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Abstract

A surface-enhanced Raman scattering (SERS) based nanoprobe was developed for detection and imaging of endogenous
peroxynitrite in living cells. The probe was fabricated by assembling 3-mercaptophenylboronic acid pinacol ester onto the surface
of gold nanoparticles (AuNPs). The detection of peroxynitrite is accomplished via measurement of the changes in the SERS spectra
(at 882 cm ') that are caused by the reaction between probe and peroxynitrite. The probe has a fast response (<30 s), a 0.4 uM lower
detection limit and a wide linearity range from 5.0 x 10~" to 1.0 x 10~* M. It is biocompatible and highly stable on storage and under
various pH conditions. Both the reaction and the SERS signal are highly specific over other species. The nanoprobe was success-
fully applied to SERS imaging of peroxynitrite that is produced in macrophages under oxidative stress. Conceivably, the method
has a most viable tool for use in studies on peroxynitrite-related physiological and pathological processes.
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Introduction

Peroxynitrite (ONOQ") is a reactive oxygen species that is
strongly related to diverse physiological processes [1, 2]. The
aberrant concentration of ONOO ' is closely involved into var-
ious disorders, such as neurodegenerative diseases, traumatic
brain injury and inflammatory diseases [3—5]. Therefore, it is of
great significance to detect ONOO  in biological system for
deeply understanding its pathological functions. Currently,
there are a number of methods for the detection of ONOO ,
such as electrochemical and fluorescent approaches [6, 7].
Electrochemical processes have fast response and high sensi-
tivity, but their applications in cell tests are usually complicated
due to the implanting ways of the sensors [7]. Fluorescent
methods allow detection and imaging for living cells, whereas
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it is difficult to keep the stability of fluorescent probes in the
measurement medium owing to photo- and chemical bleaching
[7, 8]. Moreover, fluorescent methods can hardly avoid photo-
toxicity and the background interference of biological samples
whose proteins, coenzymes and pigments often exhibit intrinsic
fluorescence [7-9].

SERS has increasingly emerged as a powerful analytical
technology which not only provides fingerprint spectra of
analytes but also possesses high sensitivity and chemical spec-
ificity [10, 11]. Owing to these advantages of SERS, it has
been widely applied in biological analysis [12, 13]. For in-
stance, DNA has already been detected by silver nanoparticles
modified with spermine molecules or iodide to obtain sensi-
tive SERS signals of DNA [14-16]. And proteins have been
analyzed by SERS method with improved recordable compact
disks as SERS substrates [17]. Nevertheless, there still re-
mains one trouble for SERS method to measure biologically
inorganic small molecules because of their poor SERS respon-
siveness resulting from narrow Raman cross section [18].
Through integrating SERS-active nanostructures with
Raman reporter molecules which are also able to react with
analytes, nanoprobes can be constructed to overcome that
trouble and take full advantage of SERS [10]. In this way,
biologically inorganic small molecules such as nitric oxide
and hydrogen peroxide have successfully been achieved
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according to the changes of SERS spectra of the nanoprobes
[10, 19]. However, to the best of our knowledge, this type of
reaction-based SERS nanoprobe for the highly selective and
sensitive in-situ analysis of the endogenous ONOO ™ in living
cells has not been reported yet.

Herein, inspired by the mechanism that aromatic boronate
derivatives can react with ONOO ~ specifically [20], we devel-
oped a novel SERS nanoprobe. As displayed in Fig. 1, the
nanoprobe was fabricated by modifying newly synthesized 3-
mercaptophenyl boronic acid pinacol ester (3-MPBAPE) onto
the surface of gold nanoparticles (AuNPs). In the presence of
ONOO', the boronate moiety of 3-MPBAPE is turned into
hydroxyl group, resulting in distinct changes in SERS spectrum
of the AuNP/3-MPBAPE nanoprobe. Based on these SERS
changes, the detection of ONOO ™ can be achieved with high
selectivity and sensitivity. Furthermore, the in-situ detection
and visualized tracking of endogenous ONOO in living cells
can be accomplished by using this kind of SERS nanoprobe.

