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Abstract

Effective detection of biomarkers for tumor cellsshbeen the focus of attention.
In this work, we have successfully fabricated ahhjigsensitive sensor based on
solution-gated graphene transistors (SGGT) for diieig lactic acid content
accumulated in tumor cells through their glycolysigetabolism. The sensing
mechanism of the lactic acid sensor is attributedléctrochemical catalysis ob&,
produced by the oxidation of lactic acid by lactaxeédase near the gate electrode. The
key component of the sensor is the functionaliratid porous carbon loaded with
ceria nanoparticles derived from a novel one stemitu pyrolysis of pretreated
Jerusalem artichoke stalk, which significantly iiongd the sensor sensitivity, i.e. a
detection limit as low as 300 nM and linear rangamf 3 uM to 300 uM. The
optimized lactic acid sensor has successfully apgpio the detection of lactic acid in
practical cell culture samples with high crediilifThe SGGT-based lactic acid
biosensor shows great potential for the applicaitiotumor microenvironment due to
its superior biocompatibility and accuracy.
Key words: Porous carbon, nanoceria, Biomass pyrolysis, Bokgated graphene

transistors, Lactic acid
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1. Introduction

Cancer has become the second leading threat torhbezth and the number of
people die of cancers is still growing rapidtyhas been reported that from 2006 to
2016 the number of cancer deaths increased by 17@% 7.58 million to 8.93
million (GBD 2016 Disease and Injury Incidence &hvrdvalence Collaborators, 2017).
Early diagnosis and treatment of cancers has begarded as an effective approach
for prolonging the survival time and even complaiee of patients.

As is known to all, there are two main metabolichpays of intracellular
carbohydrate metabolism, i.e. aerobic respiratiod glycolysis. In normal cells,
oxidative phosphorylation of glucose is usually th&n metabolic mode. On contrary,
when cell carcinogenesis occurs, it has been regditat tumor cells bypass the
pathway of aerobic metabolism and conduct glycelysi energy supply (Xie et al.,
2014). This process accumulates large amountsct€ lacid around the tumor tissue.
For example, the lactate concentrations in Hepa&itular Carcinoma (HCC) biopsies
were around 2hM (Chao et al., 2016), leading to the acidic méenaronment of
tumor. Therefore, rapid and sensitive detectiorlactic acid in biological system
offers a potential approach for the routine analgsid diagnosis of tumor cells.

Various analytical methods for measuring lacticdabave been developed,
including high performance liquid chromatographyP{t€) (Ross et al., 2010), mass
spectroscopy (MS) (Tserng et al., 1984), electroubal detection (Hernandez-lbarez
et al., 2016), and transistor-based sensing (Khoalgget al., 2012). However, these

methods have some limitations in practical applecet For example, they generally
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require large equipment, complex operation, anckegsige maintenance costs. And
most importantly, these analytical methods takeylbme for final results and hence
do not meet the need for quick, continuous andieneetermination of lactic acid. A
transistor-based electrochemical sensor have shpmemising applications in a
variety of chemical and biological sensors (Lin,nYa2012). Advantages of
transistor-based electrochemical sensors inclugh kensitivity, low cost, ease of
manufacture, flexibility and biocompatibility (Noselov et al., 2004).
Transistor-based sensors are a combination ofssosend an amplifier that can cause
significant changes in channel current due to sp@kntial changes on the surface of
the gate electrode. Among them, solution-gated lggap field effect transistor
(SGGT) is a transistor-based sensor with a grapbkaenel that operates in solution
and has been widely applied across many fields ¢Lial., 2012; Rumyantsev et al.,
2012). Its main feature, ultra-sensitivity (usuadlysessed by the detection limit, i.e.
the minimum concentration of the analyte can bérgjaished from the blank value)
originates from its inherent amplification functjoramely the tiny voltage applied by
the electrolyte/graphene interface on the gateasarfie, electric double layer EDL in
Fig. S1) to regulate the channel current betweerstilurce and drain.

To further enhance the performance of SGGT basesbsg people have applied
many types of functionalization to the gate eladtr@r the channel, such as noble
metals (e.g. Pt (Zhai et al., 2013), Au (Hammoclalet2013)), and transition-metal
oxides (e.g. F©, (Miao et al., 2017), G®, (Xiong et al., 2018), CeQ(Liu et al.,

2015)). Among them, ceria (CgOnanoparticles have received broad attention in
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electrochemical applications because of their sopezlectrocatalytic properties,
excellent catalytic stability, low cost and gooddmmpatibility (Montini et al., 2016).
It has been reported that the approach for immeaiibn of functionalizing materials
also plays a significant role (Zhou, Hartmann, 2(#ang et al., 2017).

