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Abstract

Ceo can accept up to six electrons reversibly and show exceptional light
absorption over the entire UV-vis spectrum, making it a potential photoactive probe
for photoelectrochemical (PEC) bioassay. However, few successful works have been
reported to apply fullerenes in PEC biosensing, partially because of the low electronic
conductivity and poor interfacial interactions with targeted biomolecules. Herein, we
report the addressing of these two obstacles by coupling high conductive graphite
flake (Gr), graphene oxide (GO) with sufficient oxygen-containing functional groups,
and an alkylated Cgp (ACgp) into a metal-free all-carbon nanohybrid (ACeo-Gr-GO)
via harnessing delicate non-covalent interactions among them through a facile
mechanical grinding. It was revealed that the as-obtained ACgy-Gr-GO nanohybrid not
only showed conspicuous enhancement of photocurrent up to 35 times but also
offered rich anchors for bioconjugation. Taking detecting Alpha-Fetoprotein as an
example, the ACq-Gr-GO based PEC immunosensor demonstrated a board linear
detection range (I pgrmL™ ~ 100 ng'mL™) and an detection limit as low as 0.54
pg-mL", superior/competitive to PEC immunosensors for AFP in previous reports. By
a proper reinforcement in conductivity and bio-interface engineering, this work may
provide a new way to pave fullerenes as photoactive materials in more general PEC

biosensing.
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Photoelectrochemical (PEC) bioassay has drawn many attentions recently since
it not only coupled the well-known merits of optical and electrochemical methods, but
also has particular features such as high signal-to-noise ratio due to the complete
isolation of the excitation and output signals.'® Recently, many investigations have
been undertaken to explorenew photoactive materials because a high efficient
photoelectric conversion efficiency is a key to improve the analytical performances in
PEC bioassay.” " To date, several pioneering PEC biosensors have been constructed
utilizing metal-containing semiconductors such as TiO,, ZnO, WOs3, CdTe, and CdS
nanoparticles or quantum dots (QDs),"*" which have exhibited excellent
photoelectrochemical properties. Nevertheless, several improvements or concerns still
need to be addressed before they enter the practical clinic applications, which include
lowering environmental toxicity, improving biocompatibility, and enhancing the
utilization of visible light.zo'23 Therefore, the development of photoactive materials for
practical PEC biosensing is still in infancy.

Fullerenes, such as Cg, have attracted enormous interests both theoretically and
experimentally due to their unique physiochemical properties.24'31 Concretely, Cgp can
be reversibly reduced by accepting up to six electrons and exhibited a wide absorption
in the whole UV-vis range, making it an attractive photoactive probe in constructing
PEC biosensors.””>* However, few works have been reported for the applications of
fullerenes in the research areas of PEC biosensing, partially due to the low electronic

conductivity and poor interfacial interactions with biomolecules.’>>’

In principle,
prospective properties could be achieved by a rational modification of fullerene into
potential derivatives. In our previous work, we showed that the solubility of fullerene

in organic solvents could be immensely enhanced by modifying fullerene with three

long alkyl chain via a Prato reaction, and the photoelectric conversion efficiency of
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alkylated fullerene Cgp (ACq) could be greatly improved by assembling with

graphene due to the high affinity of long alkyl chain towards the graphene.*

Grind

ACqn

Y Y

Ag  Ab, Ab, BSA
Figure 1. Scheme of general processes for assembling of ACg-Gr-GO and
construction of photoelectrochemcial AFP immunosensor.

To address the challenge of PEC biosensing application of fullerenes, herein, we
report the coupling of ACgy with graphite flake (Gr) and graphene oxide (GO) into a
metal-free all carbon nanohybrid (ACg-Gr-GO) by a simple wet grinding method,
thanks to delicate non-covalent interactions among them. As electron collector and
transporter, the Gr in the assembly accelerated the charge-transfer and enhanced the
photoelectric conversion efficiency of ACg up to 35 times. Simultaneously, due to
abundant carboxyl groups active sites, GO in the ACs-Gr-GO nanohybrid guaranteed
sufficient aqueous dispersity and a friendly anchors for facile bioconjugation. As an
example, the ACg-Gr-GO based PEC immunosensor (Figure 1) had a broad dynamic

detection range from 1 pg'mL'1 to 100 ng-mL'1 and an detection limit of as low as
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0.54 pg'mL'1 in sensing Alpha-Fetoprotein (AFP), which were superior/competitive to

