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In situ detection of multiplexed proteins is greatly constrained by targeted recognition and operational process.
Here we design a one-pot method to synthesize several peptide-specific nanoprobes (NPs) for quickly recognizing
the targeted protein molecules, and present a matrix-free laser desorption/ionization mass spectrometric imaging
(LDI-MSI) strategy for simple in situ imaging of multiplexed proteins on cells or tissues with amplified signals.
Unlike conventional citrate-synthesized and post-modified gold nanoparticles, the resulting NPs demonstrate

their simple preparation, high resolution and low background with controllable matrix-free and ion-friendly
properties. These NPs have been used to conveniently and sensitively detect the relative expression of three
specific proteins on four cancer cell lines and efficiently evaluate the suppression of different drugs on these
proteins. The proposed MSI method possesses powerful ability to distinctly distinguish different pathological
regions of tumor tissues by the change of multiplexed protein distributions, indicating its excellent promise in
clinical disease diagnosis and precision medicine.

Introduction

Proteins play important roles in signaling, structural support, and
catalysis in living organisms [1], thus their in situ and multiplexed
detection can provide critical information for a variety of biological and
biomedical studies [2]. To provide the spatial information of protein
molecules [ 3], diverse imaging strategies have been developed for in situ
detection of multiplexed proteins on cells and tissues [4,5]. Among them
fluorescence imaging has become general methods for in situ visualiza-
tion of multiplexed proteins [6]. To achieve high-throughput detection
of proteins, a cyclic iterative indirect immunofluorescence imaging
approach has been proposed through removing the fluorescent signal
after each cycle to avoid spectral overlap [7], but this technique suffers
from potential loss of epitopes, tissue degradation during repetition, and
incomplete inactivation of fluorophores [8]. To overcome these draw-
backs, it is highly anticipated to develop simple and rapid strategies for
in situ detection and high-throughput imaging analysis of multiplexed
proteins.

Mass spectrometry (MS) has attractive and evident advantages in the
analytical applications of multiplexed proteins due to its high
throughput and high sensitivity [9]. It uses m/z as its signal, which offers
high resolution and can avoid signal crosstalk. Moreover, MS imaging
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(MSI) enables spatial distribution analysis of various targets synchro-
nously in the same experiment [10]. Especially, matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) has been well
used in the identification and detection of multiplexed biomarkers due
to its convenient preparation of biological tissue samples and salt
tolerance [11-13]. To date, MALDI-MS analyses of proteins almost rely
either on their enzymatic digestion and detection of peptide segments
[14,15], or on the direct in situ ionization of proteins in a wide range of
m/z [16,17]. The former is only applicable to limited proteins with
peptide hydrolysis activity, while the latter is limited by the inherently
low ionization efficiency. The utilization of nanoprobes and isotopes as
mass tags for specific labeling has greatly extended the protein range of
MS detection [18-20]. Moreover, nanomaterials with large surface area
have shown strong superiority in laser desorption/ionization mass
spectrometry (LDI-MS) for the identification and detection of bio-
markers over the past decade [21,22]. Some carbon nanomaterials such
as single-walled carbon nanohorns possess plentiful inner nanospaces
and highly defective horns, which provide high energy transfer effi-
ciency for desorption and ionization of analytes [23]. Of note, nano-
materials instead of traditional organic acid matrices can refine the
inherent defects of MALDI-MS, such as strong background noise inter-
ference and the lack of reproducibility caused by the heterogeneous
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co-crystallization of the analyte and matrix [24]. For instance, Bai et al.
achieved the in situ mass spectrometric detection and imaging of mul-
tiplexed glycans on cells or tissues by bifunctional cleavage probes [25].
However, some issues, such as multi-step modification of lectins and
mass tags, steric hindrance caused by lectin itself, and the occurrence of
multiple mass peaks from a single mass tag, greatly limit their applica-
tion. Therefore, it is crucial to develop the mass nanoprobes with the
functions of both specific recognition to multiplexed proteins and effi-
cient LDI-MS matrix.