Experimental section
Materials and reagents

Hydrogen tetrachloroaurate trihydrate (HAuCly:3H,O, 99%),
trisodium citrate trihydrate (C¢HsNa3;O,:3H,0, >99.8%) were
obtained from Energy Chemical (Shanghai, China, https://
www.energy-chemical.com/). ONOO™ reagent was purchased
from Cayman Chemical Company (USA, http://www.
caymanchem.com). Lipopolysaccharides (LPS), interferon-y
(IFN-y), phorbol 12-myristate 13-acetate (PMA), sodium

Fig. 1 Schematic illustration of
the detection of endogenous
ONOO ' in living cells with
AuNP/3-MPBAPE nanoprobe

hypochlorite (NaClO, >99.7%), diethylamine NONOate sodi-
um salt hydrate (>97%), ascorbic acid (AA, >99%), RPMI-
1640 medium and fetal bovine serum (FBS) were acquired
from Sigma-Aldrich Inc. (USA, https://www.sigmaaldrich.
com). Hydrogen peroxide (H,O,, 30 wt.%), sodium chloride
(NaCl, >99.7%), iron protochloride (FeCl,, 99.0%), copper
chloride (CuCl,, 99.0%), sodium nitrate (NaNOs, 99.0%),
sodium nitrite (NaNO,, 99.0%) and 3-mercaptophenol (3-MP,
96%) were bought from Aladdin-Reagent Co., Ltd. (Shanghai,
China, http://www.aladdin-e.com/). Murine macrophage cell
line RAW264.7 was purchased from American Type Culture
Collection (Manassas, VA, USA, https://www.atcc.org/). All
experimental solutions were prepared by deionized water
(18 MQ-cm, Millipore) and chemicals were used in the
experiments without further purification.

Apparatus

The morphology characterization of nanoprobes was performed
by transmission electron microscope (TEM, JEM-2100, JEOL,
Japan). The distribution of nanoprobes was measured by UV—
Vis spectroscopy (Agilent Technologies Cary 60, USA). The
molecular information of the newly synthesized 3-MPBAPE
was analyzed by nuclear magnetic resonance (NMR) spectrom-
eter (AVANCEIII, Switzerland) and mass spectrometer (GCT
Premier, Waters, USA). The bright-field and dark-field images
of the RAW264.7 cells incubated with AuNP/3-MPBAPE
nanoprobe were captured by an inverted microscope (Eclipse
Ti-U, Nikon, Japan) equipped with a dark-field condenser (0.8
<NA <0.95), a 100 W halogen lamp, a true-colour CCD cam-
era, and a x 40 objective lens (NA =0.6). SERS spectra and
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SERS mapping were collected by a confocal Raman microscope
(JY LabRAM XploRA PLUS, Horiba, Japan). The laser excita-
tion wavelength used was 785 nm with a power of 9 mW at the
sample. The scan over a single cell was carried out on a
computer-controlled XY stage in 2 um steps and with 2 s as
the integration time per step.

Synthesis of 3-mercaptophenylboronic acid pinacol
ester (3-MPBAPE)

3-MPBAPE was newly synthesized as follows. Briefly, 3-
bromothiophenol (0.945 g, 5 mmol) was dissolved in dry
THF solvent under N, atmosphere. Then sodium hydride
(0.180 g, 7.5 mmol) was slowly added and stirred for 1 h at
—78 °C followed by addition of tert-butyldimethylsilyl chlo-
ride and further stirring for 24 h at room temperature. The
mixed solution was extracted with ethyl acetate (EA) then
were concentrated and purified to obtain intermediate 1. A
solution of intermediate 1 (0.604 g, 2.0 mmol) in DMF was
mixed with bis(pinacolato)diboron (0.609 g, 2.4 mmol), [1,1°-
bis(diphenylphosphino)ferrocene] dichloropalladium (IT)
(0.293 g, 0.4 mmol) and Cs,CO; (1.629 g, 5.0 mmol) under
N, atmosphere. After stirring at 80 °C for 12 h, the reaction
mixture was poured into water and extracted with EA to ob-
tain intermediate 2 after purification. Afterwards,
trifluoroacetic acid (1.140 g, 10 mmol) was added into the
solution of intermediate 2 in dichloromethane, which was ag-
itated at ambient temperature and monitored with thin-layer
chromatography. Thus, the ultimate product of 3-MPBAPE
was acquired with chromatography purification (Scheme 1).

