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In situ SERS imaging of protein-specific glycan
oxidation on living cells to quantitatively visualize
pathogen—cell interactionsy

Yuru Wang, Shan Wu, Yuanjiao Yang, Yuhui Yang, Huipu Liu, Yunlong Chen(®*
and Huangxian Ju

Glycan oxidation on the cell surface occurs in many specific life processes including pathogen—cell
interactions. This work develops a surface-enhanced Raman scattering (SERS) imaging strategy for in situ
quantitative monitoring of protein-specific glycan oxidation mediated pathogen-cell interactions by
utilizing Raman reporter DTNB and aptamer co-assembled platinum shelled gold nanoparticles (Au@Pt-
DTNB/Apt). Using Fusarium graminearum (FG) and MCF-7 cells as models, Au@Pt-DTNB/Apt can
specifically bind to MUCL1 protein on the cell surface containing heavy galactose (Gal) and N-
acetylgalactosamine (GalNAc) modification. When FG interacts with cells, the secreted galactose oxidase
(GO) can oxidize Gal/GalNAc, and the generated reactive oxygen species (ROS) further oxidizes DTNB to
produce TNB for greatly enhancing the SERS signal. This strategy can quantitatively visualize for the first
time both the protein-specific glycan oxidation and the mediated pathogen-cell interactions, thus
providing key quantitative information to distinguish and explore the pathogen-resistance and
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Introduction

Proteins on the eukaryote surface are generally modified with
various glycans, which regulate the structure and function of
proteins and further mediate a large number of physiological
and pathological processes.” In many specific life processes
such as bacterium infections® and pathogen-—cell interactions,*
these glycans can be oxidized by various biological enzymes
secreted from bacteria or pathogens to initiate the subsequent
biological pathways. Despite broad applications of these glycan-
oxidase enzymes in the recognition and labeling of glycans,>®
the in situ quantitative visualization technique of the protein-
specific glycan oxidation process in pathogen—cell interactions
is still an urgent demand. The solution of this methodology will
greatly facilitate the exploration of the related pathogenesis and
the development of corresponding anti-resistance methods.
Fusarium graminearum (FG) is a fungus that causes Fusarium
head blight through crop infections.” It is one of the most
destructive plant pathogens in the world, and the spores it
produces can spread widely through the air. It can cause a wide
range of human infections,*® especially the characteristic skin
lesions caused by disseminated Fusarium, which is a most
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pharmacological mechanisms of different drugs.

common manifestation of disease. In other cases, it can cause
neutropenia and death.' FG can secrete galactose oxidase (GO)
to oxidize galactose (Gal) or N-acetylgalactosamine (GalNAc),
one of the most common glycans decorating on human
epithelia. While oxidizing the terminal C6 hydroxy group of Gal
or GalNAc to the corresponding aldehyde, hydrogen peroxide
(H,0,) is generated through the reduction of oxygen,'"'* which
coexists with the superoxide anion (*O>7), hydroxyl radical
("OH) and singlet oxygen ('0,) in biological systems, collectively
referred to as reactive oxygen species (ROS).** Thus, quantitative
visualization of the generation of ROS during the oxidation of
Gal and GalNAc, especially on specific protein, can provide the
key information to reveal and deal with the FG induced human
skin infection.

Fluorescence methods have been widely used to detect ROS
in vitro and vivo."**®* Most of these methods involve complex
synthesis processes for obtaining the fluorescent probes, and
usually suffer from the defects of high biological background
fluorescence, low sensitivity, photobleaching, and cytotoxicity.
As an alternative technique, the surface-enhanced Raman
scattering (SERS) method is highly sensitive for the detection of
small molecules,"” and is resistant to photobleaching and
photodegradation in long-term monitoring.'* However, current
SERS-based ROS probes are mainly used for intra-package
detection and monitoring.**>*

