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ABSTRACT: One main source of cyanide (CN~) exposure for mammals
is through the plant consumption, and thus, sensitive and selective CN™
detection in plants tissue is a significant and urgent work. Although various
fluorescence probes have been reported for CN™ in water and mammalian
cells, the detection of endogenous biological CN™ in plant tissue remains
to be explored due to the high background signal and large thickness of
plant tissue that hamper the effective application of traditional one-photo

Plant tissue

TPE imaging

excitation. To address these issues, we developed a new two-photo

excitation (TPE) nanosensor using graphene quantum dots (GQDs)/gold nanoparticle (AuNPs) conjugate for sensing and
imaging endogenous biological CN™. With the benefit of the high quenching efficiency of AuNPs and excellent two-photon
properties of GQDs, our sensing system can achieve a low detection limit of 0.52 4M and deeper penetration depth (about 400
um) without interference from background signals of a complex biological environment, thus realizing sensing and imaging of
CN in different types of plant tissues and even monitoring CN~ removal in food processing. To the best of our knowledge, this
is the first time for fluorescent sensing and imaging of CN™ in plant tissues. Moreover, our design also provides a new model
scheme for the development of two-photon fluorescent nanomaterial, which is expected to hold great potential for food

processing and safety testing.
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B INTRODUCTION

Cyanide (CN7), as a well-known anion present in plants and
environment, is highly toxic to mammals and almost all other
forms of life.' > The toxicity of CN™~ to mammals is mainly
derived from its propensity to bind with the iron in cytochrome
¢ oxidase, thus inducing the inhibition of mitochondrial
electron chain transport and change of the cellular redox
state,é’7 etc. One main source of CN™ exposure for mammals is
through the consumption of certain foods and plants.
Therefore, it is significant to monitor CN™ in plants tissues.®’
Although many fluorescence probes have been reported so far
for sensing and imaging of CN~ species in water and
mammalian cells, the application in plant tissues remains to
be explored.'"”™"? As the traditional signal output method of
fluorescence sensing technology, one-photon excitation (OPE)
has its own limitations in complex environment, such as high
background fluorescence and large photon loss owing to self-
absorption and scatterinig, which thus restrict their monitoring
of CN~ in plant tissues. '°

Two-photon excitation (TPE) with near-infrared (NIR)
photons as the excitation source is widely applied owing to its
excellent advantages, such as lower tissue autofluorescence and
self-absorption, lower photodamage and photobleaching, higher
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spatial resolution, and deeper penetration depth in bio-
tissues.'~"? To date, a variety of TPE fluorescence probes
have been successfully developed for applications in chemical
sensors and biological imagings.””~>* Due to the extraordinary
physical and chemical properties, graphene has sparked
extensive applications in biosensing and bioimaging.”>~*" As a
zero-dimensional graphene sheets, graphene quantum dots
(GQDs) have attracted increasing attention in the field of
biosensing and bioimaging owing to their special features, such
as easy and cost-effective preparation, good biocompatibility,
excellent photostability, and tunable fluorescence.”**° It is
worth noting that the most important and attractive advantage
of GQDs is their excellent two-photon property due to their
large two-photon action cross sections, giving them huge
potential for TPE signal output in complex biological
environment.””>> Therefore, combining with the unique
properties of TPE technique and GQDs, the development of
GQD-based TPE nanosensor with lower biological autofluor-
escence and self-absorption, higher spatial resolution, and
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deeper penetration depth has presented a promising potential
in sensing and imaging of CN™ in plant tissues.

