichoke is growing every year. The stalk of Jerusalem artichoke generally 123 

grows up to 1-3 meters, producing a large amount of biomass resources. Unlike other 124 

common agricultural biomass, Jerusalem artichoke stalk contains a substantial portion 125 

of lignin. Besides, it has been reported that Jerusalem artichoke stalk has honeycomb 126 

like porous structures that may retain during pyrolysis process, yielding high-quality 127 

porous carbon materials (Lei et al., 2015). 128 

The key factor for functionalization of SGGT based sensors lies in how to 129 

effectively load the ceria nanoparticles into porous carbon backbones. In this paper, 130 

we report a novel “one-step” approach for production of 3D porous carbon supported 131 

ceria nanoparticles (JACM/CeO2NPs) from in situ pyrolysis of cerium nitrate 132 

pretreated Jerusalem artichoke straw biomass. We found that the nanocomposites of 133 

JACM/CeO2NPs exhibited exceptional capability of electrochemical catalytic 134 

oxidation of H2O2. Incorporated with lactic acid oxidase, the nanocomposites of 135 

JACM/CeO2NPs were used for modification of the gate electrode of SGGT. This 136 

functionalization greatly improved the sensitivity of the optimized SGGT sensor for 137 

lactic acid, showing a detection limit as low as 300 nM, far beyond the sensitivity 138 

required for practical applications. In the end, we also demonstrated that the modified 139 

SGGT sensor was ready for distinguishing cancer cells from normal cells judging 140 
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from the lactic acid generated by the metabolism of cancer cells. Considering the 141 

availability of biomass materials and the convenience of the one-step approach, we 142 

believe JACM/CeO2NPs provides a highly potential functionalization material for 143 

improving the performance of SGGT sensors for a wide application in diagnosis of 144 

disease-related biomarkers and healthcare monitoring. 145 

2. Materials and methods 146 

2.1 Materials 147 

Jerusalem artichoke stalk (JA) was collected from east of Anhui province, China. 148 

DL-lactic acid (LA), phosphate buffered saline (10×PBS, a mixed solution of 80 mM 149 

Na2HPO4, 1.36 M NaCl, 20 mM KH2PO4 and 26 mM KCl, with pH = 7.2) were 150 

purchased from Sangon (Shanghai, China). Cerium nitrate hexahydrate 151 

(Ce(NO3)3·6H2O) was purchased from Macklin (Shanghai, China). Lactate oxidase 152 

(LOD) (9.5 mg/mL, 106 U/mg) was purchased from Yuanye biology (Shanghai, 153 

China). Hydrogen peroxide (H2O2), chitosan (CS), potassium chloride (KCl), 154 

potassium hydroxide, sodium nitrate (NaNO3), sodium sulfate (Na2SO4), sodium 155 

chloride (NaCl), glycine (Gly), D-glucose (Glu), urea were purchased from 156 

Sinopharm (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) with 157 

high glucose, 110 mg/L sodium pyruvate were purchased from Gibco (Auckland, 158 

New Zealand). The lactic acid kit for determination of lactic acid concentration was 159 

purchased in Jiancheng (Nanjing, China). Ultrapure deionized (DI) water was 160 

produced by a Milli-Q system (18.2 MΩ, Millipore, Bedford, MA, USA). All the 161 

reagents were used without further purification. 162 
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2.2 In situ synthesis of porous carbon supported nanoceria (JACM/CeO2NPs) 163 

As shown in Fig. 3a After washing, drying, and fine-grinding, Jerusalem artichoke 164 

stalk was pretreated with 0.5 L cerium nitrate hexahydrate (2 mM) in a beaker with 165 

magnetic stirring for 20 min. After saturation, 1.5 mL hydrogen peroxide and 7.5 mL 166 

of ammonia were added to the beaker, followed by 1.5 g cetyltrimethyl ammonium 167 

bromide (CTAB) for better dispers ion of particles. After 1 hr, the suspension was 168 

filtered to remove large sediments and then dried at 60 °C overnight. Pipe furnace was 169 

used for pyrolysis of the above dried materials. The pyrolysis was performed under 170 

nitrogen atmosphere with heating rate of 10 °C/min, insulation heat up to 800 °C for 2 171 

hr. The biochar was grounded, sieved, and washed in 5 M KOH solution for 12 hr. 172 