Herein, we designed a one-pot method for convenient synthesis of
peptide-specific gold nanoprobes (NPs) through the reduction of AuCly
by the phenolic hydroxyl group of tyrosine in the functional peptides
(FPs) [26] and the interaction of NPs with thiol group of cysteine in both
the peptides and mass tags (MTs) (Scheme 1a). The FPs on NPs could
quickly recognize the targeted proteins on cells or tissues, which led to
an LDI-MS strategy for simple in situ MSI of multiplexed proteins by
using different specific peptides and MTs to synthesize the NPs (Scheme
1b). Compared to conventional citrate-synthesized and post-modified
gold nanoparticles, the proposed gold NPs provided controllable
matrix-free and ion-friendly properties. Thus, the NPs enabled LDI-MS
analysis with low background, while the MTs assured precise distinc-
tion of mass peaks. Moreover, the loading of more MTs than FPs led to
amplified signals for sensitive detection of the targeted proteins. As a
proof of the powerful ability, the designed NPs and the proposed MSI
method were applied in simultaneous in situ detection of NRP-1, EGFR
and oyfs3 on cells or tissues and monitoring of the relative expression
changes of multiplexed proteins upon external stimuli, which could
distinctly distinguish different pathological regions of tumor tissues,
demonstrating the potential application in clinical disease diagnosis and
precision medicine. The innovative design of the nanoprobes avoids
both complex modifications and crosstalk among mass tags, and greatly
improves the detection sensitivity for distinctly distinguishing different
pathological regions. The simplified operational procedures are also
critical for enhancing the clinical practicality of LDI-MSL.
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Results and discussion
Verification and performance of NPs with LDI-MS

The NPs specific to NRP-1, EGFR and o,f3 on cells or tissues were
synthesized with the mixtures of AuCly and corresponding FPs
(Table S1) and MTs (HS-PEGg-CH,CH,COOH, HS-PEG,-CH,CH;COOH,
HS-PEG4-CH2CH,COOH), respectively. The presence of -COOH assured
the hydrophilicity of the NPs for improving their accessibility to bio-
logical membranes and quickly recognizing the proteins on cells or tis-
sues. After gold nanoparticles absorbed energy under laser irradiation,
the Au-S bonds between gold nanoparticles and both FP and MT pro-
vided high desorption and ionization efficiency of MTs for MSI. The
successful syntheses of the NPs were demonstrated by their LDI mass
spectra, which showed the distinct peaks attributing to [MT1 + Na]™,
[2MT2 — H, + Na]® and [MT3 + Na]* at m/z 481, 409 and 305,
respectively, and a common peak at m/z 394, which could be attributed
to the presence of [Aug]™ (Fig. 1a). The peak at m/z 425 for NP2 was
attributed to [Auy + S - e] ™.

In order to highlight the advantages of the synthesized NPs for MS
analysis, Aujsnm-MT1/FP1 and Aus,,-MT1/FP1 was synthesized by
assembling MT1 and FP1 on citrate-capped both 15-nm and 5-nm gold
nanoparticles. Their mass spectra showed the MS peak attributing to
[MT1 + Na]* at m/z 481, but more background peaks were observed
compared to that of NP1 (Figs. S1 and S2), indicating that citrate-capped
gold nanoparticles as matrix were not conducive to the detection of
multiplexed MTs. The background peaks resulted from the introduction
of salt ions such as Na' and citrate ions during the synthesis. The
desorption and energy transfer abilities of these gold nanomaterials used
as matrices in LDI-MS were assessed with benzyl pyridinium (BP) as a
chemical thermometer [27]. Compared to Aujs,n,-MT1/FP1 or
Aus n-MT1/FP1 matrix, the mass specrum of BP using NP1 as matrix
exhibited a higher total ion intensity and lower survival yield (Fig. 1b),
indicating that NP1 possessed better laser desorption efficiency and
efficient ionization capability (Fig. 1c). The photocurrent analysis of
these nanomaterials also indicated that NP1 generated the strongest
photocurrent signal under ultraviolet laser irradiation (Fig. 1d),
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Scheme 1. Schematic illustration. (a) One-pot preparation of peptide-specific nanoprobes. (b) In situ LDI-MS detection and imaging of multiplexed proteins on cells

