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ARTICLE INFO ABSTRACT

In contrast to the conventional means that the activity of horseradish peroxidase (HRP) is initiated and termi-
nated by the additives of peroxides and strongly acidic stop solutions, this study demonstrates that the enzymatic
activity of HRP is switched through the visible light irradiated graphene oxide (GO). And this visible light driven
activity of HRP can realize time-precise control without the aids of peroxides (typically H,O,) and acidic stop
solutions. The superoxide anions (O, ~) and photogenerated holes (h™) produced by the photo irradiated GO are
responsible for activating HRP and the subsequent oxidation of the typical substrates, i.e., 3, 3/, 5, 5-tetra-
methylbenzidine (TMB) and 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). It is also validated
that the photoswitchable HRP-GO mixture can act as an efficient signal reporter of bioassays by taking the
sandwich immunoassay of alpha-fetoprotein (AFP) as an example. The AFP can be detected sensitively and
selectively in the linear range from 0.2fg/mL to 1.0ng/mL, with a very low detection limit of 0.1 fg/mL.
Advantages of the photoswitchable HRP-GO mixture include high catalytic ability, precise time control, and free
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of additionally harmful reagents.

1. Introduction

Enzyme based catalysts have been the hot spot in scientific com-
munity because of their fascinating characteristics, such as high ac-
tivity, good specificity, as well as their widespread applications.
Horseradish peroxidase (HRP), belonging to the family of heme en-
zymes for catalyzing the oxidation of a variety of substrates in the
presence of peroxides, is one of the most popular and widely applied
biocatalysts in various fields such as catalysis, organic synthesis, and, in
particular, as reporters in various biosensors (Wen et al., 2011; Zhang
et al., 2010; Xianyu et al., 2015). Conventionally, the activity of HRP is
initiated and terminated through the addition of H,O5 and concentrated
H,SO, solution, respectively. However, the destructive and hazardous
reagents (H,O»/concentrated H,SO,4) used can not only cause irrever-
sible denaturation of HRP but also are harmful to the operators and
environment. As a result, to explore other alternative means to ma-
nipulate the activity of HRP remains an ongoing challenge.

It is proposed that photochemical control may be one of the solu-
tions for the above problem (Bretschneider et al., 2010; Song et al.,
2009; Kuwabata et al., 1994; Kamada et al., 2011). Interestingly, it has
manifested that some nanomaterials such as CdS quantum dots (QDs)
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can trigger the catalytic activity of HRP for the oxidation of its fluor-
escent substrate (Amplex Ultrared) in aqueous solution under UV light
irradiation even without the presence of the H,O, (Fruk et al., 2007).
The irradiated CdS QDs generated reactive oxygen species (mainly su-
peroxide anion radicals and hydroxyl radicals), which triggered sub-
strate oxidation by HRP. However, the excitation light (in the UV re-
gion) not only may result in photo- and/or thermal denaturation of the
enzymes but also can bring about photodissolution of the used QDs.
Lately, researchers also found that the activity of intercalated or ad-
sorbed HRP can be easily initiated/terminated through UV or visible
light irradiated iron-doped titanate (Kamada et al., 2011) or Pt-doped
hematite (Kamada et al., 2012) solid layers. The generated holes by
iron-doped titanate or Pt-doped hematite directly or indirectly oxidized
HRP to its oxidation state (Compound I), and then the Compound I led
to the oxidation of the organic substrate. Importantly, the visible light
activated nanomaterial-HRP hybrid was found to possess outstanding
durability because avoiding the irreversible photodenaturation of en-
zymes (Kamada et al., 2011, 2012). Recently, we demonstrated that the
catechol compounds (such as catechol and dihydroxyphenylalanine)
coordinated TiO, nanoparticles also stimulated the activity of HRP
under visible light irradiation for oxidizing its chromogenic substrate of
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3, 3, 5, 5-tetramethylbenzidine (TMB) (Wang et al., 2017; Li et al.,
2018). All these researches indicate that combining photo irradiated
nanomaterials with HRP may provide a green, facile and economic way
to manipulate the activity of HRP, thus opening a new avenue for the
applications of HRP. Unfortunately, up to now, the reported light-
switchable nanomaterial-HRP systems are still rather constrained, not
only resulted from the limited number of nanomaterials available to
switch the activity of HRP under visible light, but also because of the
undiversified biosensing applications.

