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Mass spectrometry (MS) is attractive as a multiplexed immunoassay readout benefiting from its high
sensitivity, speed and mass resolution. Here, a simple paper-based hexaplex immunoassay with an on-
line MS readout was proposed, using functionalized paper as the immune substrates, along with
rhodamine-based mass tags assembled on gold nanoparticles prepared as the mass probes (MPs).
Simultaneous immune capture and labeling were conducted in one step on paper substrates in 96-well
plates with a high throughput within 30 minutes, and the on-line efficient dissociation of the mass tags
highly facilitated the hexaplex readout of the immune signals by a newly established on-line paper
substrate-based electrospray ionization-MS setup. Six MPs were synthesized for the simultaneous

quantification of six important cancer protein markers (cancer antigen 15-3, cancer antigen 19-9,
Received 11th December 2020 ) b . i ti 125 h ididymi tein 4 d aloha fet tein)
Accepted 13th February 2021 carcinoma embryonic antigen, cancer antigen , human epididymis protein 4, and alpha fetoprotein
using only 10 plL serum, presenting satisfactory sensitivity, accuracy and specificity. This platform was

DOI: 10.1039/d0sc06784a further tested in screening for the six biomarkers in serum samples of patients with breast, liver and
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Introduction

Cancer survival is greatly dependent on effective detection at an
early stage, so early cancer screening has become more and
more popularized in regular physical exams."? Diagnosis tech-
niques with higher throughput, broader spectra and user-
friendliness are in high demand. Serologic protein markers
are common indicators in blood examination for early cancer
diagnosis,*>* but they are always harder to quantify because of
their low abundance and interference from the complicated
matrix.

Immunoassays have been employed as gold-standards for
protein quantification, which increase the protein signal by
labeling tags and reduce the matrix interference based on the
specific recognition between antigens and antibodies.>”
Various commercial immunoassay kits and high throughput
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gastric cancers, showing its high potential for sensitive and specific early cancer diagnosis.

readout instruments have been developed for clinical use, rep-
resented by enzyme-linked immunosorbent assays (ELISAs)®
and electrochemiluminescence immunoassays (ECLIAs).” For
signal amplification, horse radish peroxidase (HRP) and
ruthenium tris(bipyridine) [Ru(bpy);>] are the top-two labeling
tags, which possess the advantages of high sensitivity, high
stability, and universality for optical readout.*®* However,
measurements based on the optical readout are often restricted
in multi-target simultaneous detection (limited to five targets),
an important aspect of throughput, because of scant optical
tags and overlap between their emission spectra.’® An obvious
trend for early cancer diagnosis is to monitor more and more
biomarkers for broad disease screening or accurate diag-
nosis,™*> which means repeated measurements of one sample
have to be performed using these advanced methods with larger
sample consumption, longer detection time or a complex multi-
channel design.

Mass spectrometry (MS) allows for unfettered resolution of
targets and is an attractive one-spot high-throughput readout
technique for immunoassays using mass tags for protein
labeling.">** However, MS-based methods are encumbered by
complex instruments compared with universal optical-based
techniques. Especially, inductively coupled plasma (ICP) or
laser ablation sources are usually employed for tag dissociation
and ionization.?*** The emergence of ambient ionization makes
a simple, flexible and sample-oriented setup possible for MS
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detection.”*** Among these techniques, paper spray ionization
(PSI) is recognized as one of the simplest ionization forms>*?’
and has been demonstrated to be suitable for multiplexed
immunoassays carried out on paper,**° but challenges remain
for clinical detection. One big challenge is the paper-to-paper
reproducibility because the paper tip shapes and the reactive
areas are critical for accurate quantitative detection. Another
challenge is the lack of efficient mass tag series compatible with
the PSI system, which is directly related to the simultaneous
targets in a single test. High energy is hard to provide in the soft
PSI process for the direct cleavage of mass-tag bonds. As an
alternative, bond cleavage by rapid and universal chemical
reactions has become the major way to realize it, but the reac-
tions may limit the design of the tag and introduce additional
pretreatment. Our previous work indicated that Au-S bonds
could be cleaved by chemical or electrochemical processes
under electrospray ionization, which has been recognized as
a soft and efficient mode.*"*