Recently, porous carbon materials with outstandilegtrical conductivity and
chemical stability, high surface area, and loadiagacity have received significant
attention across many fields, including electroclwaicapacitors (Hou et al., 2015),
lithium-ion batteries (Gaddam et al., 2016; Zhowlket 2017), catalysis (Han et al.,
2014), drug delivery (Huang, Lovell, 2016), etch& porous carbon materials
integrate the merits of a carbonaceous composérmh porous features, they show
superior properties compared with traditional psrailica and other carbon-based
nanomaterials. Current syntheses can be categas&zbdrd-template or soft-template
methods, both require well supplied carbon preswesources (Wang et al., 2016).

Biomass is the most abundant and renewable cadagoes on the earth and has
optimal structure of carbon materials through etiofu (Saikat et al., 2014). It has
been regarded as a well suitable precursor forysooarbons and has already been
widely applied for their fabrication because of itsv cost, eco-friendly features
(Pode, 2016). The simplest approach to obtain moroarbons from biomass is
pyrolysis of native materials under low oxygen eonment through which porous
carbon matrix naturally forms based on the origipatous structure of biomass
materials upon carbonization (Zhong et al., 201éergkumar et al., 2016). The

generated porous carbons are reported to have umagye advantages. For example,
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the large surface area and high porosity of bionuess/ed porous carbon make it
very promising for catalytic applications (Cherakt 2018).

Jerusalem artichoke is a kind of important cash andrgy crop with high
tolerance to barren and harsh environment (Lora. e2016). So, the planting area of
Jerusalem artichoke is growing every year. Th& stlerusalem artichoke generally
grows up to 1-3 meters, producing a large amouiahass resources. Unlike other
common agricultural biomass, Jerusalem artichaki sbntains a substantial portion
of lignin. Besides, it has been reported that Jdems artichoke stalk has honeycomb
like porous structures that may retain during pys@ process, yielding high-quality
porous carbon materials (Lei et al., 2015).

The key factor for functionalization of SGGT basgehsors lies in how to
effectively load the ceria nanopatrticles into para@arbon backbones. In this paper,
we report a novel “one-step” approach for productid 3D porous carbon supported
ceria nanoparticles (JACM/CeBPs) from in situ pyrolysis of cerium nitrate
pretreated Jerusalem artichoke straw biomass. Wedfthat the nanocomposites of
JACM/CeQNPs exhibited exceptional capability of electrocieah catalytic
oxidation of HO,. Incorporated with lactic acid oxidase, the namoposites of
JACM/CeQNPs were used for modification of the gate eledraed SGGT. This
functionalization greatly improved the sensitivif the optimized SGGT sensor for
lactic acid, showing a detection limit as low a$) 3tM, far beyond the sensitivity
required for practical applications. In the end, al& demonstrated that the modified

SGGT sensor was ready for distinguishing cancds ¢dedm normal cells judging
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from the lactic acid generated by the metabolisntaricer cells. Considering the
availability of biomass materials and the conveogenf the one-step approach, we
believe JACM/Ce@NPs provides a highly potential functionalizatioratarial for
improving the performance of SGGT sensors for aewagplication in diagnosis of
disease-related biomarkers and healthcare morgtorin

2. Materials and methods

2.1 Materials

Jerusalem artichoke stalk (JA) was collected fraast ef Anhui province, China.
DL-lactic acid (LA), phosphate buffered saline (FBS, a mixed solution of 80 mM
NaHPO;, 1.36 M NaCl, 20 mM KKHPO, and 26 mM KCI, with pH = 7.2) were
purchased from Sangon (Shanghai, China). Ceriumrateit hexahydrate
(Ce(NGy)3- 6H,0) was purchased from Macklin (Shanghai, Chinaktdi® oxidase
(LOD) (9.5 mg/mL, 106 U/mg) was purchased from Ygarbiology (Shanghai,
China). Hydrogen peroxide (B,), chitosan (CS), potassium chloride (KCI),
potassium hydroxide, sodium nitrate (NaflOsodium sulfate (N&Q,), sodium
chloride (NaCl), glycine (Gly), D-glucose (Glu), e were purchased from
Sinopharm (Shanghai, China). Dulbecco’'s modifiedl&sa medium (DMEM) with
high glucose, 110 mg/L sodium pyruvate were puretasom Gibco (Auckland,
New Zealand). The lactic acid kit for determinatioinlactic acid concentration was
purchased in Jiancheng (Nanjing, China). Ultrapdesonized (DI) water was
produced by a Milli-Q system (18.2 ® Millipore, Bedford, MA, USA). All the

reagents were used without further purification.
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2.2In situ synthesis of porous carbon supported nanoceri@NIEeQNPS)