In this paper, we attempt to construct a peptide-mediated
GQDs/gold nanoparticles (GQDs/AuNPs) hybrid nanosensor
to achieve high performance of two-photon CN™ sensing and
imaging in plant tissues. The AuNPs were functionalized with
peptide molecules, the GQDs were assembled on the surface of
AuNPs through 7—r stacking of GQDs and peptide to form
the AuNP-PEP@GQDs nanosensor. In the absence of CNT,
the fluorescence of GQDs could be quenched by AuNPs
through the fluorescence resonance energy transfer (FRET).
Upon addition of CN~, AuNPs would be etched, resulting in
the disassembly of AuNP-PEP@GQDs. Consequently, the TPE
fluorescence of GQDs could be restored effectively. Our results
demonstrate that this AuNP-PEP@GQDs can serve as a
sensitive fluorescent indicator for CN™ with a detection limit of
0.52 uM under optimal conditions. Compared with the
separated dual-component system, the short distance between
GQDs and AuNPs can result in the effective fluorescence
quench of GQDs, thus realizing the sensitive detection of CN™.
Moreover, this assembled system is more stable when applied
in a complex environment. More importantly, as it benefits
from the two-photon properties of GQDs, this method can
realize CN™ sensing and imaging in different types of plant
tissues and further monitor its removal in the field of food
processing. To the best of our knowledge, it is the first time
CN~ fluorescent sensing and imaging has been applied in plant
tissues. Furthermore, by changing the recognizing position, this
method can be expanded to other biological relevant species
sensing and imaging in vivo in future.

B EXPERIMENTAL SECTION

Preparation of AuNP-PEP@GQDs Hybrid Nanosensor.
Graphene oxide was synthesized from graphite powder according to
Hummer’s method.”® The two-photon GQ_Ds were synthesized
following the method reported by Gong et al.*' Citrate-stabilized
AuNPs were prepared following Frens’ method as reported
previously.®* All details were described in Supporting Information.
The functionalization of AuNPs with the peptide was achieved by the
Au—S chemistry. The peptide and AuNPs were mixed together at a
fixed ratio at 4 °C for 24 h. Functionalized AuNPs were centrifuged at
12000 rpm for 15 min and washed three times with buffer. The
number of peptides per AuNP was estimated by subtracting the
amount of peptide in the supernatant from the total amount of
peptide, which was added into the AuNPs solution. The concentration
of peptide was calculated by UV—vis spectrum at 215 nm. The AuNP-
PEP was redispersed in buffer, and GQDs with a final concentration of
5 pg/mL were then added. The solution was incubated at room
temperature for 1 h to prepare AuNP-PEP@GQDs. Free GQDs were
removed by centrifugation for 15 min at 12000 rpm followed by
decantation of supernatants and redispersion in BR buffer (pH = 10).
The final concentration of AuNP-PEP@GQDs was defined as the
concentration of AuNPs and calculated using Lambert—Beer’s law
according to the following equation: A = ebc, where the extinction
coefficient (&) is 2.78 X 10 M~*cm™ for 13 nm AuNPs and b = 1.0
em (for standard cuvettes).*

TPE Fluorescence Detection of CN™ in Vitro. To detect CN™ in
vitro, we equilibrated aliquots (300 L) of BR buffer containing 2 nM
AuNP-PEP@GQDs and 100 uL solution containing different
concentration of CN™~ and reacted the solutions for 30 min. Then,
the fluorescence of the above solutions was measured under two-
photon excitation at 780 nm.

Preparation of the Plant Tissue Extract. Cassava, potato, sweet
potato, and purple sweet potato were ground with a zest grater and
subsequently homogenized with a pestle and mortar. The pretreat-
ment process included soaking and washing. Cassava root was

immersed in deionized water for 2 h; the deionized water was changed
every 30 min, and then, the cassava root was washed three times.
Different amounts of mashed plant tissues were diluted with S0 mL BR
buffer and filtration. Aliquots of 100 L of the supernatant were used
for further analysis.

TPE Fluorescence Imaging of Plant Cells and Tissues. The
cassava root was sliced into 0.2 mm thick. After 2 h, 100 uL AuNP-
PEP@GQDs (2 nM) was distributed uniformly on the surface, and the
two-photon imaging was carried out under an Olympus FV1000-MPE
multiphoton laser scanning confocal microscope with a mode-locked
titanium-sapphire laser source (120 fs pulse width, 80 MHz repetition
rate) set at wavelength 780 nm (60X magnification). Slices of plant
tissue 1 mm thick were freshly prepared. Afterward, 100 yL AuNP-
PEP@GQDs (2 nM) was distributed uniformly on the surface. After
0.5 h, The two-photon imaging was carried out under an Olympus
FV1000-MPE multiphoton laser scanning confocal microscope with a
mode-locked titanium-sapphire laser source (120 fs pulse width, 80
MHz repetition rate) set at wavelength 780 nm. Z-scan imaging and
the 3D two-photon confocal fluorescence images were collected along
the Z-direction at depth of 0—600 ym (10 X magnification) of the
plant tissue slice.