PEC immunosensors for AFP in previous reports.Sg'43

Experimental Section

Materials and Reagents

Alkylated-Cgo, ie., 3,4,5-Tris(eicosyloxy) phenyl substituted
N-methyl-fulleropyrrolidine[60] (ACgqo, Figure 1), was prepared by following the
previous work.** Graphite flake (natural, -325 mesh, 99.8%) was obtained from Alfa
Aesar Chemical Co. Ltd (Tianjin, China). Graphene oxide (GO) was homemade by a
modified Hummers’ method using the graphite flake as the precursor.”
Alpha-Fetoprotein (AFP), Cardiac troponin I (cTnl), Mesothelin (MSLN), Tumor
necrosis factor-a (TNF-a) and the antibody Ab; and Ab, were supplied by Beijing
Key-Biotech Co. Ltd. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were offered by Sigma-Aldrich (Shanghai, China).
Bovine serum albumin (BSA) and PBS solution was obtained from Sunshine
Biotechnology Co. Ltd. (Nanjing, China) and Sangon Biotech (Shanghai, China),
respectively. Ascorbic acid (AA), potassium ferricyanide, potassium ferrocyanide,
acetone, tetrahydrofuran, and ethanol were supplied by Sinopharm Chemical Reagent
Co. Ltd (China). Indium tin oxides (ITO, 6.2-6.8 )/sq) was purchased from Zhuhai
Kaivo Optoelectronic Technology Co., Ltd (China). Ultrapure water (18.2 MQ-cm)
was used in the whole study from a Smart2Pure™water purification system (Thermo
Fisher, USA).
Synthesis of AC¢-GO-Gr and further conjugation with Ab,

The ACgp-Gr-GO nanohybrid was synthesized by a mechanical mixing of ACgy,

Gr, and GO with a mass ratio of 1:0.1:1 (1 mg, 0.1 mg, 1 mg), and subsequent

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors

sonication in 10 mL of 10 mM PBS for 2 h. After that, the supernatant was separated
by using a centrifugation (800xg, 30 min). As control, Gr-GO nanohybrid that
consisted of GO and graphite flake and ACg-GO nanohybrid were individually
prepared by similar procedures. For conjugation with Ab,, 2 mL of the as-prepared
ACs0-GO-Gr suspension was added into 200 pL of freshly prepared PBS solution (10
mM) containing EDC (100 mM) and NHS (50 mM). After that, the mixture was
agitated using a ultrasonicator at room temperature under darkness for 30 min. Then,
60 pL of label antibody (Ab,, 100 ug'mL'l) in PBS was further added into the
reaction system, and the mixture was stirred at 4 °C for 12 h. At last, 20 mg of BSA
was added with additional stirring for 1 h at 37 °C. The as-obtained
Ab,@ACg-Gr-GO was kept at 4 °C and protected from light before use.
Preparation of various carbon assemblies photoelectrode

To examine the PEC behaviors of various carbon assemblies, various carbon
assemblies-modified photoelectrodes were prepared. Briefly, prior to surface
modification, the ITO glass was successively washed by using acetone, alcohol, and
ultrapure water for 15 min, and blow-dried by using high pure nitrogen gas.
Afterwards, various carbon assemblies-modified photoelectrodes were prepared by
casting 10 pL dispersion of ACg-Gr-GO, Gr-GO, ACg-GO and ACgy onto the ITO
surface (0.16 cm?), respectively, and followed by drying in air.
Fabrication of photoelectrochemical immunosensor