As shown in Fig. 3a After washing, drying, and fgrinding, Jerusalem artichoke
stalk was pretreated with 0.5 L cerium nitrate tgximate (2 mM) in a beaker with
magnetic stirring for 20 min. After saturation, Itk hydrogen peroxide and 7.5 mL
of ammonia were added to the beaker, followed Bydlcetyltrimethyl ammonium
bromide (CTAB) for better dispers ion of particléster 1 hr, the suspension was
filtered to remove large sediments and then driec@D&C overnight. Pipe furnace was
used for pyrolysis of the above dried materialse Plyrolysis was performed under
nitrogen atmosphere with heating rate of 10 °C/nmsulation heat up to 800 °C for 2
hr. The biochar was grounded, sieved, and wash&NhKOH solution for 12 hr.
Finally, the cathartic cleaning solution was ndudrad remained to be used.

2.3 Preparation of JACM/CeDIPs/LOD/CS modified electrode for lactic acid
detection.

The SGGT device was designed as shown in Fig. 3to€zim (4 mg) was completely
dissolved in 20 mL of 1% acetic acid solution. Thbove-mentionedn situ
synthesized nanocomposites of JACM/GEBs were added to the prepared chitosan
solution with a final concentration of 1 mg/mL, ankasonically dispersed for 2 hr.
We applied each 10L of this mixed suspension to the bare gate eldetrdhe gate
electrode was naturally air-dried. Thenul5 of LOD solution was added to @ of
the chitosan solution with careful mixing to avdidbbles. The LOD in chitosan
solution was added drop wisely to the above dri@M/CeO,NPs/CS modified gate

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

Crystallographic structures of the JACM/CG&P’s samples was obtained from X-ray
diffraction (XRD) measurement by X'Pert PRO MPD6(kW) with CuKo radiation

(A = 1.5405 A) in a @ range from 10 to 60° with scanning rate of 1°/ndiACM and
JACM/CeQNPs were characterized by microscopic confocal rlagaman
spectroscopy (633 nm, HR Evolution) for the degoéegraphitization of porous
carbon. JACM and JACM/Ce@Ps were also characterized by ESCALAB 250Xi
X-ray photoelectron spectroscopy (XPS) to demotestthat cerium oxide was
successfully supported on biomass carbon. Sampiphulmgy was determined by a
SU8020 field emission scanning electron microsqéiiy*SEM).

2.5 Electrochemical measurement

The electrochemical properties of the bare and figodelectrodes were characterized
by the CHI650D electrochemical workstation (Shamn@td Instruments Inc., China).
All electrodes were rinsed with deionized waterobeftest to remove floating dust
from the surface. We used a saturated calomelretext(SCE) as the reference
electrode, and a Pt wire as the counter electrddiee electrodes composed of bare
Au gate, JACM/CegNPs/CS and JACM/CePs/LOD/CS respectively were tested.
Cyclic voltammograms (CV) were performed at 1xPBSnixed solution of 80 mM
NaHPO;, 1.36 M NaCl, 20 mM KKHPO, and 26 mM KCI with pH 7.4) at a scan rate
of 50 mV/s with a scan range of 0-0.8 V. Electrouleal impedance spectroscopy
(EIS) was performed on bare Au gate, JACM/@¢Rs/CS/Au and

JACM/CeQNPs/LOD/CS/Au in 0.1 mM KCI solution containing 5.nM



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

[Fe(CN)]*"*and the frequency range from 0.1 t@ H, the potential used is 0.2 V
(Zheng et al.,, 2016). The curve was recorded ahicemlapplied potentials under
continuous stir.

All devices were immersed in 1xPBS for 15 min beftactic acid was detected in
real time and rinsed thoroughly. All SGGT-basedsses for lactic acid detection,
including source, drain and gate electrodes, witienenersed in a beaker containing
10 mL of 1xPBS solution. The source and drain, tredgate are connected to two
source meters (Keithley 2400), respectively. Thee gmltage (\é) and source-drain
voltage (\bs) were controlled by Labview program. Different centrations of lactic
acid were then added to the PBS. To get consecdiffe¥ent bs responses. Lactic
acid was detected under a fixeghsv= 0.05 V and a gate voltageg\= + 0.7 V.
Including the transfer curve od-Vs, measuring the channel current between the
source and drain as a function of ¥t a fixed \bs = 0.05 V) and the channel current
versus time curve ¢k-t, at a constant The change g§ tesponse generated by each
sensor for different concentrations of lactic aattled with time was measured under
Vg=+0.7Vand ¥s=0.05V.