Fabrication of the nanoprobe

To fabricate the AuNP/3-MPBAPE nanoprobe, AuNPs were
firstly synthesized according to the modified method of Lee
and Meisel [21] (Synthesis of gold nanoparticles, ESM). The
freshly prepared solution of 3-MPBAPE were mixed with the
above AuNPs to achieve the assembling of 3-MPBAPE on the
surfaced of AuNPs. Finally, the AuNP/3-MPBAPE
nanoprobe was obtained after centrifuging and resuspending
in phosphate buffered saline (20 mM; pH = 7.4) to remove the
excess 3-MPBAPE molecules.

Solution tests

ONOO was acquired in form of solution in NaOH (0.3 M)
and stored at —80 °C. Before each usage, the ONOO  reagent

Scheme 1 Synthetic route of 3-
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was immediately thawed, and its concentration was deter-
mined with the absorbance measurement of the solution at
302 nm as the reported method [22]. Different amount of
ONOO was added into 200 puL freshly fabricated AuNP/3-
MPBAPE nanoprobe solution, then SERS spectra of the
nanoprobe were measured. To investigate the response selec-
tivity of the AuNP/3-MPBAPE nanoprobe, diverse biologi-
cally relevant species at a certain concentration were respec-
tively added into 200 nuL nanoprobe solution, followed by the
collection of SERS spectra. In addition, hydroxyl radical
(*OH) was prepared with the Fenton reaction (Fe**/H,0, =
10 uM: 60 uM) according to the previously described proce-
dure [23]. Superoxide (O,") was produced by adding xanthine
in 1.6 M NaOH into xanthine oxidase solution with the fol-
lowing stirring at 25 °C for 1 h [24].

Cell tests

RAW264.7 cells were cultured overnight in RPMI-1640 me-
dium supplemented with 10% fetal bovine serum (FBS),
100 ug'mL_1 penicillin, and 100 pg-mL™" streptomycin at
37 °C in a 5% CO, incubator. To prepare cell samples for
SERS detection and imaging, the cells were seeded in a quartz
culture dish (¢ 60 mm) with about 6 x 10° cells for one night
to allow adherence. Then, the cells were treated with LPS and
IFN-y for 12 h followed by PMA for 2 h to stimulate endog-
enous ONOO . Three series of stimulation treatments were
performed respectively using (1) 1 pg-mL™' LPS,
50 ng'mL "' IFN-y and 0.06 ug'mL™' PMA; (2) 4 pug-mL ™
LPS, 200 ng'mL " and 0.24 pg'mL ™' PMA; (3) 10 ug'mL™"
LPS, 500 ng'mL ™" IFN-y and 0.6 pg'mL ' PMA. The cell
sample after a stimulation treatment was subsequently incu-
bated with the culture media containing AuNP/3-MPBAPE
nanoprobes for 2 h at 37 °C. After washing with buffer
(pH =7.4) three times to remove remnant nanoprobes un-
bound cells, the culture dish was mounted to on the micro-
scope stage to perform imaging and spectroscopic detection.

Results and discussion
Characterization of AuNP/3-MPBAPE nanoprobe

The 3-MPBAPE molecule with a mercapto group for force-
fully bonding of 3-MPBAPE on AuNPs surface and a
boronate moiety for specifically reacting with ONOO™ was
newly synthesized. And it was confirmed by 1H-NMR
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Fig.2 a Typical TEM image of AuNP/3-MPBAPE nanoprobe, the scale bar
represents 50 nm; b UV—Vis spectrum of AuNP/3-MPBAPE nanoprobe; ¢
SERS spectra of (a) AuNPs, (b) AuNP/3-MPBAPE nanoprobe, (¢) AuNP/3-
MPBAPE nanoprobe reacting with ONOO ", and (d) AuNP/3-MP