Finally, the cathartic cleaning solution was neutral and remained to be used. 173 

2.3 Preparation of JACM/CeO2NPs/LOD/CS modified electrode for lactic acid 174 

detection. 175 

The SGGT device was designed as shown in Fig. 3b Chitosan (4 mg) was completely 176 

dissolved in 20 mL of 1% acetic acid solution. The above-mentioned in situ 177 

synthesized nanocomposites of JACM/CeO2NPs were added to the prepared chitosan 178 

solution with a final concentration of 1 mg/mL, and ultrasonically dispersed for 2 hr. 179 

We applied each 10 µL of this mixed suspension to the bare gate electrode. The gate 180 

electrode was naturally air-dried. Then, 5 µL of LOD solution was added to 5 µL of 181 

the chitosan solution with careful mixing to avoid bubbles. The LOD in chitosan 182 

solution was added drop wisely to the above dried JACM/CeO2NPs/CS modified gate 183 

electrode. The electrode was then dried at 4 °C. 184 
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2.4 Modified material characterization  185 

Crystallographic structures of the JACM/CeO2NPs samples was obtained from X-ray 186 

diffraction (XRD) measurement by X'Pert PRO MPD (1.6 kW) with CuKα radiation 187 

(λ = 1.5405 Å) in a 2θ range from 10 to 60° with scanning rate of 1°/min. JACM and 188 

JACM/CeO2NPs were characterized by microscopic confocal laser Raman 189 

spectroscopy (633 nm, HR Evolution) for the degree of graphitization of porous 190 

carbon. JACM and JACM/CeO2NPs were also characterized by ESCALAB 250Xi 191 

X-ray photoelectron spectroscopy (XPS) to demonstrate that cerium oxide was 192 

successfully supported on biomass carbon. Sample morphology was determined by a 193 

SU8020 field emission scanning electron microscopy (FE-SEM).  194 

2.5 Electrochemical measurement 195 

The electrochemical properties of the bare and modified electrodes were characterized 196 

by the CHI650D electrochemical workstation (Shanghai CH Instruments Inc., China). 197 

All electrodes were rinsed with deionized water before test to remove floating dust 198 

from the surface. We used a saturated calomel electrode (SCE) as the reference 199 

electrode, and a Pt wire as the counter electrode. Three electrodes composed of bare 200 

Au gate, JACM/CeO2NPs/CS and JACM/CeO2NPs/LOD/CS respectively were tested. 201 

Cyclic voltammograms (CV) were performed at 1×PBS (a mixed solution of 80 mM 202 

Na2HPO4, 1.36 M NaCl, 20 mM KH2PO4 and 26 mM KCl with pH 7.4) at a scan rate 203 

of 50 mV/s with a scan range of 0-0.8 V. Electrochemical impedance spectroscopy 204 

(EIS) was performed on bare Au gate, JACM/CeO2NPs/CS/Au and 205 

JACM/CeO2NPs/LOD/CS/Au in 0.1 mM KCl solution containing 5.0 mM 206 
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[Fe(CN)6]
3-/4-and the frequency range from 0.1 to 105 Hz, the potential used is 0.2 V 207 

(Zheng et al., 2016). The curve was recorded at certain applied potentials under 208 

continuous stir. 209 

All devices were immersed in 1×PBS for 15 min before lactic acid was detected in 210 

real time and rinsed thoroughly. All SGGT-based sensors for lactic acid detection, 211 

including source, drain and gate electrodes, were all immersed in a beaker containing 212 

10 mL of 1×PBS solution. The source and drain, and the gate are connected to two 213 

source meters (Keithley 2400), respectively. The gate voltage (VG) and source-drain 214 

voltage (VDS) were controlled by Labview program. Different concentrations of lactic 215 

acid were then added to the PBS. To get consecutive different IDS responses. Lactic 216 

acid was detected under a fixed VDS = 0.05 V and a gate voltage VG = + 0.7 V. 217 

Including the transfer curve (IDS-VG, measuring the channel current between the 218 

source and drain as a function of VG at a fixed VDS = 0.05 V) and the channel current 219 

versus time curve (IDS-t, at a constant The change of IDS response generated by each 220 

sensor for different concentrations of lactic acid added with time was measured under 221 