2.6 Cell cultivation process

The human hepatoma HepG2 cell line seeded at atglefigt x 17 cells/well in 35
mm dishes, and were maintained as subconfluengresltin DMEM supplemented
with 25 mM glucose, 10% Fetal Bovine Serum (FBSimM sodium pyruvate, 100
ug/mL penicillin and 10Qug/mL streptomycin (medium A). Cells culture andtifiar

analyses were conducted at 37 °C under an atmasphé&go CQ and 95% air. The
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human cervical cancer Hela cell line and the luagcer cell A549 cell line were
provided by the University of Science and Technglo§ China (Hefei, China), and
cultured the same way. The experimental incubatiwae terminated by collecting
the incubation medium and washing the cells withL11xPBS.

2.7 Standard assay for lactic acid concentration ircgiemedium.

With Nicotinamide adenine dinucleotide (NDA) as tiwedrogen acceptor, Lactate
dehydrogenase (LDH) catalyzes the dehydrogenatidactate to produce pyruvate,
which converts NAD to NADH. With NDA as the hydragacceptor, LDH catalyzes
the dehydrogenation of lactate to produce pyruwatech converts NAD to NADH.
The hydrogenation of phenazine methosulfate (PMf8uces the nitrotetrazolium
blue chloride (NBT) to a purple color, and the abaoce of the colorant is linear
with the lactic acid content at 530 nm.

According to the kit operation steps, the lactiddamntent is obtained according to

the formula:

_ 0D;-0Dg (1)
0D;—0D,

where C is the lactic acid concentration (mM), B the absorbance of the blank
medium at 530nm, Opis the absorbance value of lactic acid referecg3anm
OD; is the absorbance of cell culture medium at 530Ah.OD530 values were
detected by microplate reader.

3. Resultsand discussion

3.1 Characterization of nanoceria loaded porousozananocomposites

The morphology the JAME/CefPs by FE-SEM are shown in Fig. 1d and e. It can



251  be clearly seen that the carbon derived from pgislpf Jerusalem artichoke stalk
252 (before loading nanoceria) shows a honeycomb ldteys structure, very suitable for
253  nanoceria supporting matrix. Pretreating Jerusadiohoke stalk with cerium nitrate
254  as the precursor, we found that nanoceria was ssitdly synthesized on the surface
255  of the porous carbon walls by the one stegtu pyrolysis method.

256  The X-ray diffraction (XRD) pattern of JACM and JMICeO,NPs as shown in Fig.
257 la demonstrates that there a#éen®table differences between 10 to 60°. Compared to
258 JACM XRD spectrum, JACM/CefDIPs XRD spectrum shows absorption peak at
259 28.6° and 33.1° and 47.5° and 56.4° and 59.2°gspanding to the Ce@111) (200)
260 (220) (311) (222) characteristic peak (Deshpandal.2005). This clearly indicates
261 the presence of CeManoparticles in the pore structure of JACM. Hig.shows the
262  microconfocal laser Raman spectrum of JACM and JACMDBNPS. It can be seen
263 from the figure that there were obvious absorptimaks around 1300¢mand
264 1580cm’. The D and G absorption peak intensity ratio ofSBAwas b/Ic=0.92,
265 while that of JACM/Ce@NPs was d/Ic=1.06, indicating that the graphitization
266 degree of JACM was higher than that of JACM/@€¥RPs. Because the D peak
267 represents a defect in the C atomic lattice, amd Ghpeak represents an in-plane
268  stretching vibration of the C atom?spybridization. Due to the addition of Cg@he
269 oxygen of Ce®@ may lead to partial oxidation of graphitized carbduring
270  carbonization. This leads to the transformatiothef C atom from the G peak’sip
271 the D peak sp(Ferrari, 2007). The X-ray photoelectron energgcspum (XPS) of

272 JACM and JACM/Ce@NPs is shown in Fig. 1c, which indicates that bwoiterials
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contain biomass porous carbon materials. Therefore,obvious that the absorption
peaks of C and O atoms can be found from the figline absorption peaks of Ce3d
(Béche et al., 2008) appear in the XPS map disdldye JACM/CeQNPs, so it
indicates that the composite material synthesizgdhle in situ synthesis method
contains Ce@