In response to the lack of highly sensitive imaging methods
for in situ quantitative monitoring of ROS generation and glycan
oxidation on living cells, this work developed a SERS imaging
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strategy with a newly designed Au@Pt-DTNB/Apt nanoprobe to
achieve quantitative visualization of protein-specific glycan
oxidation and pathogen-cell interactions. This nanoprobe was
constructed by co-assembling 5,5-dithiobis (2-nitrobenzoic
acid) (DTNB) as a Raman reporter, thiol polyethylene glycol
(PEG) as the stabilizer, and thiol DNA aptamer (Apt-SH) (Table
S17) to specifically recognize the target protein of interest (POI)
on platinum shell encapsulated 50 nm gold nanoparticles
(Au@PtNPs) (Fig. 1A). When exposing the Au@Pt-DTNB/Apt
nanoprobe bound cells to FG, the GO secreted from FG could
catalyze the oxidation of the Gal/GalNAc on the cell surface to
generate ROS (Fig. 1B). Due to the restricted diffusion, only the
ROS generated from the oxidation of Gal/GalNAc around POI
could be captured by the Au@Pt-DTNB/Apt, which converted
DTNB to thiobis (2-nitrobenzoic acid) (TNB),** thus greatly
enhancing the SERS signal due to the much tighter binding of
TNB to the Pt surface.* As a proof-of-concept, MUC1 was chosen
as the protein model, which is a common transmembrane
glycoprotein with heavy Gal/GalNAc modification on the apical
surface of most simple secretory epithelia,>?® and abundant
MUC1 expressed MCF-7 cells were used as the cell model.””
Using the commercial GO as the quantitative criterion, the
proposed imaging strategy successfully achieved quantitative
visualization of MUC1-specific Gal/GalNAc oxidation on living
cells, and provided for the first time the quantitative informa-
tion of the pathogen-cell interactions for distinguishing and
exploring the different pathogen-resistance and pharmacolog-
ical mechanisms of different drugs.

Results and discussion
Characterization of the Au@Pt-DTNB/Apt probe

The thickness of the Pt shell on Au@PtNPs was first optimized
by cyclic voltammetry to check the integrity of the shell.*® By
applying ascorbic acid (AA) to reduce different doses of H,PtCl,
on 50 nm Au cores, Pt shells with a thickness of 0.35 nm
(Au@0.35PtNPs), 0.7 nm (Au@0.7PtNPs) and 1.4 nm
(Au@1.4PtNPs) could be formed, respectively.*® After immobi-
lizing these Au@PtNPs on glassy carbon electrodes, the cyclic
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Fig. 1 Schematic illustration. (A) Preparation of Au@Pt-DTNB/Apt. (B)
In situ SERS imaging of MUC1-specific Gal/GalNAc oxidation for
quantitative visualization of FG—cell interactions.
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voltammograms of Au@0.35PtNPs and Au@0.7PtNPs modified
electrodes in 0.5 M H,SO, showed the characteristic reduction
peaks of both oxidized Au cores at +1.0 V and oxidized Pt shells
around +0.45 V, while the Au@1.4PtNP modified electrode only
exhibited the characteristic reduction peak of oxidized Pt shells
(Fig. S1f), which indicated that the 1.4 nm Pt shell could
completely coat the Au core. Thus Au@1.4PtNPs were chosen
for all the following experiments.

The Au@Pt NPs were further characterized with UV/Vis
absorption spectra, which showed a red shift of the maximum
absorption peak upon coating of Pt shells on Au cores (Fig. S27).
The dynamic light scattering diameter also slightly increased
after depositing Pt shells on Au cores (Fig. S31), though the
encapsulation of Au cores in Pt shells did not exhibit obvious
morphology change (Fig. S47). As desired, the EDS elemental
mapping and drift corrected spectrum of Au@Pt NPs exhibited
obvious Pt element distribution compared with those of AuNPs
(Fig. S4B-E and G-Kf), further demonstrating the successful
construction of Au@Pt NPs.

To demonstrate the successful assembly of Apt-SH on Au@Pt
NPs, FAM-Apt-SH and FAM-Apt (FAM is 5-carboxyfluorescein)
were incubated with Au@Pt NPs for 30 min, respectively, which
resulted in almost disappearance of FAM fluorescence in the
incubated supernatant of FAM-Apt-SH, while the FAM fluores-
cence in the incubated supernatant of FAM-Apt slightly
decreased (Fig. S51). These results demonstrated that Apt-SH
was successfully assembled into Au@PtNPs via the Pt-SH
bond and the nonspecific adsorption of Apt on Au@PtNPs was
negligible. The successful co-assembly of PEG, Apt-SH, and
DTNB was further verified by Zeta potential analysis (Fig. S67),
which exhibited obviously more negative potential due to the
presence of the DNA strand and was consistent with a previous
report.*°

The stability of the Au@Pt-DTNB/Apt nanoprobe was exam-
ined by in vitro Raman scanning. The Au@Pt-DTNB/Apt
dispersion exhibited an obvious characteristic Raman peak of
DTNB at 1337 em™" (Fig. S71). Moreover, the dispersion was
uniform, which led to the same Raman spectra and peak
intensity at different locations, even after it was laid up for 3
days (Fig. S71), indicating good stability of the Au@Pt-DTNB/
Apt dispersion. The optical stability of the Au@Pt-DTNB/Apt
dispersion was also demonstrated with the Raman spectra
upon continuous laser irradiation for 600 s (Fig. S81).