spectroscopy, 13C-NMR spectroscopy, and mass spectrom-
etry shown in Fig. S1-S3. Through modifying 3-MPBAPE
on the surface of AuNPs in virtue of the Au-S bond formed
with ease, the nanoprobe was fabricated quickly and conve-
niently in solution. Morphology characterization by TEM

demonstrates that the shape of the AuNP/3-MPBAPE
nanoprobe is spherical and the size is about 60 nm
(Fig. 2a). Furthermore, a narrow UV-Vis peak at 536 nm
can be observed for the AuNP/3-MPBAPE solution (Fig.
2b). It indicates that the fabricated nanoprobe has good
dispersity with particle size about 60 nm, agreeing well with
the TEM result. Moreover, SERS measurement of the
nanoprobe demonstrates that an obvious SERS spectrum
can be observed after mixing 3-MPBAPE with AuNPs
shortly (Fig. 2c-b). This means that 3-MPBAPE is success-
fully assembled on AuNPs since SERS is a surface-selective
technique [25]. After addition of ONOO, a new peak ap-
pears at 882 cm™ ' in the SERS spectrum of the nanoprobe
(Fig. 2c-c), which can be clearly distinguished from the
blank control (Fig. 2¢c-b). According to the theoretical calcu-
lation shown in Table S1, the peak at 882 cm™ ' is caused by
the stretching vibration of C-O combining with scissoring
vibration of CCC ring. In addition, the peaks at 993 and
1071 cm ™' can be assigned to the CCC ring stretching and
the CCC ring stretching with mixing of HCCH rocking vi-
bration. More importantly, the profile of SERS spectrum of
the nanoprobe after reacting with ONOO  (Fig. 2c-c) is well
consistent with that of 3-MP (Fig. 2¢-d). This further verifies
that the boronate moiety of 3-MPBAPE is transformed into
phenolic hydroxyl group.

The response speed of the AuNP/3-MPBAPE nanoprobe
was explored by collecting SERS spectra with the addition of
ONOO ™ (50 uM) for different time. As shown in Fig. 3, the
intensity of SERS peak at 882 cm ™' (characteristic of
ONOO) increases rapidly after ONOO  addition with peak
at 993 cm™ ' almost invariable, and the ratiometric peak inten-
sity of Iggy/Igg3 reaches a plateau after 30 s. The result implies
that the nanoprobe can have rapid response to ONOO ", which
may be ascribed to the catalytical effect of AuNPs on the
sensing reaction [26]. Therefore, the nanoprobe is capable of
detecting the active and short-lived ONOO  in the biological
media.

For a robust SERS nanoprobe, it is also important to remain
stable in biological detections. Therefore, the temporal and pH
stability of the nanoprobe was investigated, and the

Fig. 3 a SERS response of —_ 1.0
AuNP/3-MPBAPE nanoprobe in = _a 882 993 b
phosphate buffered saline [} 6 0.8+
(pH =7.4) after reacting with < U A\ h } } I {
50 uM ONOO ' for different time =~ @ \_J P 0.6} }
(a—h):0s,10s,30s, 1 min, 5 min, ; 4t L.J A o
10 min, 30 min, and 60 min. b ~ \_ e ™
Plots of Igg,/Igg3 Versus reaction b U h g 04 E
time. Each data point represents ‘n2k u c -
the average value calculated from c ” kMFN 0.2+
three replicate SERS spectra .9 \_J u\—v—»———»\_
== 2 0.0—=2 : : :
500 1000 1500 ) 0 20 40 60
Raman Shift(cm™) Time (min)
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corresponding results are shown in Fig. S4 and S5. It can be
seen that there is no obvious change in the ratiometric peak
intensity when the nanoprobe is stored over 48 h and the pH
value of solution changes from 5.4 to 9.7. This implies that the
nanoprobe has good stability against time and pH, which
means that the SERS nanoprobe is suitable for applications in
intracellular detection. Moreover, the nanoprobe after reaction
with ONOO  (AuNP/3-MP) can remain stable and resist the
impact of pH condition of the tested solution (Fig. S6). These
features are in favor of making the SERS signals in living cells
more reliable.