VG = + 0.7 V and VDS = 0.05 V. 222 

2.6 Cell cultivation process 223 

The human hepatoma HepG2 cell line seeded at a density of 4 × 105 cells/well in 35 224 

mm dishes, and were maintained as subconfluent cultures in DMEM supplemented 225 

with 25 mM glucose, 10% Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 100 226 

µg/mL penicillin and 100 µg/mL streptomycin (medium A). Cells culture and further 227 

analyses were conducted at 37 °C under an atmosphere of 5% CO2 and 95% air. The 228 
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human cervical cancer Hela cell line and the lung cancer cell A549 cell line were 229 

provided by the University of Science and Technology of China (Hefei, China), and 230 

cultured the same way. The experimental incubations were terminated by collecting 231 

the incubation medium and washing the cells with 1 mL 1×PBS. 232 

2.7 Standard assay for lactic acid concentration in the cell medium. 233 

With Nicotinamide adenine dinucleotide (NDA) as the hydrogen acceptor, Lactate 234 

dehydrogenase (LDH) catalyzes the dehydrogenation of lactate to produce pyruvate, 235 

which converts NAD to NADH. With NDA as the hydrogen acceptor, LDH catalyzes 236 

the dehydrogenation of lactate to produce pyruvate, which converts NAD to NADH. 237 

The hydrogenation of phenazine methosulfate (PMS) reduces the nitrotetrazolium 238 

blue chloride (NBT) to a purple color, and the absorbance of the colorant is linear 239 

with the lactic acid content at 530 nm. 240 

According to the kit operation steps, the lactic acid content is obtained according to 241 

the formula: 242 

� =
�������

�������
                                                                                                                                                                                                (1)    243 

where C is the lactic acid concentration (mM), OD0 is the absorbance of the blank 244 

medium at 530nm, OD1 is the absorbance value of lactic acid reference at 530nm，245 

OD2 is the absorbance of cell culture medium at 530nm. All OD530 values were 246 

detected by microplate reader. 247 

3. Results and discussion 248 

3.1 Characterization of nanoceria loaded porous carbon nanocomposites 249 

The morphology the JAME/CeO2NPs by FE-SEM are shown in Fig. 1d and e. It can 250 
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be clearly seen that the carbon derived from pyrolysis of Jerusalem artichoke stalk 251 

(before loading nanoceria) shows a honeycomb like porous structure, very suitable for 252 

nanoceria supporting matrix. Pretreating Jerusalem artichoke stalk with cerium nitrate 253 

as the precursor, we found that nanoceria was successfully synthesized on the surface 254 

of the porous carbon walls by the one step in situ pyrolysis method.  255 

The X-ray diffraction (XRD) pattern of JACM and JACM/CeO2NPs as shown in Fig. 256 

1a demonstrates that there are 2θ notable differences between 10 to 60°. Compared to 257 

JACM XRD spectrum, JACM/CeO2NPs XRD spectrum shows absorption peak at 258 

28.6° and 33.1° and 47.5° and 56.4° and 59.2°, corresponding to the CeO2 (111) (200) 259 

(220) (311) (222) characteristic peak (Deshpande et al.,2005). This clearly indicates 260 

the presence of CeO2 nanoparticles in the pore structure of JACM. Fig. 1b shows the 261 

microconfocal laser Raman spectrum of JACM and JACM/CeO2NPs. It can be seen 262 

from the figure that there were obvious absorption peaks around 1300cm-1 and 263 

1580cm-1. The D and G absorption peak intensity ratio of JACM was ID/IG=0.92, 264 

while that of JACM/CeO2NPs was ID/IG=1.06, indicating that the graphitization 265 

degree of JACM was higher than that of JACM/CeO2NPs. Because the D peak 266 

represents a defect in the C atomic lattice, and the G peak represents an in-plane 267 

stretching vibration of the C atom sp2 hybridization. Due to the addition of CeO2, the 268 

oxygen of CeO2 may lead to partial oxidation of graphitized carbon during 269 

carbonization. This leads to the transformation of the C atom from the G peak sp2 to 270 

the D peak sp3 (Ferrari, 2007). The X-ray photoelectron energy spectrum (XPS) of 271 

JACM and JACM/CeO2NPs is shown in Fig. 1c, which indicates that both materials 272 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

contain biomass porous carbon materials. Therefore, it is obvious that the absorption 273 

peaks of C and O atoms can be found from the figure. The absorption peaks of Ce3d 274 