Fig. 2d and e show the morphology of the gate eddetsurface we modified. As can
be seen from the figure, the surface area of ttee gJactrode was increased due to the
addition of porous carbon of biomass. In this wagre reaction area is increased,
and the catalytic efficiency of CeCand LOD is improved. Fig. 2e is a partial
magnification of Fig. 2d, which shows that the @lede surface was covered by
chitosan film, and the lactic acid oxidase was ascased on the chitosan, being
close to the electrode surface. Therefore, it e lvalidated that chitosan can serve
as a good medium for fixing JACM/Ce@Ps and LOD firmly on the electrode
surface during the modification process.

3.2 Electrochemical characteristics of JACM/GR®s/LOD/CS modified electrode

In order to evaluate the catalytic performance AEM/CeO,NPs/LOD/CS modified
gate electrode, cyclic voltammetry (CV) was usedharacterize the electrochemical
catalytic capacity of functional composite elecedad HO,. The results are shown in
Fig. 2a and we found that the CV oxidation peak 16 mM HO, by the
JACM/CeQNPs modified by Au electrode was 10 times highantthat of bare Au
gate, indicating that the modification of JACM/CG&P’s significantly enhanced the

electrocatalytic oxidation activity of Au gate efexle to HO,. The current peak of
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the JACM/CeONPs/LOD/CS/Au electrode in Fig. 2a is smaller thhat of the
JACM/CeQNPs/CS/Au electrode. The possible reason is tha dhectrode
impedance increases after the addition of LOD, ceduthe electron transfer rate of
the electrode (as shown in Fig. 2c).

We have performed additional CV measurements onthlihee electrodes in PBS
buffer without HO, and found clear Au reduction peaks at 0.3-0.6 ¥hemwvn in Fig.
S7, similar to the results in (Nagaraj et al., 2013owever, the reduction peak
disappeared after the addition of,(® (see Fig. 2a and 2b). When the CV
characteristics of D, are detected in the PBS solutionGd exhibit an irreversible
reduction process, which has a more significanticedn peak at about -0.4V (Shan
et al., 2010; Zhang et al., 2013). We believe tbssfble reason for the missing Au
reduction peak is that the reduction peak of theehaetrode may have been covered
by the irreversible reduction process ofG4 This result is also consistent with the
results reported in previous literatures (Zhangle2015; Xiong et al., 2018).

We also tested the electrochemical properties ef JIACM/CeQNPs/LOD/CS
modified electrode to 10 mM lactic acid as showrig. 2b, which also indicated a
significantly enhanced electrocatalytic performaatthe modified electrode.

When we studied the charge transfer of the eleesothe three electrodes were
independently tested by EIS, and the results apgvishn Fig. 2c. First, we fit the
equivalent circuit diagram (illustrated in Fig. 2ised on the actual condition (which
also contains electrode polarization and conceaatrgolarization). The interpretation

of the elements in the equivalent circuit is adofes. R is the resistance of the
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solution between the reference electrode and thkimgelectrode. CPE is a constant
phase angle component associated with an eledaitiblé layer capacitor. Ris the
charge transfer resistance of the electrodg.isfRthe solid phase diffusion of a
Warburg resistor. And {is the solid phase diffusion of a Warburg capacito
We can see from the figure that the Nyquist plothef three electrodes show a clear
semicircle at higher frequencies. The size of thmisircle yields the value of R
(Chen et al., 2005). Among the three electrodesRhvalue of the bare Au electrode
is about 1500 ohm, while that of the electrode riediby JACM/CeQNPs/CS is
only about 200 ohm. This indicates that the electtansfer resistance of the
electrode is significantly reduced after modifioati which facilitates the transfer of
electrons. The electrode modified by JACM/GEBs/LOD/CS has a Rkvalue of
about 500 ohm, slightly higher than that of the 3KCeO,NPs/CS modified
electrode, indicating that the addition of the L@yer increases the electron transfer
resistance.
Since the same electrolyte was used in EIS expatsrfer all the three electrodes,
the resistance |Rassociated with the solution between the electrodes substantially
the same, which is about 100 ohms.
In addition, we also computed the CPE values othinee electrodes. The equivalent
capacitance value of the CPE can be calculated@iogato the following formula:

1

Cq = 2)(

(L)*Rct

where G is the equivalent capacitance value of CPE, @hds the corresponding

angular velocity at the half dome point shown ie Hode plot (see Fig. S5). Through
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fitting and calculation, the capacitance of theebAu gate electrode is about 2.92 x
10" S SeWen?, while that of the JACM/CefDIPS/ICS and the
JACM/CeQNPs/LOD/CS modified electrode is about 4.25 %' ¥ Sel/cn? and
1.63 x 10’ S Sel/cn?, respectively.