Graphene oxide (GO) is attractive for various biological applications
resulted from its excellent properties in terms of biocompatibility, low
toxicity and high photostability against photobleaching and blinking
(Asghar et al., 2019; Chung et al., 2013). Particularly, due to its ver-
satile bandgap structure, recent studies have shown that the GO itself
has excellent performances for initiating some photocatalytic reactions
of small molecules, such as photocatalytic production of H, or/and O,
(Yeh et al., 2010, 2011; Chen et al., 2016), conversion of CO, (Hsu
et al., 2013), decomposition of organic pollutants (Krishnamoorthy
etal., 2011) and so on. Recently, light irradiation was found to enhance
the peroxidase-like activity of the MoS,/GO hybrid through promoting
electron transfer (Peng and Weng, 2017). However, no exploration has
been made on the integration of GO with large biomolecules, such as
natural enzymes, for photo induced biocatalysis.

Herein, we report the light-induced triggering of HRP activity using
GO through the generation of superoxide anion radicals (O, ~) and
photogenerated holes (h™). And the light triggered HRP-GO mixture
can be utilized for the immunoassay of AFP with high sensitivity and
good selectivity. Advantages of the bioinspired GO-HRP system include
free of additionally harmful initiators/terminators, precise time con-
trollability and high catalytic activity, which might open up new ways
for generating light-switchable nanomaterial/enzyme hybrids applic-
able for biosensing or catalysis.

2. Experimental section
2.1. Materials and reagents

Superoxide dismutase (SOD) from bovine liver, catalase, horse-
radish peroxidase (HRP) and 2,2’-azino-bis(3-ethylbenzthiazolin-6-sul-
fonate) (ABTS) were purchased from Sigma-Aldrich (St. Louis, USA).
3,3’,5,5’-Tetramethylbenzidine (TMB), t-butanol, isopropanol, ethylene
diamine tetraacetic acid (EDTA), potassium iodide (KI), graphite,
NaNOj, KMnO,4, 30% H,0,, H,SO4, and HAuCl; were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Avidin la-
beled HRP (Avidin-HRP) was purchased from Beyotime Biotechnology
(Shanghai, China). Mouse-derived antihuman antibody pairs for human
antigen AFP, carcinoembryonic antigen (CEA), prostate-specific antigen
(PSA), and human IgG were purchased from Beijing Jorferin Bio-
Technology Co., Ltd. (Beijing, China). All the DNA oligomers purified
by HPLC were purchased from Sangon Biotechnology Co., Ltd.
(Shanghai, China).

Capture DNA (Cpna): 5-SH-(CH,)s-AAA AAA GAA GGA GGG GCG
ACT-3"

Biotin-H; (Biotin labeled hairpin H;): 3'-CTT CCT CCC CGC TGA
CAA AGT TCA GCG GGG-biotin-5

Biotin-H, (Biotin labeled hairpin H,): 5-biotin-GTT TCA AGT
CGC CCC GAA GGA GGG GCG ACT-3/

The underlined parts of the sequences indicate the sticky ends.

2.2. Apparatus

Fourier transform infrared (FT-IR) spectrum was recorded on a
Nicolet FT-IR 6700 spectrometer (ThermoFisher, USA) under room
temperature and under dry condition by potassium bromide pellet
technique. Raman spectra were recorded on a confocal Raman spec-
trometer (Renishaw, Britain) with 532nm laser excitation at room
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temperature. A JEOL JEM-2100 transmission electron microscope
(Hitachi, Japan) was utilized to characterize the morphology of GO
under room temperature. X-ray diffraction (XRD) measurement was
carried out at room temperature on D8 X-ray powder diffractometer
(Brooke AXS, Germany) with Cu Ka radiation (. = 0.154178 nm) and a
scanning speed of 4°/min within the scope of 2-60°. UV-vis absorption
spectroscopic measurements were carried out using a TU-1901 spec-
trophotometer (Beijing Purkinje General Instrument Co., Ltd., China). A
300 W Xe lamp (NBeT, China) equipped with an ultraviolet cutoff filter
(A = 400 nm) was used as the irradiation source. The detection of AFP
by the absorption method was conducted using a SpectraMax M5 mi-
croplate reader (Molecular Devices, USA).