Generally, 10 pL of the as-obtained GO dispersion (0.01 mg-mL™) was drop
casted onto the ITO electrode (0.16 cm?) and dried in air (see the detailed
optimization of GO/ITO thickness in Supporting Information). Afterwards, 10 pL of
activation solution (10 mM, pH 6.0) consisted of EDC (100 mM) and NHS (50 mM)

in PBS was drop-casted onto GO/ITO and kept for 2 h. After that, the un-reacted
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activation agents on ITO was washed away using PBS solution. Then, 10 pL of
capture antibody (Ab;, 10 pg'mL™) in 10 mM PBS was added onto the ITO electrode
and kept at 4 °C for another 12 h. After rinsing with PBS, the Ab; modified ITO was
blocked by using BSA (1% w/v in 10 mM PBS) for 0.5 h at 37 °C. After removing
excessive BSA by washing. The modified electrode was further reacted with AFP at
37 °C for 2 h. At last, 10 uL of Ab,@ ACe-Gr-GO dispersion was casted on the
above-modified ITO electrode and kept at 37 °C for 2 h. The AFP immunosensor was
thus prepared with sufficient rinsing using PBS.
Detection of AFP in serum

The serum collected from healthy people were diluted for 100 folds with 10 mM
PBS. Then, the serum samples were spiked with the targeted AFP into 0.1, 0.5, 1, and
5 ng'mL™", respectively. The spiked serum samples were analyzed by the developed
PEC immunosensor in this work. For each sample, three replicates were
independently measured. The concentration of the spiked sample was calculated
according to the calibration curve.
Apparatus

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
photoelectrochemical  studies were undertaken on a Reference 600
potentiostat/galvanostat/ZRA (Gamry, USA). Three-electrode system was used,
consisting of the modified ITO as the working electrode, an Ag/AgCl (saturated KCl)
as the reference electrode, and platinum wire as the counter electrode. The
transmission electron microscopy (TEM) images were measured with a field emission
electron microscopy (JEM-2100f, JEOL, Japan). The scanning electron microscopy
(SEM) images were collected using a tabletop scanning electron microscope (Phenom

ProX, Netherlands). UV—vis absorption spectra were measured using an UV—vis
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spectrophotometer (Cary100, Agilent, Singapore). Powder X-ray diffraction (XRD)
was performed on an X-ray diffractometer (Ultima IV, Rigaku, Japan). Raman spectra
(Ex = 532 nm) were measured using a micro Raman spectrophotometer (DXR-laser,
Thermo, USA). The electrolyte for photoelectrochemical studies consisted of PBS (10
mM, pH = 6) and additional AA (0.1 M) as the sacrificial agent. ** A Xe lamp (150 W,
Beijing NBeT Co., Ltd.) was utilized as the source of visible light. The photocurrents

were collected at a fixed biased potential (-0.2 V, see more discussion in Figure S4).

Results and Discussion

Structures of ACg-Gr-GO nanohybrid
In order to enhance the PEC performance and provide more active sites for
further conjugation with biomolecules for ACgp, a ACg-Gr-GO nanohybrid was

prepared via a noncovalent interaction.*”**

It was because the graphite flake could
enhance the electric conductivity of ACep-Gr-GO, while the GO in ACg-Gr-GO
provided sufficient hydrophilic oxygen-containing groups such as -COOH and -OH,
which were favor of dispersion in aqueous solution and the conjugation with
biomolecules to ACg-Gr-GO nanohybrid. The formation of ACgp-Gr-GO nanohybrid
was firstly investigated by SEM (Figure 2a) and TEM (Figure 2b) images. It was
observed that both of them demonstrated wavy sheets, typical morphology of
graphene-derivative materials. Notably, TEM image (Figure 2c) of ACg-Gr-GO
revealed a uniform distribution of sphere like nanoclusters, most presumably of ACg,
on the surface of Gr-GO nanosheet. High-resolution TEM (HRTEM) image in Figure
2c inset further demonstrate the lattice fringes of these nanocluster, indicative of a

crystallinity ACgo, which was favor of suppressing unwanted exciton recombination in

photoelectric conversion.*’
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42 Figure 2. SEM images of ACg-Gr-GO (a) and Gr-GO (b). TEM image of
44 ACg-Gr-GO (c). Inset shows the HRTEM image of the ACgp in ACgo-Gr-GO. Raman
46 spectra of ACqp-Gr-GO, GO, AC¢y and Gr (d). (e) XRD spectra of ACq-Gr-GO, Gr
48 and GO. UV-vis spectra of ACg-Gr-GO, Gr-GO, ACg-GO and GO (f).