In vitro response of Au@Pt-DTNB/Apt to ROS

The feasibility of the Au@Pt-DTNB/Apt nanoprobe responding
to ROS generation was in vitro verified by recording the Raman
spectra in a Cu’-catalyzed Fenton reaction system.*! After add-
ing different concentrations of ROS into the Au@Pt-DTNB/Apt
dispersion, the characteristic Raman peak of DTNB at
1337 cm ™ increased with the increasing concentration of ROS
(Fig. 2A), which led to a linear plot of peak intensity vs. the
logarithm of ROS concentration (Fig. 2B). The limit of detection
(LOD) for ROS was calculated to be 0.29 pM. The enhancement
mechanism of the Raman signal could be attributed to the
oxidation of DTNB in the Au@Pt-DTNB/Apt nanoprobe by ROS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 In vitro response of Au@Pt-DTNB/Apt to ROS. (A) Raman
spectra of Au@Pt-DTNB/Apt incubated with different concentrations
of ROS. (B) Plot of Raman intensity at 1337 cm ™ vs. ROS concentration.
The error bars indicate means & SD (n = 5).

to produce TNB,** which led to much tighter binding ability of
the Raman reporter to the Pt surface due to the formation of the
free -SH group (Fig. S91).** Moreover, the Au@Pt-DTNB/Apt
kept stable in the 1 mM ROS solution for 3 h (Fig. S107),
which was time sufficient for the SERS imaging experiments.
Thus, the designed Au@Pt-DTNB/Apt probe could be used to
sensitively detect ROS in vitro, which shows promising appli-
cation in bioanalysis.

SERS imaging of protein-specific glycan oxidation on living
cells

The specific binding of Au@Pt-DTNB/Apt to MUC1 protein was
demonstrated by confocal laser scanning microscopy (CLSM)
using FAM-Apt and Raman imaging. After MCF-7 and MCF-10A
cells were treated with FAM-Apt or FAM modified random-
sequenced DNA (FAM-Ran), only FAM-Apt treated cells
showed obvious FAM fluorescence (Fig. S117), indicating the
specific binding of FAM-Apt to cell surface MUC1. Similarly,
after incubating the cells with Au@Pt-DTNB/Apt for 40 min,
a weak Raman signal of DTNB could be observed on the surface
of MCF-7 cells, while the Au@Pt-DTNB/Ran treated cells did not
show any Raman signal (Fig. S12), thus Au@Pt-DTNB/Apt
could specifically bind to cell surface MUC1, and the interfer-
ence of the background signal and nonspecific adsorption on
the Raman response was negligible. Upon the further incuba-
tion of the Au@Pt-DTNB/Apt treated cells with different
concentrations of GO, the Raman signal continuously increased
(Fig. 3A and B), while the Raman signal kept at the constant
minimum value in the absence of GO (Fig. S12B and Df).
Moreover, at different incubation times, the plots of Raman
intensity vs. GO concentration showed good linearity, indi-
cating the feasibility of using Au@Pt-DTNB/Apt to monitor the
concentration of GO around cell surface MUCL.

The enhancement of the Raman signal on living cells in the
presence of GO resulted from the formation of ROS during GO-
catalyzed oxidation of Gal or GalNAc on cell surface MUC1,
which diffused restrictively to bound Au@Pt-DTNB/Apt to
oxidize DTNB. Thus, the Raman signal showed similar changes
to those of MCF-7 cells treated with different concentrations of
ROS, which were generated with a Cu'-catalyzed Fenton reac-
tion system (Fig. S131). To further investigate the source of ROS
in the presence of GO, MCF-10A cells and 2-acetamido-2-deoxy-
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Fig. 3 SERS imaging of protein-specific glycan oxidation on living
cells. (A) Raman images of MCF-7 cells treated with 0.5 nM Au@Pt-
DTNB/Apt for 40 min and then different concentrations of GO at
different interaction times. (B) 3D histogram of Raman intensity to GO
concentration at different interaction times. (C) Plots of Raman
intensity vs. GO concentration at different interaction times. The error
bars indicate means + SD (n = 3).