2.3. Preparation of GO

GO was prepared from natural graphite powder through a modified
Hummers’ method (Hummers and Offeman, 1958). In a typical synth-
esis, 0.5 g of graphite and 0.5 g NaNO; were added into 16.5 mL of 98%
H,SO4 (under ice bath), followed by stirring for about 24 h at room
temperature. Subsequently, the mixture was kept at 0 °C in an ice bath,
followed by the slow addition of 3.0 g KMnO, and stirred for 1 h. Then,
the mixture was heated to 35-40°C and stirred for another 30 min.
After the addition of 40 mL of ultrapure water, the temperature of the
mixture was raised to around 98 °C, and then 460 mL of water was
added during a period of 15 min. Finally, 1400 mL of water and 100 mL
of 30% H,0, were added into the mixture to stop the reaction. After the
product was collected by filter flask and washed repeatedly with 5%
HCI aqueous solution. The product was allowed to dry at 50°C in a
vacuum drying apparatus.

The GO synthesized by the above method can be dispersed in water
easily. A 1.0 mg of the GO powder was dispersed in 20 mL ultrapure
water with the aid of ultrasonication to form a homogeneous solution
(0.05 mg/mL).

2.4. Triggering the activity of HRP by the photo irradiated GO

We employed TMB and ABTS as two substrates to measure the
photo induced catalytic activity of GO alone and the HRP-GO mixture
in our experiments. Specifically, 100 puL of GO (0.05 mg/mL) with cer-
tain concentration of HRP in a reaction volume of 1 mL acetate buffer
(0.4M, pH = 3.0) with 500 umol/L TMB or ABTS as substrates were
irradiated with a 300 W Xe lamp equipped with an ultraviolet cutoff
filter (A = 400 nm) to provide visible light source at room temperature.

The reaction kinetics for the catalytic oxidation of ABTS by the HRP-
GO mixture was studied by monitoring the absorption intensity (for
oxidized ABTS, oxABTS) at 417 nm with a 1 min interval under visible
light irradiation. Catalytic experiments were carried out at 40 °C with
100 uL of GO and 0.08 mg/mL HRP in 1.0 mL acetate buffer (0.4 M,
pH = 3.0) in the presence of varied concentrations of ABTS. The ap-
parent kinetic parameters were calculated based on the Michaelis-
Menten equation.

2.5. Colorimetric immunoassay of AFP based on the photo simulated
activity of HRP by GO

Considering that the Au NPs are popular label tracers for various
bioanalysis (Reza et al., 2018; Bahram et al., 2018; Ali et al., 2019), in
this work, the Au NPs were prepared according to the previous method
(Lin et al., 2011) and used as the label tracer. Briefly, 100 mL of 0.01%
HAuCl, solution was heated to boil under vigorous stirring, followed by
the quick addition of 2.5 mL of 1% trisodium citrate solution. The color
of the reaction solution turned to wine red, indicating the formation of
Au NPs. Followed by continued stirring and cooling down, the resulting
Au NPs were stored in brown glass bottles at 4 °C ready for use. Sub-
sequently, the detection antibody (Ab,) and the capture DNA (Cpyna)
were co-immobilized on the Au NPs for obtaining the Au NPs/Ab,/Cpna
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bioconjugates for signaling the immunoreaction. In detail, the bio-
conjugates were freshly prepared by gently mixing the Ab, (40 pL,
0.1 mg/mL) and 1.0 mL of the Au NPs solution for 2hat room tem-
perature. And then the thiolated Cpy, activated by the tris (2-carbox-
yethyl) phosphine (TCEP) was added and allowed to react overnight at
4°C. After blocking of the Au NPs by 200 uL of 1% BSA solution for
30minat room temperature and centrifuging the mixture at
12,000 rpm for 30 min, the bioconjugates were washed by the washing
buffer (20 mM phosphate buffer containing 0.1 M NaClO,4, pH 7.4),
centrifuged again, and finally redispersed in 200 uL of 1% BSA for use.