The successful synthesis of ACg-Gr-GO was further verified by Raman
53 spectroscopy. Figure 2d showed the Raman spectra of ACg-Gr-GO, ACg, Gr and GO

55 with 532 nm laser excitation. For both GO and ACg-Gr-GO, the D/G bands were
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evidently observed at ca. 1350 cm™ and 1590 cm™, respectively. In contrast, the
spectrum of Gr only showed a strong peak at ca. 1590 cm” due to the perfect
graphitic structure. Interestingly, compared with that of GO, the G/D ratio of
ACg-Gr-GO became larger, confirming the existence of Gr in the ACg-Gr-GO.
Furthermore, the Raman peak of Cqy was clearly remained in ACq)-Gr-GO, suggesting
the successful synthesis of ACg-Gr-GO nanohybrid and the preservation of basic
structure of ACg after the assembly. Complementarily, the X-ray diffraction (XRD)
showed that the ACg-Gr-GO retained the identical predominant 002 diffraction of GO
and Gr (Figure 2e), suggesting the existence of GO and Gr in ACg-Gr-GO. Because
ACg is insoluble in aqueous solution (see the UV-vis absorption spectrum of ACg in
Figure S1), the electronic interactions among these carbon nanohybrids in aqueous
solution were investigated using the typical absorption of GO in the UV region as the
indicator. Notably, the maximum absorption of GO at 230 nm, which was commonly
assigned to the 7-n" transition of aromatic C=C bond, showed blue shift in Gr-GO
(228 nm), AC¢-GO (220 nm) and ACg-Gr-GO (213 nm), which suggested an
electron transfer among GO and ACs, and graphite sheets.””™  Such
electron-communication could be ascribed to the n-m non-covalent interactions among
them. In addition, the UV-vis spectra (Figure 2f) showed the absorbance of
ACg-Gr-GO was much higher than that of Gr-GO, confirming the wide light
absorption in the whole UV-vis range due to AC60.30 Therefore, ACgo-Gr-GO
nanohybrid was successfully prepared.
Photoelectrochemical behavior of ACg)-Gr-GO nanohybrid

To evaluate the PEC activities of ACg-Gr-GO nanohybrid, the photocurrent
generation was measured by a standard photoelectrochemical cell configuration under

chopped light irradiation. As shown in Figure 3a, photocurrents of all electrodes were
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prompt, steady and reproducible under the chopped light. Moreover, the photocurrent
of ITO/ACg-Gr-GO was up tp 5.3 pA, already as high as 35-times that of the ACe
alone (Figure 3a). In addition, the photocurrent of ITO/ACe-GO was about 2.5 pA,
which was less than half of that of ITO/ACg-Gr-GO, probably because of the
excellent conductivity of Gr. To verify this assumption, as shown in Figure 3b, the
cyclic voltammograms (CV) at ITO/ACg-Gr-GO and ITO/ACg-GO both showed a
pair of well-defined reduction and oxidation waves of [Fe(CN)e]™. Notably, the CV at
ITO/ACg-Gr-GO displayed a higher peak current and less peak potential difference
than that at ITO/ACg-GO, suggesting that Gr significantly improved the conductivity
of the AC60-Gr-GO.54 Furthermore, the ACg-Gr-GO showed higher electrochemical

active surface area (Figure S2a-c) and enhanced conductivity (Figure S2d) than

ACs0-GO.
(@) | —ACg,, ——AC4-GO (b) |——AC,,-Gr-GO
AEp =104 mV
——Gr-GO —— ACgy-Gr-GO 20——AC60_GC|), L oeP
=9 /A 4 L
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= IV Ny JLF 2 U
= |
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Figure 3. (a) Photocurrent of ACgp-GO-Gr, GO-Gr, ACgp-GO and ACgy modified ITO.
(b) Cyclic voltammograms of ACg-Gr-GO and ACg-GO modified ITO in 10 mM

PBS solution containing 2 mM K;[Fe(CN)g]. Scan rate: 100 mV-s™.