B RESULTS AND DISCUSSION

Design Scheme. As shown in Scheme 1, the peptides
(CGADDEFFFFDG) with cysteine residue are conjugated

Scheme 1. Schematic Illustration of AuNP-PEP@GQDs
Nanosensor for CN™ Assay
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onto the surface of AuNPs through Au—S bond. The
subsequent 7—7 stacking interaction between peptide and
GQDs can achieve successful assembly of AuNP-PEP@
GQDs.* Before CN™ addition, AuNPs displayed extremely
high quenching efficiency to GQDs due to the overlap between
the emission spectrum of as-prepared GQDs and the
absorption spectrum of AuNPs, which can satisfy the principle
of FRET in our design.””*’ In the presence of CN~, AuNPs
could be etched effectively and the disassembly of nanosensor
can thus induce fluorescence recovery of GQDs.*' After
incubation with AuNP-PEP@GQDs, the CN™ released from
plant tissue reacted with the hybrid nanosensor, resulting in
obvious two-photon fluorescence signal recovery. Therefore,
combined with the excellent properties of GQDs and TPE
technology, the sensing and imaging of CN™ can be realized in
plant tissues.

Fabrication and Characterization of the AuNP-PEP@
GQDs Hybrid Nanosensor. Hybrid AuNP-PEP@GQDs
nanosensor was synthesized via a multistep procedure, which
involved synthesis of two-photon GQDs, AuNP-PEP con-
jugation, and final assembly of GQDs onto the surface of
AuNPs. As a proof of concept, AuNPs were first prepared
according to the reported method and transmission electron
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microscopy (TEM) image demonstrated a size distribution
from 10 to 1S nm, most being 13 nm (Figure S1A). The
maximum absorption of AuNPs was located at 518 nm (curve
a, Figure S2). As an excellent two-photon nanomaterial, the
GQDs were prepared through a facile one-pot solvothermal
approach using graphene oxide as a precursor. TEM image
(Figure S1B) showed the uniformly dispersed GQDs with an
average diameter of 3.8 nm. High-resolution transmission
electron microscopy (HRTEM) image depicted the clear
graphene-like crystalline structure of GQDs, and the spacing
of adjacent lattice planes was about 2.2 A, which is close to the
data of GQDs reported in reference and consistent with (002)
diffraction plane of graphite (Inset of Figure S1B).*> Then,
UV—vis spectrum of GQDs in aqueous solution demonstrated
an absorption band at 320 nm, which was similar to the
reported GQDs (Figure $3).>! The maximum emission
wavelength of TPE located at 516 nm (curve b, Figure S2)
which was also consistent with the previous reports.”’ The
production yield of GQDs attained from GO is about 5.8%.
Using rhodamine B (RhB) as a reference, the fluorescence
quantum yield of GQDs in aqueous solution was measured to
be 0.28 and the two-photon action cross section (6 X @) was
estimated to be 481 Goeppert—Mayer (GM) with excitation at
780 nm (curve a, Figure S4), which was obvious higher than
the conventional organic dyes.”’ The two-photon absorption
cross section (o) based on the equation, ¢, = 6, X (F,/F,) X
(¢p/p,) X (Cy/C,), where F denotes the measured two-photon
fluorescence intensity, ¢ stands for the one-photon quantum
yield, and C is the concentration. The subscripts a and b
represent the values for the GQDs and RhB, respectively.**
Additionally, long-term stability of the two-photon dyes is
crucial to their practical applications in biolabeling and
bioimaging. Thus, the photostability of GQDs was also
investigated through recording the fluorescence intensity with
continuous UV-irradiation using Xe light (390 nm, 300 mW).
After continuous UV-irradiation for 4 h, the fluorescence
intensity of GQDs maintained constant while RhB demon-
strated an obvious decrease (Figure S5). To demonstrate the
capability of the as-prepared GQDs for two-photon imaging, we
incubated GQDs with plant tissues, and the tissue became
brightly illuminated with two-photon excitation at 780 nm after
2 h (Figure S6). Therefore, higher two-photon action cross
section and good photostability have enabled GQDs become
the effective fluorescence reporter for TPE sensing and imaging
in complex biological samples.