The colorimetric immunoassay was conducted as follows: i) 20 pL of
0.1 mg/mL of the anti-AFP (capture antibody, Ab;) was firstly spread
onto the 96 well plates at 4 °C overnight, followed by rinsing with the
washing buffer (20 mM phosphate buffer containing 0.1 M NaClO,, pH
7.4) to remove the unabsorbed Ab;. The coating of antibody on the
polystyrene plate is through the adsorption effect resulted from the van
der Waals forces between hydrophobic groups of the amino acid re-
sidues in the protein molecule (i.e., the antibody) and the polystyrene.
Then, 25 pL of the 1% BSA blocking solution in 10 mM PBS containing
0.1 M KCl, 0.02% Tween-20 (pH 7.4) was introduced to block non-
specific binding sites for 2hat 4 °C. ii) After thoroughly washing the
plates with the washing buffer, 20 pL of different concentrations of the
target antigen (Ag, that is, the AFP) was dropped in the wells and in-
cubation for another 1 h. iii) After the immunoreaction between the Ab,
and the Ag, the wells were allowed for labeling by an additional in-
cubation with 25 L of the Au NPs/Ab,/Cpna bioconjugates’ solution
for 1 h and again washed thoroughly. iv) Subsequently, the mixture was
incubated with 30 pL of the hairpin structured biotin-H; and biotin-H,
(both was at the concentration of 1.0 mM) for 1 hat 37 °C to complete
the HCR reaction. v) After washing three times with the washing buffer,
the streptavidin labeled HRP (SA-HRP) was introduced and incubated
for 1h before washed thoroughly. Finally, 10 uL of 0.05mg/mL GO,
100 uL of acetate buffer (pH = 3.0), and 20 uL of 5.0 mmol/L ABTS
were sequentially added into the 96 well plates and illuminated for
15 min at 40 °C under visible light (A = 400 nm) irradiation. And the
absorbance of oxABTS at 417 nm was measured.

3. Results and discussion
3.1. Manipulating the activity of HRP by the photo irradiated GO

Chemical oxidation of graphite by the Hummers’ method has been
proven to be a relatively mild, convenient, and effective means to
produce GO with good dispersion in aqueous solutions (Li et al., 2008).
As shown in the FT-IR spectrum of GO (Fig. S1A), the bands centered at
3400cm™! and 1400 cm ™! are attributed to the O-H stretching and
vibration of the C-OH groups, respectively. While the peak at
1620 cm ™! is attributed to C=C stretching vibrations and the C=0
stretching of the -COOH is observed as the band at 1725cm ™. The
band centered at 1098 cm ™! is associated with the stretching of the C-O
bond. All these vibrations are in accordance with the reported values of
GO (Han et al., 2011; Stankovich et al., 2006). Raman spectroscopy
(Fig. S1B) further confirms the successful preparation of GO: two
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Fig. 1. The UV-Vis spectra of TMB (A) and ABTS

a:HRP 1 (B) under different conditions: (a) HRP, (b) GO,
I:::((};(())-HRP and the mixture of GO and HRP are irradiated by

d:GO-HRP(under dark) the visible light (A = 400 nm) (c) or under dark
c conditions (d). Inset image is the corresponding
color of the solutions. (C) The corresponding
histogram of the absorption with different sub-
strates. Irradiation time: 15 min,
[GO] = 0.05 mg/mL, [HRP] = 0.08 mg/mL,
pH = 3.0. (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

characteristic peaks for GO at 1352cm™?, assigned to D band (the
symmetry Al; mode), and at 1589 em ™}, assigned to G band (the E2;
mode of sp® carbon atoms) are observed (Liu et al., 2011). Moreover,
the typical transmission electron microscopy (TEM) image of GO (Fig.
S1C, insert) indicates its sheet-like morphology with occasional folds/
wrinkles and rolled edges. The X-ray diffraction (XRD) pattern of the
GO shows a typical diffraction peak at around 10.25° (Fig. S1C), cor-
responding to an interlayer spacing of 0.88 nm formed by the insertion
of hydroxyl and epoxy groups between the graphite sheets (Yang et al.,
2010).