To meet the challenges above in PSI MS-based immunoas-
says, paper substrates were designed in round pieces and were
functionalized for multiplexed sandwich-type immunoassays in
this work. The immune reactions on the paper substrates pro-
ceeded in 96-well plates in a one-step, high-throughput and
routine method based on ELISA with good reproducibility
(Fig. 1A). In contrast to the typical PSI setups that employ the
special triangle paper tip for ionization, paper substrate-based
electrospray ionization (PS-ESI) was established (Fig. 1B). The
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Fig. 1 A schematic of hexaplex immunoassays based on paper
substrate-based electrospray ionization (PS-ESI) MS detection. The
immunoassays were conducted as follows: (A) the high-throughput
sandwich-type immune reactions were prepared on paper substrates
in a 96-well plate. (B) The paper substrates after sandwich-type
immune reactions were placed in the on-line dissociation unit and
detected by PS-ESI MS. (C) Rhodamine-based mass tags (RMTs) were
dissociated from the gold nanoparticles (GNPs) based on the universal
Au-S cleavage site, generating six special mass reporters for protein
biomarker screening and cancer diagnosis.
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PS-ESI setup was specially designed for the paper substrates,
combining the in-line filter unit for target dissociation and glass
ESI emitters for ionization, which greatly improved the stability
during spraying and the reproducibility. For the multiplexed
immunoassays, mass probes (MPs) were synthesized by
assembling a series of rhodamine-based mass tags (RMTs) on
gold nanoparticles (GNPs) by Au-S bonds. The highly efficient
online cleavage of Au-S bonds facilitated the mass tag detec-
tion, which became the basis for the immune signal MS
readout. Based on the feature of Au-S bond dissociation, RMT
homologous on the synthesized MPs were dissociated simul-
taneously for the detection of multiple cancer protein markers
(Fig. 1C). As a demonstration, six MPs were synthesized and
applied for the quantification of six important cancer protein
markers in serum, including cancer antigen 15-3 (CA15-3),
cancer antigen 19-9 (CA19-9), carcinoma embryonic antigen
(CEA), cancer antigen 125 (CA125), human epididymis protein 4
(HE4), and alpha fetoprotein (AFP). Serum samples of cancer
patients were screened for further evaluation of the proposed
hexaplex immunoassay, and combined biomarkers were
preliminarily examined for cancer diagnosis, which is signifi-
cant and valuable for the application of the MS-based multi-
plexed immunoassays in highly efficient clinical serological
examination.

Experimental section

Chemicals and materials

Six rhodamine-based mass tags (RMTs), including RMT331,
RMT387, RMT415, RMT443, RMT467, and RMT491, were
synthesized according to our previous work®** and details of
the chemicals and synthetic routes are described in the ESI
(Fig. S17). Six target proteins, including CA15-3, CA19-9, CEA,
CA125, HE4, and AFP, and their capture antibodies (cAbs) and
detection antibodies (dAbs) were purchased from Novus Bio-
logicals, Inc. (Colorado, USA) and Fitzgerald, Inc. (Acton, MA,
USA) (Table S1%). Other chemicals and materials for immune
preparation and detection are summarized in the ESI{ and all
chemicals were used without further purification. Serum
samples were collected from healthy donors and breast
(malignant: B1, B2, and B3; benign: B4, B5, and B6), liver (L1,
L2, and L3) and gastric (G1, G2, and G3) cancer patients from
the Chinese People's Liberation Army General Hospital.

Apparatus

A paper substrate-based ESI setup (PS-ESI) was established in
front of the MS inlet for on-line dissociation of the mass tags
and the detection of immune paper substrates. The setup con-
sisted of a refitted in-line filter unit (part no. 205000343, Waters
Corporation, USA), a home-made glass ESI emitter, a cross joint
for applied voltage and solvent supplied by a syringe pump
(Fig. 1B and S2Af). The in-line filter unit was able to accom-
modate the round piece of paper substrate (4 mm diameter)
inside along with the original 0.2 pm stainless-steel filter with
good sealing and pressure resisting (Fig. S2Bf). The stainless-
steel filter protected the emitter from clogging. The glass
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emitter was pulled from borosilicate glass capillaries (1.0 mm
o0.d., 0.2 mm i.d., Sutter Instrument, USA) by the P-2000 (Sutter
Instrument, USA). The parameters of P-2000 were as follows:
HEAT = 400, FIL = 5, VEL = 28, DEL = 125, and PUL = 80 to
make an emitter with a tip of about 30 um o.d. (Fig. S2C¥). The
spray voltage was applied by an electrode inserted through the
cross joint. The voltage was supplied from the mass spectrom-
eter and could be controlled by the MS control software. The
solvent from the injection syringe flowed through the cross joint
(place of high voltage), the paper substrate (platform of the
sandwich-type immunoassay), and the stainless-steel filter to
finally be sprayed by the glass ESI emitter.

LTQ XL MS (Thermo Scientific, USA) was employed for an
immune readout. During detection, the on-line dissociation
and ionization setup was installed on the commercial Nano-
spray Flex source (Thermo Scientific, USA) which was equipped
with a 3D moving platform allowing the horizontal and vertical
position adjustment and digital microscopes to monitor the
emitters and spray. All mass spectra were recorded in the
positive full scan mode with in-source collision induced disso-
ciation (in-source CID). Argon gas (99.995%) was used as the
collision gas. The MS parameters of LTQ were set as follows:
scan range: m/z = 100-1000, capillary temperature: 275 °C,
capillary voltage: 39 V, tube lens voltage: 130 V, maximum
injection time: 10 ms, microscans: 1, and scan rate: enhanced.
After optimization, the spray voltage was set at 5 kV, and the
fragmentation voltage of the in-source CID was set at 100 V.
Xcalibur software (version 4.0) was used for the control of the
MS system and data analysis.