or tissues.
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Fig. 1. Verification and performance of NPs with LDI-MS. (a) LDI mass spectra of NP1, NP2, NP3, and NP5 with m/z 481 for MT1, 409 for MT2, 305 for MT3 and 497
for IS, respectively. * refers to [Au,]™. (b) LDI mass spectra of BP ions ([BP]" at m/z 170 and [BP-pyridine]™ at m/z 91) using NP1, Au;s ,,,-MT1/FP1 and Aus ;-
MT1/FP1 as matrices, respectively. (c) Total intensity of BP ions and survival yield of [BP]* at m/z 170. (d) Photocurrent analysis of NP1, Au;s n,-MT1/FP1 and
Aug n,-MT1/FP1. (e) Infrared thermal images of (I) NP1, (II) Auys nm-MT1/FP1 and (III) Aus n,m-MT1/FP1 before (top) and after (bottom) laser irradiation.

demonstrating the strong charge transfer capability. The evaluation of
photothermal conversion ability further demonstrated the best perfor-
mance of NP1, which reached a temperature of 30.3 + 0.2 °C, slightly
higher than 28.7 + 0.2 °C of Ausn,-MT1/FP1 and 27.6 + 0.2 °C of
Auis nm-MT1/FP1 (Fig. 1e). The higher photothermal conversion ability
was beneficial for the desorption of ions [27]. Therefore, NP1 possessed
excellent laser desorption and ionization ability due to its specific sur-
face chemical property stabilized by a large amount of FP1 and MT1. In
other words, the designed NPs demonstrated their low background for
both matrix-free and ion-friendly MS analysis with high sensitivity. In
addition, the LDI mass spectrum of NP5 showed the characteristic mass
peak of internal standard (IS) at m/z 497 [2IS — Hy + Na]™ (Fig. 1a),
which was obviously separated from those of MTs and could serve as IS
for quantitative detection of multiplexed proteins.

Optimization and characterization of NPs

To obtain the excellent performance of NPs for MSI of multiplexed
proteins, the ratio of FPs to MTs for one-pot synthesis was firstly opti-
mized. With the increasing molar ratio of FP1 to MT1 from 1:10-3:10,
the signal (I4g1/1497) of the obtained NP1 at the same amount increased,
and the highest signal occurred at the ratio of 3:10 (Fig. S3), at which the
NP1 showed a size of 4.79 + 0.96 nm (Fig. 2). When the ratio was more

than 3:10, more FP1 were loaded on NP1, leading to lower signal. The
lower molar ratio of FP1 to MT1 resulted in larger size of NP1 (Fig. 2a-f)
due to the presence of less FP1 with the phenolic hydroxyl group for the
reduction of Au (III) to Au (0), which slowed down the deposition of Au
(0) to obtain larger size. Interestingly, the larger size for more loading of
MT1 did not produce strong signal, indicating that the signal was mainly
dependent on the thermal conductivity of nanomaterials. The nano-
materials with smaller size possessed lower thermal conductivity [28]
for enhancing the ionization efficiency of LDI-MS analysis [29]. Thus,
the molar ratio of 3:10 was chose as the optimal ratio for the synthesis of
NP1 and other NPs, at which the obtained NPs possessed uniform
spherical shape with good mono-dispersity (Fig. 2g and inset in Fig. 2h),
and their absorption at 355 nm met the requirement for highly efficient
ionization due to the localized

surface plasmon resonance (LSPR) of gold nanoparticles (Fig. 2h).
Similarly, NP2, NP3 and NP5 also showed the uniform spherical shape
and obvious absorption at 520 nm (Fig. S4), indicating their successful
synthesis. In addition, the agarose gel electrophoresis of these NPs
showed a single band (Fig. S5), indicating the homogeneous and stable
NPs synthesized by the one-pot method.

The presence of MTs and FPs on NPs was further demonstrated with
the characteristic FT-IR absorption peaks of NP1 at 3440, 2922, 1386,
and 1050 cm™? (Fig. 2i), which were attributed to the stretching
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Fig. 2. Optimization and characterization of NPs. (a-c) TEM images and (d-f) size distributions with fitted Gaussian curves of NP1 prepared at FP1 to MT1 ratios of
1:10, 2:10 and 3:10. Scale bars, 50 nm. (g) AFM image of NP1 prepared at 3:10. Scale bar, 0.5 mm. (h) UV-Vis spectrum of NP1 dispersed in PBS. Inset: digital photo.