Construction of photoelectrochemical immunosensor

The step-by-step assembling process for the immunosensor configuration was
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monitored by CV and EIS measurements. As indicated in Figure 4a, CV of 2 mM
K;[Fe(CN)g] at the naked ITO exhibits two well-defined reduction and oxidation
waves with a small anodic and cathodic peak potential difference (AE,, <80 mV),
suggsting highly reversible electrochemical reactions at bare ITO. After GO, Aby,
BSA and AFP were successively attached on ITO, the peak currents decreased
gradually, suggesting a inhibited electron transfer of K;[Fe(CN)g] at ITO due to the
poor conductivity of the biomolecules. Notably, the peak currents conversely
increased upon the anchor of Ab,@ ACg-Gr-GO in the last assembling step, which
most presumably due to the good conductivity Gr-GO in the nanohybrid.®> The
variation of charge transfer resistance (denoted as R) at the modified ITO during the
immunosensor construction was evaluated by EIS (Figure 4b). The EIS spectrum was
recorded from 0.1 to 10° Hz at 0.22 V in PBS (10 mM, pH 7.4) containing 5 mM
[Fe(CN)e]>"™*. It was observed that the diameter of the semicircle on the Nyquist plots,
roughly associated with R, at the electrode/solution interface, increased gradually
with the successive assembling GO (53 Q), Ab; (98 Q), and AFP (213 Q) on ITO
compared with that of bare ITO (41 QQ), and then decreased with the further binding of
Aby@ ACg- Gr-GO (164 Q). The change trend of Ry was in agree with the CV
results. Thus, both CV and EIS measurement suggested the successful construction of

PEC immunosensor.
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19 Figure 4. (a) Cyclic voltammograms of ACg-Gr-GO based photoelectrochemical
21 immunosensor after each step of assembly. Electrolytes: 2 mM Kj;[Fe(CN)s] in 10
23 mM PBS solution. Scan rate: 100 mV-s. (b) Nyquist plots (scatters) and simulation
25 (lines) of ACg-Gr-GO based photoelectrochemical immunosensor after each step of
assembly. Inset: the equivalent circuit. Electrolytes: 5 mM [Fe(CN)6]3'/4' in 10 mM
PBS solution.

Biosensing performance of the ACg-Gr-GO based photoelectrochemical

immunosensor
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51 Figure 5. (a) Photocurrent of the modified ITO after each assembling step in

immunosensor fabrication. (b) Photocurrent of the as-prepared PEC immunosensor in

the presence of AFP with different concentrations. Inset shows the calibration plot.
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It was supposed that the Ab,@ ACg-Gr-GO would be captured via a
stoichiometric immunoreaction. It was observed that the photocurrent reduced
gradually with the successive assembling Ab;, and Ag (Figure 5a), presumably due to
the steric resistance of these poor conductive biomolecules. However, an obvious
increase appeared after the immunoreaction of Ab,(@ACe-Gr-GO with AFP, which
could be ascribed to the excellent photoelectric activity of ACg-Gr-GO nanohybrid.
Thus, the Ab,@ ACep-Gr-GO was applicable as an effective probe in sensing AFP
based on the increase of photocurrent after the assembly of Ab,@ ACe-Gr-GO. As
shown in Figure 5b, the photocurrent increased gradually with the concentration of
AFP increase. The calibration curve in Figure 5b inset demonstrated that the
photocurrent was linear to the logarithm values of AFP concentrations ranging from 1
pgrmL™ to 100 ng'mL™". Using the linear fitting (r = 0.9970), the relationship of Al
and Capp could be described as Al = 557.4442 + 45.8172 log Carp (g'mL™"). The limit
of detection (LOD, 30/S) was calculated to be 0.54 pg-mL™" (according to. Compared
with the well-developed PEC immunosensors utilizing metal-containing photoactive
materials such as CdSe and CdS QDs, the sensing performances of the current PEC
immunoassay were superior/competitive to those in previous reports as summarized in
Table 1. Therefore, the ACg-Gr-GO nanohybrid would be a very promising PEC
probefor immunoassay.