(Bêche et al., 2008) appear in the XPS map displayed by JACM/CeO2NPs, so it 275 

indicates that the composite material synthesized by the in situ synthesis method 276 

contains CeO2. 277 

Fig. 2d and e show the morphology of the gate electrode surface we modified. As can 278 

be seen from the figure, the surface area of the gate electrode was increased due to the 279 

addition of porous carbon of biomass. In this way, more reaction area is increased, 280 

and the catalytic efficiency of CeO2 and LOD is improved. Fig. 2e is a partial 281 

magnification of Fig. 2d, which shows that the electrode surface was covered by 282 

chitosan film, and the lactic acid oxidase was also encased on the chitosan, being 283 

close to the electrode surface. Therefore, it has been validated that chitosan can serve 284 

as a good medium for fixing JACM/CeO2NPs and LOD firmly on the electrode 285 

surface during the modification process. 286 

3.2 Electrochemical characteristics of JACM/CeO2NPs/LOD/CS modified electrode 287 

In order to evaluate the catalytic performance of JACM/CeO2NPs/LOD/CS modified 288 

gate electrode, cyclic voltammetry (CV) was used to characterize the electrochemical 289 

catalytic capacity of functional composite electrode to H2O2. The results are shown in 290 

Fig. 2a and we found that the CV oxidation peak of 10 mM H2O2 by the 291 

JACM/CeO2NPs modified by Au electrode was 10 times higher than that of bare Au 292 

gate, indicating that the modification of JACM/CeO2NPs significantly enhanced the 293 

electrocatalytic oxidation activity of Au gate electrode to H2O2. The current peak of 294 
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the JACM/CeO2NPs/LOD/CS/Au electrode in Fig. 2a is smaller than that of the 295 

JACM/CeO2NPs/CS/Au electrode. The possible reason is that the electrode 296 

impedance increases after the addition of LOD, reducing the electron transfer rate of 297 

the electrode (as shown in Fig. 2c). 298 

We have performed additional CV measurements on the three electrodes in PBS 299 

buffer without H2O2 and found clear Au reduction peaks at 0.3-0.6 V as shown in Fig. 300 

S7, similar to the results in (Nagaraj et al., 2015). However, the reduction peak 301 

disappeared after the addition of H2O2 (see Fig. 2a and 2b). When the CV 302 

characteristics of H2O2 are detected in the PBS solution, H2O2 exhibit an irreversible 303 

reduction process, which has a more significant reduction peak at about -0.4V (Shan 304 

et al., 2010; Zhang et al., 2013). We believe the possible reason for the missing Au 305 

reduction peak is that the reduction peak of the Au electrode may have been covered 306 

by the irreversible reduction process of H2O2. This result is also consistent with the 307 

results reported in previous literatures (Zhang et al., 2015; Xiong et al., 2018). 308 

We also tested the electrochemical properties of the JACM/CeO2NPs/LOD/CS 309 

modified electrode to 10 mM lactic acid as shown in Fig. 2b, which also indicated a 310 

significantly enhanced electrocatalytic performance of the modified electrode. 311 

When we studied the charge transfer of the electrodes, the three electrodes were 312 

independently tested by EIS, and the results are shown in Fig. 2c. First, we fit the 313 

equivalent circuit diagram (illustrated in Fig. 2c) based on the actual condition (which 314 

also contains electrode polarization and concentration polarization). The interpretation 315 

of the elements in the equivalent circuit is as follows. RL is the resistance of the 316 
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solution between the reference electrode and the working electrode. CPE is a constant 317 

phase angle component associated with an electric double layer capacitor. Rct is the 318 

charge transfer resistance of the electrode. Rw is the solid phase diffusion of a 319 

Warburg resistor. And Cw is the solid phase diffusion of a Warburg capacitor.  320 

We can see from the figure that the Nyquist plot of the three electrodes show a clear 321 

semicircle at higher frequencies. The size of the semicircle yields the value of Rct 322 