Selectivity of the AuNP/3-MPBAPE nanoprobe

The selectivity of the nanoprobe was investigated by record-
ing its SERS spectra in the separate presence of ONOO ™ and
other relevantly biological species, such as glutathione (GSH),
L-cysteine (Cys), ALA, AA, HS™, HSO;, SCN™, SO;*,
S0,*, HCO;, CO5*, NO, NO, , NO5 ™, CIO", ClO,4 ,
H,0,, *OH, 0", Mg**, Fe**, Cu** and Zn**. As shown in
Fig. 4, only ONOO' can trigger obvious SERS peaks at
882 cm !, whereas other relevantly biological species do not
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Fig. 5 a SERS spectra of AuNP/3-MPBAPE nanoprobe in buffer
(pH =7.4) in the presence of ONOO  with various concentrations (a-1):
0.5 uM, 1 uM, 3 uM, 5 uM, 10 uM, 20 uM, 30 uM, 50 uM, 70 uM,
100 uM, 150 uM and 200 puM. Bluish rectangle-marked range: 850 to
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give rise to SERS signals at the same Raman shift. This may
be attributed to combined effects of two main factors: the
specificity of the ONOO -sensing reaction and the finger-
printing feature of the SERS technique. It is worth noting that,
although HCIO and H,0, are also considered to be reactive
with phenylboronic acid compounds [27], they do not influ-
ence the detection of ONOO ™ in this work. This may be be-
cause that the speeds of their reactions with 3-MPBAPE on
the SERS nanoprobe are much slower than that speed of the
reaction involved with ONOO . As shown in Fig. S7, C10™
and H,O, cannot induce SERS response of the SERS
nanoprobe at 882 cm ' after reaction for 6 h. However, this
response can be significantly initiated by ONOO ™~ with similar
concentration within 30 s. Similar results can be observed for
other potential interfering species such as glucose, other sac-
charides (trehalose, mannose, galactose), nucleosides (adeno-
sine, cytidine, guanosine, inosine and uridine), dopamine, bo-
vine serum albumin, and homocysteine (Fig. S8). This indi-
cates that those species have no obvious interference on the
detection of ONOOQO ™ although glucose, other saccharides, nu-
cleosides and dopamine are reported to be able to bind boronic
acids [28, 29]. One possible reason is that the interaction

b

o
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05 00 05 10 15 20 25
log[ONOOcon.] uM

1010 cm™'. b Plots of Iggy/lgos versus the logarithmic concentration of

ONOO . Each data point represents the average value calculated from
three replicate SERS spectra
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Fig. 6 SERS imaging of
RAW264.7 macrophage cells
treated with stimulants at different
concentrations and then incubated
with the AuNP/3-MPBAPE
nanoprobe for 2 h (left: bright-
field microscopy image; middle:
SERS image; right: overlay
image). a Control. b LPS

(1 ugmL™") and TFN-y

(50 ngmL™) for 12 h, and PMA
(0.06 ugrmL ") for 2 h. ¢ LPS

(4 ugmL™") and IFN-y

(200 ng'mL ") for 12 h, and PMA
(0.24 pgmL™") for 2 h. d LPS
(10 ugrmL™") and TFN-y

(500 ng'mL™") for 12 h, and PMA
0.6 pgmL™") for 2 h

between 3-MPBAPE and those potential interferents is not
as strong as that of boronic acids with above interferents.
Even though some of those interferents bind to the
phenylboronate ester, ONOO can still overcome the protec-
tion given to the boron atom by the N-B interaction to avoid
their interference [20]. Moreover, the thiol group of the syn-
thesized 3-MPBAPE molecule is in favor of forcefully
bonding to the surface of AuNPs to prevent from the inter-
ference of albumins and other thiols on the detection. This
result further illustrates that the nanoprobe is able to detect
the endogenous ONOO " in living cells without interference
from other biological species.