Previously, we found that GO catalyzed the oxidation of the typical
chromogenic substrate of HRP, i.e., TMB, under visible light irradiation
(Wang et al., 2014). We now found that the existence of HRP can sig-
nificantly augment the catalytic ability of the photo irradiated GO for
the oxidation of the two substrates of HRP, i.e., ABTS and TMB (Fig. 1).
The emergence of the characteristic absorption peaks at 370/652 nm
and 417 nm for the oxidized TMB (oxTMB) and oxidized ABTS (ox-
ABTS) accompanied by blue and green color development confirms that
the oxidation products of TMB or ABTS by the HRP-GO mixture are the
same as that of the conventional reactions catalyzed by the HRP using
H,0- as an initiator (Bos et al., 1981; Thiramanas et al., 2013). As a
result, we attribute the above phenomenon to the activation of HRP by
the illuminated GO because control experiments do not show obvious
effect for the oxidation of TMB/ABTS by using the visible light irra-
diated HRP alone (Fig. 1, curve a). Likewise, there is no obvious oxi-
dation effect for TMB/ABTS in the presence of GO and HRP under dark
conditions (Fig. 1, curve d), hinting that both GO and visible light ir-
radiation are all necessary for switching on the activity of HRP. In view
of the extent of the catalytic oxidation effect, we chose ABTS as a ty-
pically chromogenic substrate to investigate the activation character-
istics for HRP in the following experiments.

We compared the effects for the oxidation of ABTS under different
concentrations of GO or H50, in the photoactivated GO-HRP and the
conventional H,O, initiated HRP (HRP-H,0,) systems. As show in Fig.
S2, with the increased concentrations of GO or H,O,, the characteristic
absorption peaks of the oxABTS at 417 nm raise gradually for the fixed
concentration of HRP. The photoactivated GO-HRP system can reach
higher oxidation extent (with the absorbance of 0.70) than the con-
ventional H,0,-GO system (with the absorbance of 0.58). And we also
find that the amount of GO and H,05 in the similar concentration range
produce similar degree of catalytic effect for the oxidation of the ABTS.
This means that the photoactivated GO-HRP is relatively more efficient
for the biocatalytic reaction.

As indicated in Fig. S3, similar to the conventional HRP based cat-
alytic reaction system using H>O, as an initiator, the photo triggered
enzymatic activity of HRP by GO is also dependent on reaction tem-
perature and solution pH. Though the GO mediated direct oxidization
of ABTS system reaches its maximum catalytic activity at around the
temperature of 30°C and pH of 4.0, the optimal conditions for GO
triggered HRP are found at 40 °C and pH of 3.0, respectively (Figs. S3A
and B). At the fixed amount of GO, the as formed oxABTS in the system
increases accompanied by an increased absorption intensity when the
concentrations of the HRP increases (Fig. S3C) due to increased amount
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Fig. 2. (A) Absorbance of oxABTS at 417 nm versus time by GO-HRP with
different concentrations of ABTS and (B) steady-state kinetic assay of GO-HRP
as the photo biocatalyst illuminated under visible light irradiation
(A = 400 nm). Insets are the Lineweaver-Burk plots of the double reciprocal of
the Michaelis-Menten equation. Conditions: pH = 3.0, 40 °C. [GO] = 0.05 mg/
mL, [HRP] = 0.08 mg/mL.

of HRP available for activation. The catalytic oxidation of ABTS by the
HRP-GO mixture proceeds relatively fast, which can reach the balance
at around 20 min (Fig. S3D).

The  steady-state  kinetics study demonstrates typical
Michaelis-Menten curves for the photochemical activity of HRP by GO
with ABTS as the substrate in a certain range of concentrations (from
2.5 to 150 uM, Fig. 2A). The Michaelis-Menten constant (K;,), an in-
dicator of enzyme affinity for its substrate, is obtained using Line-
weaver-Burk plots (Fig. 2B, insert). The apparent kinetic parameters
are calculated by the equation v = V. X [S1/(Ky + [S]1), where v is
the initial enzymatic reaction rate, [S] is the concentration of the
substrate, V. is the maximum enzymatic reaction rate and K, is the
Michaelis-Menten constant. The apparent K, and V.« value of GO-
HRP with ABTS as substrate was 0.296 mmol/L  and
108.1 nmol L™ 8™, respectively. Distinctly, the K., value of GO-HRP
with ABTS as a substrate is much lower than that of HRP
(K = 1.56 mmol/L) when using H»O, as an initiator (Zhang et al.,
2014), indicating that the photo triggered GO-HRP has a higher affinity
for ABTS than that of HRP activated by H,05.