After the successful synthesis of two nanoparticles, peptides
were applied to link them together and construct a robust
nanosensing conjugate for CN~ sensing. The peptide that
contained cysteine residue was conjugated to AuNPs surface
through thiol groups to form Au—S bonds and then absorbed
GQDs through 7—7 interaction, leading to shortened distance
between the quencher and fluorophore. The UV—vis spectrum
of AuNPs demonstrated about 3 nm red shift due to the
increase of refractive index upon protein adsorption, confirming
the successful conjugation of peptide (Figure S7).** Due to the
overlap between two-photon emission wavelength of GQDs
and absorption spectrum of AuNPs, the fluorescence intensity
of GQDs in solution decreased upon the addition of AuNP-
PEP and more than 87% quenching efficiency was achieved
(Figure S8). In contrast, the quenching efficiency of GQDs was
much weaker upon bare AuNPs addition (Figure S8 inset). The
results demonstrated that the peptide could act as an effective
linker to mediate assembly of AuNPs and GQDs, thus

enhancing the quenching efficiency of AuNPs. The nanosensor
was then further characterized by TEM, XPS and fluorescence
anisotropy (FA). Representative TEM image showed that large
AuNPs were surrounded by several small GQDs to form
satellite structure (Figure 1A). The XPS survey spectrum of

25 0.5
820 g 04}
> [
215 §os
5 8
210 202
= <
5 0.1
0 0.0 ‘ ‘ . ;
400 500 600 700 800
100 Wavelength/nm

Diameter (nm)

Figure 1. TEM images of 2 nM AuNP-PEP@GQDs before (A) and
after (B) 500 uM CN~ addition. GQDs and AuNPs were indicated
with red and white arrows, respectively. (C) DLS data and (D) UV—
vis spectrum of 2 nM AuNP-PEP@GQDs (a) before and (b) after S00
#M CN~ addition.

AuNP-PEP@GQDs indicated three additional peaks at around
85.0, 334.0, and 353.0 eV, corresponding to the binding
energies of Au 4f, Au 4d5, and Au 4d’ in contrast to GQDs
(Figure S9). The FA value of free GQDs in buffer solution was
very low while significant increase could be observed upon
AuNP-PEP addition (Figure S10). These results clearly
demonstrated that GQDs have been successfully assembled
on the surface of AuNDPs.

Validation of the Design Scheme. Before the CN~
detection, the effect of CN™ concentration to the fluorescence
of GQDs was investigated, as shown in Figure S11. We could
see that the fluorescence intensity is stable as a variation of
CN™ concentration. To validate the scheme of AuNP-PEP@
GQDs for CN™ detection, a series of experiments were further
performed. First, the UV—vis spectral response of AuNPs upon
CN™ addition was investigated and sharp absorbance decrease
of AuNPs peaked at 518 nm could be observed (curve c, Figure
S2). The result could confirm the etching effect of CN™ to
AuNPs. Meanwhile, the color of solution containing AuNPs
changed from red to colorless upon CN~ addition (Inset of
Figure S2). Then, representative TEM image of AuNP-PEP@
GQDs upon CN™ addition also displayed the etching of AuNPs
since only a few small AuNPs and dispersed GQDs could be
observed in Figure 1B. Dynamic light scattering (DLS) analysis
also demonstrated the average hydrodynamic diameters of our
constructed AuNP-PEP@GQDs decreased from 36.5 to 13.0
nm which was mainly due to the AuNPs etching (Figure 1C)
and Zeta potential measurements revealed a remarkable charges
elevation from —25.6 to —9.4 mV due to the disassembly of
negatively charged AuNP-PEP@GQDs. Next, the typical UV—
vis spectral response of AuNP-PEP@GQDs before and after
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incubation with CN™ was shown in Figure 1D. As expected, it
was evident that a drastic absorption change could be observed,
which further confirmed that AuNP-PEP@GQDs were etched
upon CN™ addition. Additionally, the two-photon action cross
section of AuNP-PEP@GQDs was estimated to be 52 GM
while the value increased to 366 GM at 780 nm in the presence
of CN~ (curves b and ¢, Figure S4) which is mainly due to the
dissolution of AuNPs. Subsequently, we investigated the effect
of CN~ to the fluorescence of AuNP-PEP@GQDs and typical
OPE fluorescence response was demonstrated in Figure 2A.
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Figure 2. (A) Typical OPE fluorescence emission spectra of (a) S ug/
mL GQDs, (b) upon addition of 2 nM AuNP-PEP, and (c)
subsequently with S00 yuM CN~ addition; (inset) photographs of
the corresponding fluorescent species. (B) Real-time OPE fluores-
cence records of GQDs solution (S yg/mL) upon addition of AuNP-
PEP (2 nM), and subsequent addition of different concentrations of
CN™ (a=0uM, b=S5uM, c =50 uM, d = 200 uM, e = 500 uM). For
the measurement, we distinguished three steps: (1) the cuvette was
filled with GQDs solution in BR buffer, (2) AuNP-PEP was added,
and (3) CN~ was added. (C) Fluorescence spectra of AuNP-PEP@
GQDs as functions of different concentrations of CN~ (0—500 xM)
and (inset) TPE fluorescence intensity enhancement against CN~
concentration (0—200 uM), where F and F, are the fluorescence
intensities of AuNP-PEP@GQDs in the presence or absence of CN™.
(D) Selectivity of AuNP-PEP@GQDs for CN™~ over other anions at a
concentration of 500 uM. The error bars signify the standard error
obtained from three repetitive measurements.