Table 1. Comparison of AFP immunoassay performances by using different PEC

probes.
Photoactive Linear range LOD Reproducibility
) N ¥ References
material (ng'mL™) (pg'mL™) (%)
CuO NPs 0.05-500 38 - 38
Au NPs@ZnO
0.005-50 0.56 - 39

micro-flowers
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1

2

3 CdS QDs 0.1-500 10 5.4 40

4

5 CdS QDs 0.0001-160 0.03 3.6 41

? CdSe QDs 0.001-1000 0.31 3.8 42

8 CdS QDs@

9 i 0.05-20 20 - 43

10 mesoporous Ti0;

1; ACgo-Gr-GO 0.001-100 0.54 2.3 This work
13
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33 Figure 6. (a) Photocurrent of the immunosensor for 1 ng'mL™" AFP, ¢Tnl, MSLN,
34

35 TNF-a, or the mixture of them in PBS. (b) Stability evaluation of the proposed PEC
36

37 immunosensor for detecting 1 ng-mL™" AFP.

38

39

40

41 To evaluate the specificity of the proposed immunosensor, the modified
42

22 electrodes (ITO/GO/Ab;/BSA) were incubated with AFP, Cardiac troponin I (¢cTnl),
22 Mesothelin (MSLN), Tumor necrosis factor-a. (TNF-a), and the mixture of them. As
47

48 shown in Figure 6a, the photocurrents of the immunosensor for ¢Tnl, MSLN and
49

50 TNF-a were much lower than that for AFP and the mixture. It suggested that these
51

52 potential interfering biomolecules had negligible influence for the highly selective
53

54 detection of AFP. The reproducibility of the proposed PEC immunosensor was also
55

g? undertaken. It was revealed that by six independent experiments, the proposed
58

59
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immunosensors exhibited excellent reproducibility with a minor relative standard
deviation (RSD, 2.31%). Moreover, the stability of the proposed immunosensor was
also examined (Figure 6b). By storing the immunosensor
(ITO/GO/Ab,/BSA/AFP/Ab,@ACe-Gr-GO) for 1 ng'mL" AFP in PBS (10 mM, pH
7.4) at 4 °C under darkness, 98.84% and 90.85% of the initial signal was maintained
in 1 and 2 days, respectively. Even after 1 and 2 weeks, the immunosensor still
retained 90.36% and 85.32% of the initial signal, respectively. It suggested that the
stability of the ACgo-Gr-GO-based immunosensor was high.

Table 2. Recovery experiments for sensing AFP in the spiked serum samples from

human.

Human serum  Spiked AFP

. Found Recovery (%) RSD (%)
sample no. (ng'mL™)
1 0 0.1479 - 3.08
2 0.1 0.2501 102.20 2.36
3 0.5 0.6607 102.56 3.32
4 1 1.1220 97.41 1.76
5 5 5.1381 99.80 1.42

To evaluate the reliability of the ACg-Gr-GO-based PEC immunosensor, four
spiked human serum samples collected from healthy volunteers containing 0.1, 0.5, 1,
or 5 ng'mL"' AFP were checked. For each sample, the test was independently
undertaken for three times. The concentration of AFP was calculated according to the
calibration curve in Figure 5b inset. As listed in Table 2, the recoveries of all spiked
samples were between 97.40% and 102.56%, and the relative standard deviation
(RSD) was less than 3.32%. Such satisfied recoveries and RSD suggested the
ACgp-Gr-GO-based PEC immunosensor was promising for sensing AFP in clinical

examination.
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Conclusion

In this work, a metal-free all carbon nanohybrid, i.e. ACsp-Gr-GO, via harnessing
delicate noncovalent interactions was prepared using a facile wet grinding method,
and was explored as a emerging PEC probe in an immunosensor for detecting AFP.
The coupling of Gr and GO to ACgy not only showed conspicuous enhancement of
photocurrent up to 35 times due to the reinforcement in conductivity but also provided
abundant binding sites for the conjugation of biomolecules. As an example, the
ACg-Gr-GO based AFP PEC immunosensor showed superior/competitive
performances with respect to AFP biosensors using other photoactive materials
including metal-containing QDs in previous reports. It also had a broad linear
detection range (1 pgrmL” ~ 100 ng'mL") and a detection limit as low as 0.54
pg'mL™. This work highlight the great potential of fullerene-based nanohybrid as

highly sensitive PEC probe in biosensing for early disease diagnosis.
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