Moreover, we investigated the stability of HRP against degradation
during the performed irradiation times at pH of 3.0. Aliquots of this
mixture were taken at regular time intervals and HRP activity was
measured according to a conventionally standardized protocol by using
TMB and H,0, as the oxidizing reagent. It is found that no observable
changes in HRP activity occur during the initial 25 min of reaction (Fig.
S4). After longer reaction under the developed conditions, the activity
of HRP is gradually reduced.

3.2. Mechanism of the activated HRP by the visible light irradiated GO

As opposed to the conventional iron containing catalytic center of
the HRP is activated by H,O, to catalyze the oxidation of different
organic substrates (Tatsuma et al., 1994). Some reactive oxygen species
(such as O, and hydroxyl radical (OH)) (Fruk et al., 2007) and photo
generated holes (h™) (Kamada et al., 2011) were also found to trigger
the catalytic activity of HRP. We employed an array of quenching
agents to scavenge the relevant reactive species including hydroxyl
radicals (OH), superoxide anions (O, ) and photo-generated holes
(h™) in the catalytic system to certify the activation mechanism. As
indicated in Fig. 3, variations in the catalytic activities in the presence
of different scavengers are identical for the systems of GO and GO-HRP,
indicating that the reactive species responsible for TMB oxidization are
identical in both systems. The addition of isopropanol or catalase
(CAT), i. e., the scavengers of ‘OH and H,0, (Hu et al., 2017), respec-
tively, does not cause variation in the catalytic systems of GO and GO-
HRP. On the contrary, when ethylene diamine tetraacetic acid (EDTA)
disodium salt, KI (the scavenger for h™) or superoxide dismutase (SOD,
the scavenger for O, ") is introduced (Wang et al., 2012), the catalytic
activities of GO and GO-HRP are distinctly inhibited, proving that the
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Fig. 3. Effects of different scavengers on the oxidation of ABTS by GO or GO-
HRP under visible light irradiation. The error bars indicate relative standard
deviation of four repeated experiments. [GO] = 0.05 mg/mL,
[HRP] = 0.08 mg/mL, pH = 4.0, 30 °C (by GO); pH = 3.0, 40 °C (by GO-HRP).

h* and O, ~ are the main reactive species. Meanwhile, the catalytic
activity of the system is inhibited when removing of dissolved oxygen,
demonstrating that the catalytic reaction is indispensable of oxygen. In
conclusion, though the photo irradiated GO can produce h* and 05"~
for the direct oxidizing of ABTS, this catalytic activity was relatively
low. On the contrary, the activated HRP by the h* and O, ~ showed
enhanced catalytic activity for the substrate oxidation.

What is more, we introduced photoelectrochemical experiments
(Meng et al., 2013) to further confirm the origin of the production of
the reactive species (i.e., h* and O, 7) by GO. As illustrated in Fig. 4A,
GO promptly generates stable and reproducible photocurrent with a
reproducible response to the “on/off” visible light irradiation cycles,
demonstrating the effective electron/hole generation and migration for
the photo activated GO. For the structure of GO, the two dimensional
(2D) carbon network of m-conjugated sp? (responsible for the con-
ductivity) islands are surrounded by an insulating matrix of the sp>
domains with oxygen-containing functional groups. Under photo-
excitation, the electrons in its sp?> domains are excited into the anti-
bonding 5t (;t*) orbital consisted conduction band (CB) and holes are
created in the it orbital consisted valence band (VB). Then, the photo-
generated electrons can capture dissolved oxygen from the CB of GO to
produce O, . This is because the CB potential (measured as —0.93 V
versus saturated Ag/AgCl, Fig. 4B) of GO measured by the linear po-
tential scans (Yeh et al., 2013) is more negative than that of the re-
duction potential of dissolved oxygen (—0.046V versus normal hy-
drogen electrode (NHE)) (Chen et al., 2010). Both the photogenerated
0, " and h™ can oxidize HRP to its oxidized state, which then oxidized
the organic substrate accompanied by electron reduction of the oxi-
dized state to the initial state.