Apparent fluorescence quenching occurred upon the addition
of AuNP-PEP, and subsequent recovery could be observed after
CN~ incubation. Finally, real-time dynamic OPE fluorescence
intensity of GDQs was recorded as shown in Figure 2B. The
results indicated that the fluorescence was almost completely
quenched by AuNP-PEP, while the quenching was suppressed
by the CN™ addition. The fluorescence recovery is propor-
tionate to the concentration of CN~, confirming the feasibility
of our constructed nanosensor for CN™ detection.

Because the amount of peptide conjugated on AuNPs may
influence the signal response of AuNP-PEP@GQDs to CN7,
the ratio of peptide to AuNPs was first optimized. The largest
response was obtained with a loading capacity of about 40
peptide per AuNP (Figure S12). With increasing the amount of
peptide, the F/F, value decreased, where F; and F represent the
fluorescence intensity of AuNP-PEP@GQDs in the presence

and absence of CN7, attributing to the dense peptide can
hinder the reaction between CN~ and AuNPs. In addition, the
pH was also investigated in order to improve the sensitivity. As
shown in Figure S13, the fluorescence recovery was tested
under the pH range from 6.0 to 12.0. It was evident that this
nanosensor exhibited the highest recovery efficiency at pH 10.0,
which was chose in the subsequent experiments. The response
at neutral condition is lower than basic condition also indicated
that high pH value could decrease the competition for CN™
between the available protons and gold atoms.*

Under the optimized conditions, the response of this
nanosensor to CN~ was carried out by TPE fluorescence
spectrometry. Upon addition of CN~ (0—500 yM), a dose-
dependent fluorescence recovery at 516 nm could be observed
(Figure 2C). The intensity dynamically increased with the
elevated CN™ concentration and a linear calibration graph was
achieved within 1—200 yM (Figure 2C inset). The detection
limit of 0.52 yuM CN~ that was taken to be 3 times of the
standard derivation in blank solution was achieved, which was
than lower 1.9 uM, the maximum level of CN™ in drinkin%
water permitted by the World Health Organization (WHO)."
Compare with other reported CN™ sensing procedures, the
sensitivity of the present system is comparable (Table S1). To
evaluate the selectivity of this nanosensor, we also investigated
the influence of other common anions. As shown in Figure 2D,
all of these tested anions, including SCN™, H,S, HS™, B,O.”,
Br~, BrO,~, CI7, ClO,~, CO,*, C,0,7, F-, I, 10°7, NO™,
NO*7, PO,*, SO,*, SO,*, and S,04>", did not show obvious
response. However, only the presence of CN™ could present a
remarkable turn-on response. This excellent selectivity can be
attributed to the unique Elsner reaction between CN™ and Au
atoms.**