(i) FT-IR spectra of FP1, MT1 and NP1.

vibrations of O-H/N-H, C-H, C-H (CHs), and C-N/C-O, respectively. The
observed redshift of C=0 stretching vibration from 1670 cm ™' of FP1 to
1636 cm™! of NP1 was attributed to the conversion of the phenolic
hydroxyl group into a conjugated carbonyl group, indicating the suc-
cessful formation of nanoparticles. The conjugation of peptides to the
nanoparticles was demonstrated by fluorescence resonance energy
transfer (FRET), in which the fluorescence of tyrosine-containing FP1
was quenched by the gold nanoparticles (Fig. S6). The integrity of FPs on
NPs was verified using 2,5-dihydroxybenzalacetone (DHB) as an addi-
tional matrix to perform MALDI-MS analysis of both free FPs and NPs.
The resulting mass spectra of NPs exhibited the characteristic peaks at
m/z 753, 1708 and 1221, which were close to those of free FPs at m/z
784, 1701 and 1220 (Fig. S7), and could be attributed to [FP1 - S + H] ™,
[FP2 - S + K] " and [FP3 + H]™, respectively, indicating the presence of
complete FPs in NPs for specific recognition of the NPs to targeted
proteins. Meanwhile, the effective purification of NP1-3 was achieved
after three rounds of centrifugation, which was demonstrated by the
MALDI-MS spectra of the supernatants (Fig. S8). The stability and
reproducibility of nanoprobes among synthesized batches were also
crucial to the reliability and potential applications of the proposed LDI-
MSI method. The relative standard deviation (RSD) of the signals (I4g1/
I497) for NP1 at days 1, 7 and 14 was as low as 4.1 % (Fig. S9a),
demonstrating excellent stability of the nanoprobes. The RSD of the
signal (I4g1/I497) across five independent batches was 8.0 % (Fig. S9b),
indicating good reproducibility of the nanoprobes synthesized by the
proposed one-pot method.

In situ visual analysis of multiplexed proteins on cells

Different MTs on NPs possessed different ionization efficiencies,
despite their similar molecular structures [30]. To achieve the in situ
quantitative evaluation of multiplexed proteins on cells with Iyr/Iis as
the signal, the linear calibration between the signal and the molar ratios
of NPs to NP5 as IS was examined under similar environment. The plots
the signals vs. the ratios of NP1-3 to NP5 spiked on cells showed good
linearity (Fig. 3). The slightly different slopes of these plots implied the
difference among the relative ionization efficiencies of MT1- 3. The
peaks at m/z 449 (Fig. 3c) and 327 were speculated to the cluster ions
[Aus + S +Na]* and [Aus + Hy + Na + K12 (Fig. 3c,e) respectively,
which were derived from gold nanoparticles This phenomenon was
attributed to uneven drying caused by the direct deposition of nano-
particles on the cells surface, leading to enhanced LSPR of gold nano-
particles during the LDI-MS process [31,32].

To confirm the recognition ability of the NPs to corresponding tar-
geted proteins, HeLa cells as model were firstly seeded in circular holes
on ITO slide, which showed uniform distribution across both the central
and edged regions of the holes (Fig. S10). Following fixation by 4 %
paraformaldehyde solution and incubation with NPs did not show
obvious morphological alteration of the cells. The HeLa cells incubated
with different NPs and then spiked with NP5 showed individual mo-
lecular ion peaks of MTs at m/z 481, 305 and 409 and IS at m/z 497,
respectively (Fig. 4a), while the cells incubated with invalid NPs and
then spiked with NP5 showed only the peak of IS (Fig. S11), indicating
the specificity of these protein NPs without nonspecific adsorption.
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Fig. 3. Linear calibration between signal and molar ratio of NP1-3 to NP5. (a, ¢, e) LDI mass spectra of NP1 mixed with NP5 at molar ratios of 2:10, 5:10, 10:10, 10:5
and 10:4 for (i)-(v) in (a), NP2 (c) and NP3 (e) mixed with NP5 at molar ratios of 1:10, 5:10, 10:10, 10:5 and 10:4 for (i)-(v). (b, d, f) Plots of corresponding relative

intensity vs molar ratio of NP1-3 to NP5.