Previous reports about the nanomaterials triggered HRP system
using Amplex Ultrared (AUR) as the fluorescent substrate are in-
appropriate to attain a precise time and/or spatial resolution of the
enzyme reaction because of the long lifetime of O, ™ in neutral and
basic solutions, leading to continued enzymatic reaction even after
turning off the irradiation (Fruk et al., 2007). To study the controll-
ability of the developed GO-HRP system, we measured the absorbance
of oxABTS versus reaction time in an alternative dark and light en-
vironment (every 2 min) (Fig. 4C). When the light is switched on, there
is immediate formation of the oxidation product, and hence, a si-
multaneous increase in the absorbance is observed. If the light is turned
off, there is little oxidation products produced with little absorbance
increment. Based on the fact, it can be concluded that the activity of
HRP triggered by GO can be facilely and precisely switched by turning
on/off the visible light. That is, it is appropriate to obtain a precise time
resolution of the enzymatic reaction of HRP without the assistance of
additional H,0, and concentrated H,SO,4. This is because in the acidic
environment, the active intermediates, O,"~ and h* have a short
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Fig. 4. (A) Photocurrent-time performances
of GO modified indium tin oxide (ITO)
electrode in 0.1 M Na,SO,4 aqueous solution
under visible light irradiation
(A = 400 nm). (B) Cathodic linear potential
scan for determining the CB of the GO in the
deaerated 0.1 M Na,SO, aqueous solution.
(C) Photoswitching behaviors of GO and
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Fig. 5. (A) UV-Vis absorption spectra of the detection system in the presence of
different concentrations of AFP (0, 2 x 10~ 1 x 1073, 0.01, 0.1, 1, 10, 100,
200, 500, 1000 pg/mL). Inset: the corresponding photographs of different so-
lutions for detection. (B) The absorbance variation of oxABTS at 417 nm against
AFP concentrations of the detection system. Inset: The linear calibration plots
for AFP detection. Error bars represent the standard deviation of four repeated
measurements.

lifetime (Kamada et al., 2012), and thus the enzymatic reaction stops
rapidly after turning off the irradiation.

3.3. Colorimetric imnmunoassay of AFP based on the GO triggered HRP for
signal readout

The applicability of the photo activated GO-HRP for biosensing was
evaluated by immunoassay of AFP (taken as a model target), which was
mainly based on the following reactions (shown in Scheme 1): i) The
sandwich reaction between the capture antibody (Ab;), the antigen
(AFP) and the detection antibody (Ab,) led to the fixing of the Au NPs/
Ab,/Cpna bioconjugates (i.e., the Ab, and the capture DNA (Cpya) co-
immobilized Au NPs) for signaling the immunoreaction (Scheme S1); ii)
and then the hybridization chain reaction (HCR) reaction would happen
(Zhang et al., 2012): the Cpna on the Au NPs as an initiator strand for
the HCR reaction was opened by the biotin labeled hairpin probe H;
(biotin-H;) through hybridization and exposed the newly sticky end of
the H; to open the biotin labeled hairpin probe H, (biotin-H,) and

.0 GO-HRP for the -catalytic oxidation of
0.5mM ABTS under visible light irradia-

tion.

0 2 4 6 8 10 12 14
Time(min)

exposed a newly sticky end on H, for repeated and extended hy-
bridization. iii) Since the two hairpins, i.e., H; and H,, were labeled
with biotin, the streptavidin labeled HRP (SA-HRP) was connected on
the HCR reaction enlarged strands through the biotin/streptavidin
bioaffinity reaction, and the accumulated HRP would be photo acti-
vated by GO to oxidize ABTS for signal readout. To validate our design,
the confirmation for the formation of the Au NPs/Ab,/Cpna bioconju-
gates was done first. The Au NPs before and after modification with Ab,
and the Cpna were monitored by the UV —vis absorption spectrometry
(Fig. S5). As seen from curve a, an absorption peak at 520 nm is ob-
served for the prepared Au NPs. After incubated with the Ab,, the
characteristic peak of Ab, at 275 nm appears (curve b), certifying the
successful immobilization of Ab, on Au NPs. Finally, after incubation of
Cpna With Au NPs/Ab, complex, the characteristic absorption peak at
260 nm (for DNA) is obviously enhanced, proving the successful fixa-
tion of Cpya and the formation of the Au NPs/Ab,/Cpya bioconjugates.