a-p-galactopyranoside (BAG) treated MCF-7 cells were incubated
with 100 ug mL~" of FITC-SBA (SBA is a lectin specific to Gal/
GalNAc) at 37 °C for 40 min to collect their CLSM images,
which did not show obvious fluorescence of FITC, while FITC-
SBA stained MCF-7 cells showed strong FITC fluorescence
(Fig. S141), indicating that both MCF-10A and BAG treated MCF-
7 cells could be used as Gal/GalNAc negative cells. After these
negative controls were incubated with Au@Pt-DTNB/Apt and
then GO, a tiny Raman signal at 1337 cm™ " was observed within
120 min (Fig. S15t), which demonstrated that ROS came from
GO catalyzed Gal/GalNAc oxidation on the cell surface by dis-
solved oxygen.

Quantitative visualization of pathogen-cell interactions

Since Au@Pt-DTNB/Apt could quantitatively image MUCI1-
specific Gal/GalNAc oxidation on living cells, it was further
applied to quantitatively visualize FG-cell interactions. The
Au@Pt-DTNB/Apt treated MCF-7 cells were incubated with
different concentrations of FG and subjected to Raman imaging
in point review mode at 1337 cm™ " at different interaction times
(Fig. S16At). The Raman intensity increased with the increasing
FG concentration and interaction time (Fig. S16Bt). At different
interaction times, all plots of Raman intensity vs. FG concen-
tration exhibited a good linear relationship (Fig. S16CfY).
Combined with the linear equations of Raman intensity to GO
concentration (Table S2t), the MUC1-specific Gal/GalNAc
oxidation (MSGO) activities of FG at different interaction
times could be calculated, which exhibited an obvious rise from
2.41 x 107° U per pes to 2.54 x 107> U per pcs along with the
increasing FG-cell interaction time (Table S21). Thus, the
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designed strategy successfully achieved the quantitative visu-
alization of FG-cell interactions through MUC1-specific Gal/
GalNAc oxidation.

Pathogen-resistance and pharmacological mechanisms of
different drugs

To verify the practicality of the designed strategy, it was applied
to distinguish the pathogen-resistance mechanisms of different
drugs. Three kinds of drugs including quercetin (QCT), car-
bendazim (CBZ) and cefoperazone (CFP) were selected to treat
FG in view of their different application scenarios (Fig. S171).
QTC is a plant flavonoid that exerts antibacterial effects by
causing cell membrane damage, altering membrane perme-
ability, inhibiting nucleic acid and protein synthesis, reducing
virulence factor expression, mitochondrial dysfunction, and
preventing biofilm formation.**** CBZ is widely used in agri-
culture for crop disease control. It can be used for foliar
spraying and soil treatment of plants, by changing the cell
membrane and enzyme activity of pathogenic microorganisms,
inhibiting their growth and reproduction, thereby protecting
plants from disease damage and improving yield and quality.*®
CFP is a third-generation broad-spectrum semi synthetic
cephalosporin, which can combat various types of degradation
effect of lactamases with a wide antibacterial spectrum.®” After
FG (1 x 10° pcs per mL) was incubated with different doses of
QCT (56 and 240 pug mL™ "), CBZ (5 and 15 ug mL~ ') and CFP (5
and 15 pg mL~") for 6, 12 and 24 h, respectively, the drug treated
FG was incubated with Au@Pt-DTNB/Apt treated MCF-7 cells for
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120 min and then subjected to Raman imaging (Fig. 4A). Using
the linear equations of Raman intensity to GO and FG concen-
trations at 120 min (Table S27), the MSGO activities of FG
treated with different doses of drugs were obtained (Fig. 4B),
which demonstrated obviously different pathogen-resistance
mechanisms. The MSGO activity of QCT treated FG showed
abnormal QCT-dose dependence within 12 hours. The higher
QCT dose conversely exhibited weaker inhibition to MSGO
activity of FG, which even exhibited a tiny enhancement within 6
hours. A longer QCT-treatment time lowered the difference
resulting from the dose. It could be inferred that 240 pg mL " of
QCT led to quick structural destruction of FG to massively spill
GO within a short time, while 56 pug mL ™" of QCT slowly
decomposed the structure of FG without the spill of GO. Similar
phenomena were observed for CBZ treated FG within 6 hours,
which exhibited weaker inhibition and tiny enhancement of
MSGO activity under a higher dose. Different to QTC, the CBZ
exhibited tiny difference of the inhibition to MSGO activity just
after 12 hours, which might be due to its stronger structural
destruction ability to FG. Interestingly, the CFP exhibited the
strongest inhibition to MSGO activity of FG at both doses and
different treatment times, which could be attributed to the
completely different antibiotic-resistance mechanism to FG.
Thus, the designed strategy successfully provided key quanti-
tative information to distinguish the different pathogen-
resistance mechanisms of different drugs.