The dynamic surface area of the sensing platfors egdculated by using Randles -
Sevcik equation; area was investigated utilizinglicyvoltammetric technique, 1.0
mM K3Fe(CN) as a test solution and 0.1 M KCI as supportingtedéyte, at different
sweep rates (Nagaraj et al., 2019; Nagaraj et2@ll9). At T = 298 K and for a

reversible process the equation is as follows:

1

3 1 =
Ip = (2.69 x 10%)n24v2D2C; (3)
The area of the electrode surface is signified athd diffusion coefficient asJ)i.e.
7.6 x 10° cn? s, sweeping rate as and G is the concentration of #&e(CN}.

1’2, the surface area of the bare Au electrode was

From the slope of the plot of Vs.v
found to be 0.017 chwhile that of the modified electrode surface area 0.043 crf
increasing by 2.5 times (see Fig. S7).

3.3 KO, detection by the JACM/Ce@P modified SGGTs

We further applied the JACM/CeNPs modified as well as the pristine SGGTs for
detection of HO,. Fig. S2a shows the transfer curve measured bydhe Au gate
SGGT sensor in PBS solution. The Dirac point oftthesfer curve was about 0.4 V
with excellent bipolarity validating the reliablefiormance of the prepared SGGT

devices. Subsequently 0.1 mM, 1 mM and 10 mM gbHwvas successively added to

the pristine SGGT device, and the Dirac point ef ttansfer curve shifted slightly to
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the left with the increasing concentration gf4.

According to the definition of detection limit byJPAC, it can be known that the
target concentration corresponding to the curregmas with a signal-to-noise ratio
greater than 3 {ly > 3) can be used as the detection limit of thesdmsor. Fig. 4a
displays the barrow current responsg)(bf the SGGT sensor with the bare Au gate
to different concentration of @, successively over time, the detection limit of gbhi
was 1uM (see the inset of Fig. 44]s/Aly = 0.50/0.08 > 3).

Next the response of the SGGT sensor with the JATR@NPs/CS modified gate to
the different concentrations of,8, was measured for comparison. The transfer
curves of the JACM/CefDIPs/CS modified SGGT sensor in response to 0.1 inM,
mM and 10 mM of HO, is shown in Fig. S2b. Again the transfer curvestesh
horizontally to the left, but with a significantlgrger amplitude than that of the SGGT
with the bare Au gate. Fig. 4b shows the channeteoti response {§) of the
JACM/CeQNPs/CS modified SGGT sensor at/+ 0.7V and Vs = 0.05V with the
addition of HO, at different concentrations. The inset of Fig.idficates that the
detection limit of the modified SGGT sensors faiOxd was 30 nM Alg/Aly = 2.05
nA/0.23 uA > 3). Moreover, the increasing amplitude of catreith increasing bKD;
concentration was much larger than that of the Waregate SGGT sensor. These
observations confirmed that the modification of MCeO,NPs/CS effectively
improved the detection performance of the SGGTaelos H,O,.

3.4 Lactic acid detection by SGGTs

The SGGT devices were further applied for detectiblactic acid and the results are
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presented in Fig. 4. As shown in Fig. S2c, thesf@mcurve measured by the bare Au
gate SGGT sensor for the addition of different @mtiations of lactic acid (0.1 mM,

1 mM, and 10 mM respectively) in PBS solution shdvgeod bipolarity behavior.
Besides we found that the Dirac point of the transtirve moved slightly to the left
with the increase of the concentration of lacticlaEig. 4c shows the channel current
responsegs of the bare Au gate SGGT sensor when differenteotmations of lactic
acid were added to PBS solution successively.ntbmseen from the figure the bare
Au gate SGGT sensor had minimum current responsdadtc acid at low
concentration. This indicates that lactic acid diot spontaneously participate in
electrochemical reactions on the electrode surfAsea comparison, the transfer
curves of the JACM/CefDIPs/LOD/CS modified SGGT sensors to lactic acia als
presented good bipolar behavior, but with a mudigela shift to the left with
increasing concentration of lactic acid (Fig. S2d).