3.4. Sensitivity

Under the optimum condition (Fig. S6), we monitored the analytical
properties of the developed colorimetric immunoassay towards dif-
ferent concentrations of AFP standards. As seen from Fig. 5A, the ab-
sorbance of the oxABTS increases with the increased AFP concentra-
tions. A linear relationship between the absorbance and AFP
concentrations is achieved within the range of 0.2 fg/mL to 1.0 ng/mL
(inset in Fig. 5B). The regression equation of the linear relationship can
be fitted as y = 0.07 log[AFP] + 0.36. The limit of detection (LOD) at a
signal-to noise ratio of 3Sg (where S is the standard deviations from the
blank sample, n = 13) was estimated as 0.1 fg/mL. This detection limit
is much lower than other assays for AFP detection proposed in litera-
tures, such as photoelectrochemistry (Luo et al., 2019), electro-
chemistry (Qi et al., 2014), electrochemiluminescence (Zou et al., 2017;
Lin et al., 2011; Liang et al., 2012) and colorimetry (Ren et al., 2018)
with different amplification strategies (listed in Table 1).
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Table 1

Comparison of the proposed strategy with other AFP detection methods.
Method Linear range (pg/mL) LOD (pg/mL) Ref.
Photoelectrochemistry 10-5.0 x 10* 1.2 Luo et al. (2019)
Electrochemistry 10-1.2 x 10* 5.0 Qi et al. (2014)
ECL? 0.05-100 0.01 Zou et al. (2017)
ECL? 0.01-1.0 x 10° 1.0 x 1072 Lin et al. (2011)
ECL? 10-8.0 x 10* 5.0 Liang et al. (2012)
Colorimetry 10-1.0 x 10° 2.3 Ren et al. (2018)
Colorimetry 2.0 x 107%-1.0 x 10° 1.0 x 1074 (This work)

2 ECL: Electrochemiluminescence.
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Fig. 6. The selectivity of the method towards AFP. The concentration of each
substance was as follows: K*, Na*, Mg?*, Zn?", Ca®*, tryptonphan, histidine,
tyrosine, lactose, and glucose were 1.0 x 10~ *M; human IgG, carcinoem-
bryonic antigen (CEA), human serum albumin (HSA), bovine serum albumin
(BSA) and prostate-specific antigen (PSA) were 10 ng/mL; and the concentra-
tion of AFP was 0.1 ng/mL. Error bars represent the standard deviation of four
repeated measurements.

3.5. Specificity and feasibility

The specificity of the proposed immunoassay was evaluated by
challenging the immunosensor toward various potential interfering
substances, such as metal ions, amino acids and other proteins. From
Fig. 6, we can see that none of the tested substances causes obvious
absorbance signal except for the target of AFP, which clearly demon-
strates that the developed method has a good selectivity for AFP de-
tection. The feasibility of the immunoassay system for potential real
sample detections was investigated using human serum. The results in
Table S1 display that they agree well with that of the commercially
available enzyme-linked immunosorbent assay (ELISA) kits, with re-
lative errors less than 10%, indicating acceptable accuracy of the pro-
posed protocol for real sample detections.

4. Conclusion

The present study demonstrates that the visible light irradiated GO
can trigger the enzymatic activity of HRP for the conversion of its ty-
pical chromogenic substrates (including TMB and ABTS). This photo-
switched enzymatic reaction can be easily realized by turning on or off
the visible light irradiation, which is considered to be a prominent
technique in view of the fact that it requires no initiator (peroxide) or
terminator (strongly acidic solution) and is effective for time precise
control. Furthermore, the photoswitchable GO-HRP has been proven to
be an efficiently catalytic label tracer for the immunoassay of the AFP

(taken as a model analyte) with high performances in terms of sensi-
tivity and selectivity. Thus, the proposed photoswitchable hybrid that
associating prominent substrate/reaction selectivity of enzymes with
photocontrollability of activity, may find various applications in bio-
sensors and catalysis in future.
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