(Chen et al., 2005). Among the three electrodes, the Rct value of the bare Au electrode 323 

is about 1500 ohm, while that of the electrode modified by JACM/CeO2NPs/CS is 324 

only about 200 ohm. This indicates that the electron transfer resistance of the 325 

electrode is significantly reduced after modification, which facilitates the transfer of 326 

electrons. The electrode modified by JACM/CeO2NPs/LOD/CS has a Rct value of 327 

about 500 ohm, slightly higher than that of the JACM/CeO2NPs/CS modified 328 

electrode, indicating that the addition of the LOD layer increases the electron transfer 329 

resistance.  330 

Since the same electrolyte was used in EIS experiments for all the three electrodes, 331 

the resistance RL associated with the solution between the electrodes was substantially 332 

the same, which is about 100 ohms. 333 

In addition, we also computed the CPE values of the three electrodes. The equivalent 334 

capacitance value of the CPE can be calculated according to the following formula: 335 

C
 =
�

�∗���
                                                  (2) 336 

where Cd is the equivalent capacitance value of CPE, and ω* is the corresponding 337 

angular velocity at the half dome point shown in the bode plot (see Fig. S5). Through 338 
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fitting and calculation, the capacitance of the bare Au gate electrode is about 2.92 × 339 

10-7 S Secn/cm2, while that of the JACM/CeO2NPs/CS and the 340 

JACM/CeO2NPs/LOD/CS modified electrode is about 4.25 × 10-7 S Secn/cm2 and 341 

1.63 × 10-7 S Secn/cm2, respectively. 342 

The dynamic surface area of the sensing platform was calculated by using Randles - 343 

Sevcik equation; area was investigated utilizing cyclic voltammetric technique, 1.0 344 

mM K3Fe(CN)6 as a test solution and 0.1 M KCl as supporting electrolyte, at different 345 

sweep rates (Nagaraj et al., 2019; Nagaraj et al., 2019). At T = 298 K and for a 346 

reversible process the equation is as follows: 347 

�� = �2.69 × 10���
�

�� 
�

�!
"

�

��"
∗                                  (3) 348 

The area of the electrode surface is signified as A, the diffusion coefficient as D0, i.e. 349 

7.6 × 10−6 cm2 s−1, sweeping rate as ν, and C0
* is the concentration of K3Fe(CN)6. 350 

From the slope of the plot of Ip vs. ν1/2, the surface area of the bare Au electrode was 351 

found to be 0.017 cm2 while that of the modified electrode surface area was 0.043 cm2, 352 

increasing by 2.5 times (see Fig. S7). 353 

3.3 H2O2 detection by the JACM/CeO2NP modified SGGTs 354 

We further applied the JACM/CeO2NPs modified as well as the pristine SGGTs for 355 

detection of H2O2. Fig. S2a shows the transfer curve measured by the bare Au gate 356 

SGGT sensor in PBS solution. The Dirac point of the transfer curve was about 0.4 V 357 

with excellent bipolarity validating the reliable performance of the prepared SGGT 358 

devices. Subsequently 0.1 mM, 1 mM and 10 mM of H2O2 was successively added to 359 

the pristine SGGT device, and the Dirac point of the transfer curve shifted slightly to 360 
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the left with the increasing concentration of H2O2. 361 

According to the definition of detection limit by IUPAC, it can be known that the 362 

target concentration corresponding to the current signal with a signal-to-noise ratio 363 

greater than 3 (IS/IN > 3) can be used as the detection limit of the biosensor. Fig. 4a 364 

displays the barrow current response (IDS) of the SGGT sensor with the bare Au gate 365 

to different concentration of H2O2 successively over time, the detection limit of which 366 

was 1 µM (see the inset of Fig. 4a, ∆IS/∆IN = 0.50/0.08 > 3).  367 

Next the response of the SGGT sensor with the JACM/CeO2NPs/CS modified gate to 368 

the different concentrations of H2O2 was measured for comparison. The transfer 369 

curves of the JACM/CeO2NPs/CS modified SGGT sensor in response to 0.1 mM, 1 370 

mM and 10 mM of H2O2 is shown in Fig. S2b. Again the transfer curves shifted 371 

horizontally to the left, but with a significantly larger amplitude than that of the SGGT 372 

with the bare Au gate. Fig. 4b shows the channel current response (IDS) of the 373 

JACM/CeO2NPs/CS modified SGGT sensor at VG= + 0.7V and VDS = 0.05V with the 374 

addition of H2O2 at different concentrations. The inset of Fig. 4b indicates that the 375 

detection limit of the modified SGGT sensors for H2O2 was 30 nM (∆IS/∆IN = 2.05 376 