Furthermore, the channel currepg bf the modified SGGT sensor clearly showed a
positive linear relation with the increasing corncation of lactic acid. The inset of
Fig. 4d indicates that the detection limit of thediiied SGGT sensor to lactic acid
was 300 nM Alg/Aly = 1.38uA/0.20 A > 3).

The current response is attributed to the chandheoéffective gate voltagay ™
induced by the electrochemical reaction of lacticl@n the gate electrode. Therefore,
AV is calculated by subtracting the initial gate agh value from to the current

responses at corresponding lactic acid concentiiio Fig. 4b and d and the results

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

Vil = (A4 y)Ve-c = 23001 +7) 5 log[ Cral + €™ = alog[CLal +C* (&)
where C is constantg= 2.30(1+) «T/2q is the slope of ¥" per decade of the lactic
acid concentration, and [&] is the concentration of lactic acid. It can bersérom
Eq. (4) that the concentration of lactic acid hae effect for adjusting the effective
gate voltage (¥") and \&*" shifts to larger values with the increasing comeion

of lactic acid when ¥= 0.7 > \biac (Bernards, Malliaras, 2007; Bernards et al., 2008;
Cicoira et al., 2010; Lin et al., 2011; Lin et £010).

As shown in Fig. 5aAV™" of the unmodified and modified SGGT sensors vg Lo
[lactic acid] showed a linear relationship. Thepgl@f the modified SGGT sensor was
43 mV/decade, much larger than that of the unmedliine, and the linear range was
between 3iM and 300uM.

The stability of the SGGT-based lactic acid sensas also tested. Essentially, we
measured the 1QM lactic acid in PBS buffer for 10 days. The moelifi SGGT
device was kept at 4 °C with appropriate moistdter &ach measurement. From the
experimental results (Fig. S6), we found that thevick retains most of its
performance even in one week and the half-lifeheflactate oxidase modified on the
electrode is roughly 10 days.

3.5 Specificity test

There may be some interference for the SGGT sengbe detection of lactic acid in
the cytoplasm, and we selected blank cell cultuediom, KCI (ImM), NaN@

(ImM), NaSO; (ImM), Gly (ImM), NaCl (ImM), Glu (ImM), urea (1mMor
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specificity test. As shown in Fig. 5b, the modifi&&GT sensor showed the most
obvious response to 1M lactic acid (22.70 + 2.31mV), followed by blanlelc
culture medium (5.66 £ 1.28mV). The responses @fd#vice to other substances at a
much higher concentration (1 mM) were very weak: KC76 + 0.43mV), NaN@
(0.63 + 0.51mV), Ng8O; (0.51 + 0.43mV), Gly (0.44 + 0.41mV), NaCl (0.50 *
0.12mV), Glu (0.22 = 0.14mV), urea (- 0.31 = 0.26mVherefore, these substances
will not affect the test results in lactic acid elgtion in real samples, as long as the
weak influence of blank cell culture medium in thesrall response is removed.

3.6 Real sample detection

The SGGT sensor with the JACM/Cg@Ps/LOD/CS modified Au gate was finally
applied for tumor cell detection based on lactie amncentration in cell cultures.
First, we cultured tumor cell lines such as Hep&2349 and Hela. Before actual
sample test, the modified SGGT sensor was calidbratieh the standard curve of
lactic acid concentration obtained in PBS buffeig(Ba). The cell culture medium
was then sampled and detected. As shown in Figc &md d, the modified SGGT
sensor showed relatively large channel currentoresp hs to the Hela, A549 and
HepG2 culture medium (diluted 1000 times) by addingcessive volumes.

When tumor cells grow in medium, they metabolizecgke through the glycolysis
pathway, generating significant amount of lactilaés shown in Fig. 3b, the lactic
acid molecules first enter the LOD/CS layer of ¢fage electrode and are converted to
H,O, (1:1). The generated ,B, molecules then diffuse into the underlying

JACM/CeQNPs/CS layer and electrocatalytically converte@®td1:1). This process
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transfers two electrons to the gate electrode &athges the effective gate potential
accordingly. The small change in the effective gat¢ential is amplified by the

transistor effect, reflecting in the large changé¢hie channel current. We also confirm
that the SGGT-based lactic acid sensor showed ralngignals to other common

analytes existing in cell cultures. Therefore, westfobtained a standard curve of
lactic acid concentration for the SGGT-based laaticd sensor in PBS buffer by
determining the effective gate voltagaV(c®™") change (from the corresponding
current change) vs. the lactic acid concentratiozg(C)) as shown in Fig. 5a. The
lactic acid concentration in the real sample ansaly&s calculated by substituting the
corresponding effective gate voltage change in® gtandard curve (Xiong et al.
2018).