For detecting multiplexed proteins on HeLa cells, the incubation time
with the mixture of NP1-3 was optimized to be 25 min (Fig. S12),
indicating a quick recognition process of the FPs to the proteins on fixed
cells. Moreover, the LDI mass spectra showed distinct resolution of
different MTs on the cells and good repeatability (Figs. 4b and S13). The
latter was further demonstrated by the MS images of MTs and IS from
three independent parallel experiments, which showed good signal
stability and repeated distribution of the HeLa, MCF-7, A549 and 4T1
cells (Figs. S14-S17). These advantages arose from simple detection

process and the absence of additional matrix, thereby reducing signal
variation from heterogeneous crystallization.

Based on the linear calibration between the peak intensity ratios of
MTs to IS and the amounts of NPs along with the slightly different slopes
(Fig. 3), the relative quantities of three specific proteins on cell surface
could be obtained using the expression of NRP-1 on HelLa cells as 1. The
expression of EGFR was approximately 3-fold higher than that of NRP-1,
while the expression of NRP-1 was about 6.5-fold higher than that of
ayPs on Hela cells (Fig. 4c). Meanwhile, HeLa cells exhibited higher
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Fig. 4. In situ visual analysis of multiplexed proteins on cells. LDI mass spectra of HeLa cells after incubation with (a) NP1 (i), NP2 (ii), and NP3 (iii) and then adding
NP5 on cell surface, and (b) the mixture of NP1-3 in three parallel experiments. (c) Relative quantities of three specific proteins on HeLa cells before and after stimuli
with different inhibitors. (d) Comparison among the relative quantities of multiplexed proteins on four types of cancer cells. (e) LDI mass spectra of HeLa cells after
stimulated with protein inhibitors (i) EG00229, (ii) AG1478 and (iii) Cyclo(-RGDfk), incubated with the mixture of NP1-3 and spiked with NP5 on cell surface. (f) In
situ MS images of HeLa cells after treated as (e). Scale bars: 0.5 mm. The expression of NRP-1 on HeLa cells is considered as 1. MT1, MT2 and MT3 denote the signal

for a3, EGFR, and NRP-1, respectively.

EGFR expression level than A549 cells, which was also higher than the
comparable levels on MCF-7 and 4T1 cells (Fig. 4d). MCF-7 cells showed
significantly lower expression of NRP-1 than other cells, which was
consistent with previous reports [33-36] and the results of conventional
immunofluorescent testing on four types of cancer cells (Figs. S18-520),
indicating the reliability of the present method.

To demonstrate the practical application of the proposed method in
in situ quantitative evaluation of multiplexed proteins, HeLa cells were
treated with specific protein inhibitors such as EG00229 for NRP-1,
AG1478 for EGFR and Cyclo(-RGDfk) for a3, which resulted in obvi-
ously different mass spectra and MS images (Fig. 4e,f), revealing distinct
protein expression alterations upon different inhibitor stimuli. Statisti-
cal analysis showed significant differences in protein expressions
compared to the control group (Fig. 4c), which were in good agreements
with the functions of these inhibitors. Surprisingly, when EGFR
expression significantly decreased and NRP-1 expression slightly
decreased after treating HeLa cells with AG1478, a,p3 expression
showed an increase by 8.9 folds compared to the control group, indi-
cating different intrinsic interactions between protein and the inhibitors.
Similar experimental results were also observed by immunofluorescence
testing and by flow cytometry, confirming the effectiveness of this
method (Figs. S21 and S22). Therefore, the NPs provided a sensitive and
specific tool for monitoring the relative expression of multiplexed
proteins.