µA/0.23 µA > 3). Moreover, the increasing amplitude of current with increasing H2O2 377 

concentration was much larger than that of the bare Au gate SGGT sensor. These 378 

observations confirmed that the modification of JACM/CeO2NPs/CS effectively 379 

improved the detection performance of the SGGT sensor for H2O2. 380 

3.4 Lactic acid detection by SGGTs 381 

The SGGT devices were further applied for detection of lactic acid and the results are 382 
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presented in Fig. 4. As shown in Fig. S2c, the transfer curve measured by the bare Au 383 

gate SGGT sensor for the addition of different concentrations of lactic acid (0.1 mM, 384 

1 mM, and 10 mM respectively) in PBS solution showed good bipolarity behavior. 385 

Besides we found that the Dirac point of the transfer curve moved slightly to the left 386 

with the increase of the concentration of lactic acid. Fig. 4c shows the channel current 387 

response IDS of the bare Au gate SGGT sensor when different concentrations of lactic 388 

acid were added to PBS solution successively. It can be seen from the figure the bare 389 

Au gate SGGT sensor had minimum current response to lactic acid at low 390 

concentration. This indicates that lactic acid did not spontaneously participate in 391 

electrochemical reactions on the electrode surface. As a comparison, the transfer 392 

curves of the JACM/CeO2NPs/LOD/CS modified SGGT sensors to lactic acid also 393 

presented good bipolar behavior, but with a much larger shift to the left with 394 

increasing concentration of lactic acid (Fig. S2d).  395 

Furthermore, the channel current IDS of the modified SGGT sensor clearly showed a 396 

positive linear relation with the increasing concentration of lactic acid. The inset of 397 

Fig. 4d indicates that the detection limit of the modified SGGT sensor to lactic acid 398 

was 300 nM (∆IS/∆IN = 1.38 µA/0.20 µA > 3). 399 

The current response is attributed to the change of the effective gate voltage (∆VG
eff) 400 

induced by the electrochemical reaction of lactic acid on the gate electrode. Therefore, 401 

∆VG
eff is calculated by subtracting the initial gate voltage value from to the current 402 

responses at corresponding lactic acid concentrations in Fig. 4b and d and the results 403 

are plotted in Fig. 5a. And the effective voltage change can be fitted with the equation 404 
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(Zhang et al., 2015; Zhang et al., 2014): 405 

#$
%&&

= �1 + (�#)�* = 2.30�1 + (�
,-

./
012[ �45] + �∗∗ = 7 012[ �45] + �∗∗     (4) 406 

where C**  is constant, α= 2.30(1+γ) κT/2q is the slope of VG
eff per decade of the lactic 407 

acid concentration, and [CLA] is the concentration of lactic acid. It can be seen from 408 

Eq. (4) that the concentration of lactic acid has the effect for adjusting the effective 409 

gate voltage (VG
eff) and VG

eff shifts to larger values with the increasing concentration 410 

of lactic acid when VG = 0.7 > VDirac (Bernards, Malliaras, 2007; Bernards et al., 2008; 411 

Cicoira et al., 2010; Lin et al., 2011; Lin et al., 2010). 412 

As shown in Fig. 5a, ∆VG
eff of the unmodified and modified SGGT sensors vs. Log 413 

[lactic acid] showed a linear relationship. The slope of the modified SGGT sensor was 414 

43 mV/decade, much larger than that of the unmodified one, and the linear range was 415 

between 3 µM and 300 µM. 416 

The stability of the SGGT-based lactic acid sensor was also tested. Essentially, we 417 

measured the 10 µM lactic acid in PBS buffer for 10 days. The modified SGGT 418 

device was kept at 4 °C with appropriate moisture after each measurement. From the 419 

experimental results (Fig. S6), we found that the device retains most of its 420 

performance even in one week and the half-life of the lactate oxidase modified on the 421 

electrode is roughly 10 days. 422 

3.5 Specificity test 423 

There may be some interference for the SGGT sensor in the detection of lactic acid in 424 

the cytoplasm, and we selected blank cell culture medium, KCl (1mM), NaNO3 425 

(1mM), Na2SO4 (1mM), Gly (1mM), NaCl (1mM), Glu (1mM), urea (1mM) for 426 
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specificity test. As shown in Fig. 5b, the modified SGGT sensor showed the most 427 

obvious response to 10 µM lactic acid (22.70 ± 2.31mV), followed by blank cell 428 

culture medium (5.66 ± 1.28mV). The responses of the device to other substances at a 429 

much higher concentration (1 mM) were very weak: KCl (0.76 ± 0.43mV), NaNO3 430 

(0.63 ± 0.51mV), Na2SO4 (0.51 ± 0.43mV), Gly (0.44 ± 0.41mV), NaCl (0.50 ± 431 

0.12mV), Glu (0.22 ± 0.14mV), urea (- 0.31 ± 0.26mV). Therefore, these substances 432 

will not affect the test results in lactic acid detection in real samples, as long as the 433 

weak influence of blank cell culture medium in the overall response is removed. 434 