@ Springer

Sensitivity of the AuNP/3-MPBAPE nanoprobe

The sensitivity of the nanoprobe was further evaluated in
phosphate buffered saline (pH = 7.4) by measuring SERS sig-
nals in the presence of ONOO with different concentrations.
It can be seen from Fig. Sa that, as ONOO concentration
increasing, the SERS peak at 882 cm ™' related with the
ONOO -sensing reaction is rising dependently. When the
concentration of ONOO ™ is more than 100 puM, the
ratiometric peak intensity of Igg,/Igg; gradually becomes
steady. The result may be due to that all of the 3-MPBAPE
molecules assembled on the nanoprobe are used up by
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ONOO . Notably, the best Raman bands at 882 and 993 cm!
for detection can be collected from 850 to 1010 cm ™' (bluish
rectangle-marked range in Fig. 5a) rather than scanning the
whole Raman spectra. In addition, there is a linear relationship
between the ratiometric peak intensity of Igg,/Igo3 and the log-
arithmic concentrations of ONOO™ over the range from
0.5 uM to 100 uM. Based on a signal-to-noise ratio of 3
(3 S/N), the limit of detection (LOD) can be calculated to be
0.4 uM. Therefore, the wide detection range and high sensi-
tivity of the nanoprobe are suitable for the detection of
ONOO ' in living cells, especially under conditions of oxida-
tive stress.

SERS imaging of the endogenous ONOO™ in living
cells

In living cells, ONOO  is generally synthesized by the
reaction between nitric oxide (NO) and superoxide anion
(0,7) which can be produced from L-arginine by nitric
oxide synthetase and from O, by xanthine oxidase, re-
spectively [30, 31]. Furthermore, high level of ONOO™
is usually found in pathological process of tumor, and
the endogenous generation of ONOO can be promoted
under stimulation of LPS, IFN-y and PMA [32, 33]. To
explore the biological application of the SERS nanoprobe,
the cytotoxicity of RAW 264.7 macrophages by
nanoprobe was firstly evaluated with 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) as-
say. As shown in Fig. S9, the cell viability after 24 h of
incubation is over 88%, which demonstrates that the
nanoprobe has high biocompatibility and has enormous
potential to apply in biological samples. Moreover, the
dark-field image demonstrates that the AuNP/3-
MPBAPE nanoprobes can distribute well in the cytoplasm
of the tested cells after incubation for 2 h (Fig. S10).

In addition, RAW 264.7 macrophages were stimulated by
LPS and IFN-y for 12 h and PMA for 2 h to simulate an
inflammatory situation to produce ONOO ™ endogenously
[34]. And then SERS imaging were conducted according to
the ratiometric peak intensity of Iggy/lgg; With the AuNP/3-
MPBAPE probes loaded into cells sample. As Fig. 6 showed,
with the concentrations of stimulators increasing, the colour of
SERS imaging is gradually deeper and the area of signals
becomes larger, which infers that the concentration of
ONOO ' is correspondingly rising. This result indicates that
the SERS nanoprobe has a promising ability to detect and
visualize the endogenous ONOO ™ in living cells. However,
the quality of currently obtained SERS imaging is not perfect
enough, which may be due to that SERS nanoprobes were not
distributed uniformly in living cells. To acquire better SERS
imaging, the intracellular dispersity of the nanoprobes needs
to be further improved.

Conclusions

In summary, through assembling 3-MPBAPE molecules on
AuNPs, ONOO™ responsivity can be integrated with SERS
activity into the AuNP/3-MPBAPE nanoprobe. Compared
with the reported methods (Table S2), the SERS nanoprobe
possesses comprehensive advantages in terms of response
speed, sensitivity, linear range, and resistance of interference.
This renders the SERS nanoprobe competent for the detection
and imaging of the endogenous ONOO in living cells.
Although there is still scope to improve imaging quality by
enhancing the intracellular dispersity of the nanoprobes, this
SERS strategy shows a favorable potential in the researches of
physiological process related with ONOO .
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