AuNP-PEP@GQDs Hybrid Nanosensor for CN~ Detec-
tion in Plant Tissue Extract by OPE and TPE Technique.
After demonstrating in vitro sensing of CN~ by AuNP-PEP@
GQDs, we next explored its potential in quantification of CN™
in plant tissues. Because the roots of cassava are a well-known
source of endogenous biological CN7, it was chosen as the
model plant tissue for CN™ measurement. The aqueous extracts
of these roots were prepared according to the reported
procedure.*” As shown in Figure 3A, the OPE emission spectra
of cassava extract revealed a high autofluorescence signal which
overlapped with the emission of GQDs. The high background
signal of cassava extract would impede the sensitive detection of
CN™. In contrast, the background fluorescence of cassava
extract was much weaker under TPE method while a
remarkable enhancement was achieved upon CN™ addition
(Figure 3B). For the quantitative assessment of CN™ in cassava,
the extracts were first prepared from varied amounts of cassava.
Then, an aliquot of the as-constructed AuNP-PEP@GQDs
suspension was incubated with cassava extract. The fluores-
cence was measured under TPE fluorescence spectroscopy and
a linear response as the amount of cassava increased could be
observed (from 0 to 20 g, curve a, Figure 3C). It is worth
noting that the response was less sensitive under OPE method
than using TPE hough the fluorescence recovery of GQDs,
which is mainly because of the high background fluorescence
under OPE (curve b, Figure 3C). We then quantified the
amount of CN™ in cassava root using a standard addition
approach. The amount of CN™ in cassava was estimated to be
(94 + 0.5) mg per 100 g of cassava, which was in a good
agreement with the normal range of CN~ content.”® For the
other plant tissues, the extract of commercially available potato,
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Figure 3. (A) OPE and (B) TPE spectra of (a) the cassava extract, (b)
AuNP-PEP@GQDs (2 nM) in pretreated cassava extract, and (c)
AuNP-PEP@GQDs in pretreated cassava extract upon S00 uM CN~
addition. (C, a) TPE and (d) OPE fluorescence enhancement (F/F,)
of AuNP-PEP@GQDs at 516 nm as functions of the increasing
amount of cassava, where F and F, are the fluorescence intensity of
AuNP-PEP@GQDs in the absence or presence of cassava extract. (D)
TPE fluorescence enhancement (F/F,) of the AuNP-PEP@GQDs as
functions of different amount of plant tissue extract from (a) potato,
(b) sweet potato, (c) purple sweet potato, and (d) cassava before (e)
and after soaking and washing. The error bars signify the standard
error obtained from three repetitive measurements.

sweet potato and purple sweet potato were also tested for their
CN~ content. However, after incubation with potato, sweet
potato, and purple sweet potato extract, no significant
fluorescence emission signal changes of AuNP-PEP@GQDs
could be observed (column a-c, Figure 3D). This TPE method
was further used to monitor the removing effect of cassava
pretreatment. Fresh cassava extract demonstrated an elevated
fluorescence recovery which was dependent on the amount of
cassava (column d, Figure 3D). However, after the cassava root
was soaked for 2 h and washed three times, the extract
demonstrate negligible fluorescence increments even at higher
concentration (column e, Figure 3D). Therefore, these results
demonstrated that our strategy could be used for the
quantitative detection of endogenous CNT in different plant
tissues and also indicated, the pretreatment such as soaking and
washing could remove the endogenous CN™ in plant tissues
efficiently.

AuNP-PEP@GQDs Hybrid Nanosensor for CN~ Imag-
ing in Plant Tissues. After the response of the CN™ sensor
was achieved in vitro, TPE confocal fluorescence imaging was
performed to demonstrate the applicability of endogenous CN™
imaging in plant cells and tissues. The fresh cassava was sliced
into 0.2 mm thick pieces and incubated with AuNP-PEP@
GQDs. Thus, the cassava cells could be clearly observed with a
diameter of ~12 ym. When the cassava tissues are damaged,
the linamarase contact with cyanogenic glycosides, which
results in its hydrolysis and thus leads to the release of CN~."
Based on this, an intense TPE fluorescence signal could be
observed, as shown in Figure 4A. On the contrary, negligible
fluorescence could be observed after soaking and washing
(Figure 4B), indicating the removal of CN™ after pretreatment.

TPE field

Bright field

Overlay

Fresh cassava

Cyanideaddition Pretreated cassava

Figure 4. TPE images of (A) the fresh cassava cell, (B) cassava cell
pretreated by soaking and washing, and (C) 200 uM CN~
preincubated cassava cell after incubation with AuNP-PEP@GQDs
(2 nM) for 2 h. Scale bar: 10 um.