3.6 Real sample detection 435 

The SGGT sensor with the JACM/CeO2NPs/LOD/CS modified Au gate was finally 436 

applied for tumor cell detection based on lactic acid concentration in cell cultures. 437 

First, we cultured tumor cell lines such as HepG2, A549 and Hela. Before actual 438 

sample test, the modified SGGT sensor was calibrated with the standard curve of 439 

lactic acid concentration obtained in PBS buffer (Fig. 5a). The cell culture medium 440 

was then sampled and detected. As shown in Fig. 6b, c and d, the modified SGGT 441 

sensor showed relatively large channel current response IDS to the Hela, A549 and 442 

HepG2 culture medium (diluted 1000 times) by adding successive volumes. 443 

When tumor cells grow in medium, they metabolize glucose through the glycolysis 444 

pathway, generating significant amount of lactic acid. As shown in Fig. 3b, the lactic 445 

acid molecules first enter the LOD/CS layer of the gate electrode and are converted to 446 

H2O2 (1:1). The generated H2O2 molecules then diffuse into the underlying 447 

JACM/CeO2NPs/CS layer and electrocatalytically converted to O2 (1:1). This process 448 
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transfers two electrons to the gate electrode and changes the effective gate potential 449 

accordingly. The small change in the effective gate potential is amplified by the 450 

transistor effect, reflecting in the large change in the channel current. We also confirm 451 

that the SGGT-based lactic acid sensor showed minimal signals to other common 452 

analytes existing in cell cultures. Therefore, we first obtained a standard curve of 453 

lactic acid concentration for the SGGT-based lactic acid sensor in PBS buffer by 454 

determining the effective gate voltage (∆VG
eff) change (from the corresponding 455 

current change) vs. the lactic acid concentration (Log(C)) as shown in Fig. 5a. The 456 

lactic acid concentration in the real sample analysis was calculated by substituting the 457 

corresponding effective gate voltage change into the standard curve (Xiong et al. 458 

2018). 459 

The detection result of the blank cell culture was used as control (Fig. 6a) and the 460 

actual concentration of lactic acid in the HepG2, A549 and Hela cell cultures was 461 

obtained by comparison with the standard curve of lactic acid. As shown in Table. S2, 462 

the concentration of lactic acid in HepG2 culture was 9.26 ± 0.30 mM, the 463 

concentration of lactic acid in A549 culture was 5.97 ± 0.28 mM, and the 464 

concentration of lactic acid in Hela culture was 7.50 ± 0.31 mM. This is consistent 465 

with the level of lactic acid in tumor cell cultures measured using the lactate kit. 466 

4. Conclusion 467 

In this paper, we first report a simple “one-step” and sustainable approach for 468 

synthesis of nanoceria loaded porous carbon (JACM/CeO2NPs) through in situ 469 

pyrolysis of cerium nitrate pretreated Jerusalem artichoke stalk. The JACM/CeO2NPs 470 
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nanocomposites exhibited superior electrocatalytic performance and were applied to 471 

the functionalization of the gate electrode of solution-gated graphene transistors 472 

(SGGTs), showing a detection limit as low as 30 nM of H2O2. Then a miniaturized 473 

biosensor was constructed by further modifying the gate electrode with lactate 474 

oxidase for real-time detection of lactic acid, with a detection limit of 300 nM and a 475 

linear range of 3 – 300 µM. The subsequent selectivity test demonstrated that the 476 