The detection result of the blank cell culture waed as control (Fig. 6a) and the
actual concentration of lactic acid in the HepG348 and Hela cell cultures was
obtained by comparison with the standard curvectid acid. As shown in Table. S2,
the concentration of lactic acid in HepG2 cultur@sw9.26 + 0.30 mM, the

concentration of lactic acid in A549 culture wa€9h.+ 0.28 mM, and the

concentration of lactic acid in Hela culture waS07+ 0.31 mM. This is consistent
with the level of lactic acid in tumor cell cultgreneasured using the lactate kit.

4. Conclusion

In this paper, we first report a simple “one-stegid sustainable approach for
synthesis of nanoceria loaded porous carbon (JAGKMYRPS) throughin situ

pyrolysis ofcerium nitrate pretreated Jerusalem artichoke .stdlk JACM/CeG@QNPs
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nanocomposites exhibited superior electrocatalygidormance and were applied to
the functionalization of the gate electrode of Holrgated graphene transistors
(SGGTs), showing a detection limit as low as 30 ofVH,O,. Then a miniaturized

biosensor was constructed by further modifying tiege electrode with lactate
oxidase for real-time detection of lactic acid,wé detection limit of 300 nM and a
linear range of 3 — 30QM. The subsequent selectivity test demonstratetl ttie

SGGT-based lactic acid sensor specifically detetaetic acid even in a complex
system. Finally, the lactic acid sensor was suckgspplied to the determination of
lactic acid content in real medium samples of careel normal cell cultures with

high accuracy. Considering its high biocompatipildnd accuracy in cell culture
samples, we believe that the SGGT-based lactic semdor shows great potential for
identifying tumor microenvironment. Currently th&sG&T-based lactic acid sensor
still requires power supplying and current readwmogn external sourcemeters, which
limits its application in various circumstances.eTfuture work would be the

construction of integrated and portable SGGT-bdaetic acid sensors for on-site

rapid identification of tumor tissues in live anima
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Fig. 2. Characterization of electrochemical properties fafictional composite materia (JACM and JACM/GB®s). (a)The cyclic
voltammogram (CV) of the modified electrode in 10MnH,0, in 1xPBS (pH=7.4), scanning rate 50 mV/s (0-0.8{)) The cyclic
voltammogram (CV) of the modified electrode in 18Mractic acid in 1xPBS (pH=7.4), scanning rate 5@/sn(0-0.8V). (c) Electrochemical
impedance spectroscopy (EIS) of modified electrmistained in 0.1 mM KCI solution containing 5.0 mFe[CN)}]*"*and the frequency range
from 0.1 to 16 Hz, the DC voltage used is 0.2 V and the amplitafi®.001 V. And the FE-SEM image of (d) JACM/G&Ps/LOD/CS

modified electrode surface. (e) a larger versiofiguire.
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Fig. 3. (a) The schematic of the one-step and sustairggipeoach for preparing nanoceria loaded porousooattroughin situ pyrolysis of
pretreated Jerusalem artichoke stalk. (b) The satierdiagram of a solution-gated graphene trans(8&GT). D, S, G represents the drain,
source and gate electrode, respectively. The aridaf lactic acid occurs at the Au/JACM/C&0Ps/LOD/CS modified gate electrode.
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Fig. 4. The channel current responses of the SGGT witlara Bu gate (a) and a Au/JACM/Cg@@Ps/CS gate (b) to the increasingCd
concentration in PBS solution measured g§ ¥ 0.05 V and ¥ = + 0.7 V. The channel current responses of th& B@ith a bare Au gate (c)
and a Au/JACM/CeeNPs/LOD/CS gate (d) to the increasing lactic acdogntration in PBS solution measured g¢ ¥ 0.05 V and ¢ =+ 0.7
V.
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A simple “one-step” and sustainable approach i®nted for synthesis of nanoceria
loaded porous carbon (JACM/CgP) throughin situ pyrolysis of pretreated
Jerusalem artichoke stalk.

The highly eletrocatalytic JACM/CeSP nanocomposites significantly enhance the
electrochemical responses of solution-gated graptransistors (SGGTS).

A miniaturized biosensor is constructed based owtfanalized SGGT for real-time
detection of lactic acid with a detection limitlasr as 300 nM and a linear range of 3
~ 300uM.

The SGGT-based lactic acid sensor shows great foateor identifying tumor
microenvironment due to its high biocompatibilitydaaccuracy in real samples of

cancer and normal cell cultures.
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