The states of cells during pathogen-cell interactions were
critical for the further pharmacological exploration of
pathogen-resistance drugs. To investigate the cell states after
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Fig. 4 Pathogen-resistance and pharmacological mechanisms of different drugs. (A) Raman images of MCF-7 cells treated with 0.5 nM Au@Pt-
DTNB/Apt for 40 min and then drug-treated FG for 120 min. (B) Histogram of MSGO activities of FG after treatment with drugs for different times.
(C) CLSM images of calcein AM and Pl stained MCF-7 cells after treatment with 0.5 nM Au@Pt-DTNB/Apt for 40 min and then drug-treated FG for
120 min. (D) Histogram of cell viability to drug treatment time of FG. The data were analyzed using a student's test at a significance level of p >
0.05 (NS), p < 0.05 (*) and p < 0.01 (**). The error bars indicate means + SD (n = 5).
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pathogen-cell interactions, the viability of Au@Pt-DTNB/Apt
treated cells after incubation with drug-treated FG was investi-
gated by staining these cells with calcein AM/propidium iodide
(PI) to collect CLSM images (Fig. 4C, S18A and Bft). Au@Pt-
DTNB/Apt incubation did not obviously change the CLSM
images of MCF-7 cells both after and before FG treatment
(Fig. S18Af), indicating negligible influence of Au@Pt-DTNB/
Apt on cell viability. By calculating the relative calcein AM/PI
fluorescence values of the FG incubated groups to control
groups without FG treatment, the cell viability of each group was
obtained (Fig. 4D). The cells incubated with the normal FG
exhibited a viability around 47% (Fig. S18A, Ct and 4D), indi-
cating the obvious toxicity of FG during the pathogen-cell
interaction. After the FG was treated with three drugs respec-
tively, the cells incubated with the treated FG showed higher
viability than those incubated with untreated FG, moreover,
Au@Pt-DTNB/Apt incubation did not affect the change, and the
drug treatment of FG showed obvious dose dependence within 6
hours, which weakened with the increasing treatment time
(Fig. 4D and S18Cft). The cells incubated with CFP treated FG
exhibited the highest maintaining of viability compared to
those with QCT and CBZ treated FG, which was corresponding
to the strongest inhibition of CFP to MSGO activity. Besides, FG
treated with a higher dose of QCT and CBZ exhibited lower
maintenance of cell viability within a short time of drug treat-
ment, while the dose effect of CFP was opposite, indicating that
a high dose of QCT and CBZ could quickly destroy the structure
of FG, and the highly spilled GO was harmful to cells. The
results of both FG MSGO activity and cell viability showed the
different dynamic variations of the three drugs, indicating their
different pharmacological mechanisms at the initial period of
the pathogen-cell interactions. Thus, the designed strategy
provided a powerful tool for the exploration of pharmacological
mechanisms of pathogen-resistance drugs.

Conclusions

In summary, this work develops a SERS imaging strategy to in
situ quantitatively visualize the protein-specific glycan oxidation
during the pathogen-cell interaction. The proposed Au@Pt-
DTNB/Apt nanoprobe can be conveniently prepared by co-
assembling different components on Pt shelled AuNPs, and
has been used for specifically and sensitively monitoring the
generation of ROS in the oxidation process of MUC1-specific
Gal/GalNAc on the cell surface during the FG-cell interac-
tions, which oxidizes DTNB on protein-bound Au@Pt-DTNB/Apt
to produce TNB for greatly enhancing the SERS signal due to the
much tighter binding ability of TNB to the Pt surface. Using this
quantitively SERS imaging platform, the FG-resistance
phenomena of different drugs are visually monitored, which
provides key quantitative information to distinguish and
explore different pathogen-resistance and pharmacological
mechanisms. By simple replacement of the responsive compo-
nents, this quantitively SERS imaging platform can be easily
expanded to other key molecules in biological systems, which
provides a powerful tool for exploring the life processes related
to pathogen-cell interactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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