Universality of proposed MSI method and NPs

The simple operation coupled with high resolution and sensitivity
allowed this method to be extended to the detection of diverse targeted
proteins. For example, NP4 targeting PD-L1, related to the mechanisms
for tumor immune evasion [37], was synthesized with FP4 and MT4
(Fig. 523) for the detection of PD-L1 expression on 4T1 cells and in situ
monitoring of its changes upon different drug treatments. After 4T1 cells
were incubated with NP4, a specific peak was observed at m/z 349
[MT4 + Na]t, which was also distinguished from the IS at m/z 497
(Fig. 5a). Different drug treatments of 4T1 cells led to the difference of
mass spectra and MS images (Fig. 5a, b). Statistical analysis indicated
that untreated 4T1 cells exhibited high expression of PD-L1 (Fig. 5c),
while its relative quantity significantly decreased on dinaciclib group
and slightly change foretinib group, demonstrating that dinaciclib
treatment led to dramatically reduced PD-L1 expression, and the
inhibitory effect of foretinib on PD-L1 expression was weaker, which
was consistent with previous report [38], confirming the reliability and
expandability of this method. In addition, doxorubicin treatment led to
the 39.6 % reduction of PD-L1 expression on 4T1 cells. Therefore, the
present protocol provided a universal tool for efficacy evaluation of
drugs.
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Fig. 6. In situ visualization of multiplexed proteins on tumor tissues. (a) Tumor tissue section after H&E staining, which is divided into necrotic and parenchymal
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of H&E stained tissue inside (f) and outside (g) red dashed line. Scale bars: 50 pm.
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In situ visualization of multiplexed proteins and their distributions on
tumor tissues

Considering the widespread variations of protein expression in bio-
logical samples and various diseases, the spatial distribution of multi-
plexed proteins within tumor tissues is very important in clinic
medicine. The applicability of the designed NPs and MSI method was
further validated on tissue section of 4T1-bearing mouse subcutaneous
tumor, which was divided into necrotic and parenchymal regions with
hematoxylin and eosin (H&E) staining (Fig. 6a). After this section was
treated with the mixture of NP1-3, its LDI mass spectrum showed the
molecule ion peaks of respective MTs (Fig. S24), while all MS images
corresponding to MTs showed significantly different information related
to these regions (Fig. 6b-d). In necrotic region all of three targeted
proteins, NRP-1, EGFR and a3, showed much higher levels than those
in parenchymal region (Fig. 6e) along with nuclear pyknosis and kar-
yorrhexis, consistent with the morphological hallmarks of necrosis
(Fig. 6f), which was completely different from the tumor cell arrange-
ment in nests with prominent nucleoli in parenchymal region (Fig. 6g).
The high levels of targeted proteins detected in necrotic region was in
agreement with previous reports [39-41], which was possibily attrib-
uted to membrane disruption [42] or protein accumulation [43], further
validating the feasibility of this strategy.

Given the commonality of tumor heterogeneity, this proposed
strategy was also applied to obtain the spatial distribution of three
proteins on tumor tissue section from another 4T1-bearing mouse,
which was divided into angiogenic, cancerous and epithelial regions
with H&E staining (Fig. S25a). These regions could be distinctly
distinguished with both the MSI images of different MTs after the section
was simply treated with the mixture of NP1-3 targeting three proteins
(Figs. S25b-d), and the magnified histological H&E staining images
(Fig. S25e). NRP-1, EGFR and o3 were highly expressed in the angio-
genic region due to the numerous blood vessels compared to the
cancerous region, as reported previously [44-46]. Two parts of the
cancerous region showed similar MSI images. The epithelial region
showed negligible expression of these proteins (Fig. S25f). Therefore,
MS images of MTs provided deep insight into differences in protein
relative expression and distributions across pathological states and
tumor microregions, holding the promise for clinical applications.
Compared to the probe-based MSI methods for different types of targets
(Table S2), the proposed method showed the advantages of simple
synthesis, low time consumption and flexible applications.

Conclusion

This study designed a simple one-pot method to conveniently syn-
thesize peptide-specific NPs containing MTs for quick and specific
recognition to targeted proteins, which led to a simple and powerful
method for in situ MS imaging of multiplexed proteins on cells or tissues.
These NPs demonstrated their matrix-free and ion-friendly properties
along with good mono-dispersity, and showed low background for
multiplexed LDI-MS analysis with separated mass peaks and amplified
signals. Moreover, the optimized NPs had low thermal conductivity for
improving the ionization efficiency of MTs. Using another NP as internal
standard, the relative quantitative detection of multiplexed proteins
expressed on different cells was achieved with good reliability, which
could be used for visually assessing the effects of various protein in-
hibitors or drugs on cells, and obtaining the spatial distribution of
multiplexed proteins on tissues to accurately distinguish different
pathological regions. This innovative method provided a flexible and
versatile tool for sensitive and specific monitoring of multiplexed pro-
tein expressions, and could be utilized for direct LDI-MS detection and
MSI of different targets to meet the demands in biomedicine.
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