Meanwhile, the green fluorescence was much brighter and
widespread after preincubated with CN~ (Figure 4C). All these
results can demonstrate that AuNP-PEP@GQDs could be used
for sensing CN™ distribution and removal in cassava cells.
The course of the enzymatic liberation of CN™ from plant
tissue was followed by TPE imaging directly on the surface of
freshly cut slices. The fresh cassava and potato slices were
stored at room temperature for different times and then
incubated with AuNP-PEP@GQDs. The overall TPE fluo-
rescence intensity of cassava increased as the function of time
and reached maximum after 1.5 h (Figure SA). In contrast, the
TPE fluorescence of potato slices was constantly weak, even
with increased the incubation time (Figure SB). For sweet
potato and purple sweet potato, the fluorescence signal of two
slices were also negligible after incubated with AuNP-PEP@
GQDs (Figure S14). More importantly, the fresh cassava slice

Time increase

Cassava

Potato

TPE field Bright field Overlay

”
”

Figure S. TPE imaging of (A) fresh cassava slice and (B) potato slice
after incubated with 100 yL. AuNP-PEP@GQDs (2 nM) with an
increase of incubation time. TPE images of (C) fresh cassava slice and
(E) pretreated cassava slice after incubated with 100 uL. AuNP-PEP@
GQD:s for 2 h. (D) Confocal Z-scan TPE sections of the nanosensor
incubated cassava slice at different penetration depths. Scale bar: 100
um. The corresponding 3D images are accumulated along the Z-
direction at depths of 0—600 ym.

Fresh cassava

Pretreated cassava
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incubated with AuNP-PEP@GQDs demonstrated distinct TPE
fluorescence at a depth of 100 ym (Figure SC). The Z-scanning
confocal imaging showed that TPE fluorescence can still be
clearly sensed up to 400 um of penetration depth (Figure SD),
which was much deeper than that obtained from OPE imaging
(Figure S15). All these results demonstrated that CN™ existed
in cassava, and liberation can be completed within 1.5 h. In
contrast, no significant endogenous CN™~ was present in sweet
potato and purple sweet potato, which further confirmed that
our constructed AuNP-PEP@GQDs nanosensor could be used
for sensing and imaging of CN™ directly in plant tissue.

Enzymatic release of CN™ in cassava, which is the third most
important food source in the tropical world, can cause
disastrous consequences.”’ Thus, adequate cassava removal
processing is of importance in eliminating the toxic cassava and
converting them into safe food.>* To remove CN~, a
pretreatment strategy was employed, and the corresponding
CN™ release from cassava sample was monitored by TPE
imaging. After soaking for 2 h and being wash three times with
buffer solution, the removal efficiency of CN™ in cassava was
investigated. Only negligible fluorescence was observed after
AuNP-PEP@GQDs were poured and incubated on pretreated
cassava slices, as shown in Figure SE, which further indicated
that CN™ has been removed efliciently after pretreatment. On
the contrary, when the cassava slices were preincubated with
CN7, stronger green fluorescence was observed (Figure S16).
These results demonstrated that our constructed nanosensor
can be used for high-contrast TPE imaging of CN™ in deep
plant tissue and applied for the direct monitoring of CN~
removal during food processing in future.

B CONCLUSION

In summary, we proposed a highly sensitive nanosensor based
on GQDs for TPE sensing and imaging of CN™ in plant tissues.
Through the destruction of FRET process from GQDs to
AuNPs, this AuNP-PEP@GQDs nanosensor could be used as
an effective probe for highly selective detection of CN™ in vitro
with a detection limit of 0.52 yM under optimal condition
could be achieved. Combing with the excellent two-photon
properties of GQDs, this sensor could be employed to reduce
the high background signal of complex biological environment
and thus realize sensing and imaging of CN™ in different types
of plant tissues, even monitoring CN~ removal in food
processing. To the best of our knowledge, this is the first
time fluorescent sensing and imaging of CN™ in plant tissues
have been applied, which will offer a new approach for
monitoring the CN™~ removal. Moreover, benefited from the
unique properties of nanostructured materials and the TPE
technique, this new AuNP-PEP@GQDs-based strategy for
developing robust biomolecules sensors is expected to hold
great potential for food processing and safety testing.
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