SGGT-based lactic acid sensor specifically detected lactic acid even in a complex 477 

system. Finally, the lactic acid sensor was successfully applied to the determination of 478 

lactic acid content in real medium samples of cancer and normal cell cultures with 479 

high accuracy. Considering its high biocompatibility and accuracy in cell culture 480 

samples, we believe that the SGGT-based lactic acid sensor shows great potential for 481 

identifying tumor microenvironment. Currently the SGGT-based lactic acid sensor 482 

still requires power supplying and current reading from external sourcemeters, which 483 

limits its application in various circumstances. The future work would be the 484 

construction of integrated and portable SGGT-based lactic acid sensors for on-site 485 

rapid identification of tumor tissues in live animals. 486 

  487 
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Fig. 1. Functional composite material characterization of JACM and JACM/CeO2NPs. (a)XRD (b)Raman (c)XPS. And the FE-SEM image of (d) 
biomass derived mesoporous carbon (before loading). (e) biomass derived porous carbon loading CeO2 nanoparticles.
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Fig. 2. Characterization of electrochemical properties of functional composite materia (JACM and JACM/CeO2NPs). (a)The cyclic 
voltammogram (CV) of the modified electrode in 10 mM H2O2 in 1×PBS (pH=7.4), scanning rate 50 mV/s (0-0.8V). (b) The cyclic 
voltammogram (CV) of the modified electrode in 10 mM lactic acid in 1×PBS (pH=7.4), scanning rate 50 mV/s (0-0.8V). (c) Electrochemical 
impedance spectroscopy (EIS) of modified electrode obtained in 0.1 mM KCl solution containing 5.0 mM [Fe(CN)6]

3-/4-and the frequency range 
from 0.1 to 105 Hz, the DC voltage used is 0.2 V and the amplitude of 0.001 V. And the FE-SEM image of (d) JACM/CeO2NPs/LOD/CS 
modified electrode surface. (e) a larger version of figure. 
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Fig. 3. (a) The schematic of the one-step and sustainable approach for preparing nanoceria loaded porous carbon through in situ pyrolysis of 
pretreated Jerusalem artichoke stalk. (b) The schematic diagram of a solution-gated graphene transistor (SGGT). D, S, G represents the drain, 
source and gate electrode, respectively. The oxidation of lactic acid occurs at the Au/JACM/CeO2NPs/LOD/CS modified gate electrode. 
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Fig. 4. The channel current responses of the SGGT with a bare Au gate (a) and a Au/JACM/CeO2NPs/CS gate (b) to the increasing H2O2 
concentration in PBS solution measured at VDS = 0.05 V and VG = + 0.7 V. The channel current responses of the SGGT with a bare Au gate (c) 
and a Au/JACM/CeO2NPs/LOD/CS gate (d) to the increasing lactic acid concentration in PBS solution measured at VDS = 0.05 V and VG = + 0.7 
V. 
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Fig. 5. (a) Effective gate voltage change (∆VG

eff) of the SGGT with a bare Au gate and Au/JACM/CeO2NPs/LOD/CS gate versus the logarithmic 
value of lactic acid concentration. (b) Selectivity measurements of the SGGT device with a Au/JACM/CeO2NPs/LOD/CS gate. The ∆VG

eff signal 
of the device in response to the target lactic acid (10 µM) or other nontarget analytes, i.e. blank cell culture medium, K+ (1mM), NO3

- (1mM), 
SO4

2- (1mM), Gly (1mM), Na+ (1mM), Glu (1mM), Urea (1mM) were compared. Error bars represent standard deviations from three 
independent measurements. 
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Fig. 6. Channel current responses of the SGGT with a Au/JACM/CeO2NPs/LOD/CS gate characterized in PBS solution before and after the 
additions of (a) control cell culture medium (b) Hela (c) A549 (d) HepG2 of different volumes. Inset: transfer curve of the SGGT measured in 
PBS solution. 
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A simple “one-step” and sustainable approach is reported for synthesis of nanoceria 

loaded porous carbon (JACM/CeO2NP) through in situ pyrolysis of pretreated 

Jerusalem artichoke stalk. 

The highly eletrocatalytic JACM/CeO2NP nanocomposites significantly enhance the 

electrochemical responses of solution-gated graphene transistors (SGGTs). 

A miniaturized biosensor is constructed based on functionalized SGGT for real-time 

detection of lactic acid with a detection limit as low as 300 nM and a linear range of 3 

~ 300 µM. 

The SGGT-based lactic acid sensor shows great potential for identifying tumor 

microenvironment due to its high biocompatibility and accuracy in real samples of 

cancer and normal cell cultures. 
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