Chromogenic results for the ELISAs with HRP-conjugated
antibodies were recorded by a microplate reader (Bio-Rad
model 550, USA) with a 450 nm interference filter.

Transmission electron microscopy (TEM) images were
collected using a field-emission high-resolution transmission
electron microscope (JEM-2100F, Japan).

Preparation of capture antibody modified paper substrates

As sandwich-type immunoassay substrates, the 4 mm diameter
round paper pieces were prepared using Whatman #1 chro-
matography paper (GE Healthcare, USA). The size was appro-
priately adapted to the downstream 96-well plates and the in-
line filter unit. The paper substrates were washed with
acetone, methanol, and water for 10 min in sequence. The
preparation route of the capture antibody modified paper
substrates is shown in Fig. S3A.T

The cellulose on paper substrates was oxidized to aldehyde
groups for antibody-functionalization. The paper substrates were
soaked in 0.03 mol L™ KIO, solution at 65 °C for 3 hours and
then washed with water three times. The functionalization of
aldehyde groups was tested with a 2,4-dinitrophenylhydrazine
(2,4-DNP) solution. 10 pL 2,4-DNP solution was added to each
paper substrate and incubated for 1 min. After washing with water
five times, the color of each substrate was observed (Fig. S4T).

For the antibody-functionalization, an oxidized paper
substrate was placed in each well of the 96-well plates (part no.
3599-1, Corning, USA), and subsequent modification and
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immune recognition were carried out in the wells. 20 uL of the
capture antibodies in PBS buffer (+10% v/v glycerol) was added
into the wells. The concentrations of the capture antibodies
were optimized from 2.5 pg mL ™" to 50 pg mL ™", and a final
concentration of 15 ug mL ™" was used for modification. For the
simultaneous detection of the six targets, a mixture of the six
capture antibodies each with a concentration of 2.5 ug mL™*
was used. The paper substrates immersed in the capture anti-
body solution were incubated at 4 °C with gentle shaking for
12 h. The capture antibody modified paper substrates (PS@cAb)
were washed with PBS four times and then immersed in 100 pL
tris—HCI buffer containing 0.1% bovine serum albumin (BSA)
for 2 h to block the unreacted active sites and reduce nonspe-
cific adsorption. After blocking, the substrates were washed
with PBS buffer three times and used immediately or kept in
PBS buffer at 4 °C for a week.

Preparation of the mass probes

Spherical gold nanoparticles (GNPs) with a diameter of about
25 nm were synthesized using citrate as a reducing agent as the
core of the MPs and they were sequentially modified by detection
antibodies (dAbs) and RMTs. The GNP functionalization was as
follows (Fig. S3B1): 120 pg mL ™' antibodies was reacted with
4,7,10,13,16,19,22,25,32,35,38,41,44,47,50,53-hexadecaoxa-28,29-
dithiahexapentacontanedioic acid di-N-succinimidyl ester (NHS-
PEG-S-S-PEG-NHS) in a 2 : 1 molar ratio in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer for 12 h. Then,
a certain volume of reacted antibody-PEG-SH (with a concentra-
tion of 120 pg mL~") was added into 1 mL 1 nmol L' GNPs,
followed by the addition of K,CO; with a final concentration of
1.8 mmol L~". The mixture was incubated for 12 h with gentle
shaking in the dark at room temperature, followed by the addi-
tion of a certain volume of 100 umol L™ RMTs for continued
incubation for another 12 h. The added volume of reacted anti-
bodies and RMTs was optimized from 18.75-37.5 pL and 50-100
uL to obtain the highest sensitivity and specificity, and 30 pL
reacted antibodies and 90 pL RMTs were finally selected for GNP
probe preparation. Afterwards, the dAbs/RMTs modified GNPs
(GNPs@dAbs/RMTs) were centrifuged (6000 rpm, 15 min) and
washed with water 3 times, then the resulting GNPs@dAbs/RMTs
were re-suspended in 1 mL PBS buffer. Six MPs (GNPs@anti-
CA15-3-2/RMT331, GNPs@CA19-9-2/RMT387, GNPs@anti-CEA-
2/RMT415, GNPs@anti-CA125-2/RMT443, GNPs@anti-HE4-2/
RMT467, and GNPs@anti-AFP-2/RMT491) were prepared by the
same process, and six MPs were mixed with equal volumes for
simultaneous detection. The GNPs@dAbs/RMTs were used
immediately or kept at 4 °C for a week.

Sandwich-type immunoassays and detection

The recognition and labeling of the target proteins was con-
ducted on PS@cAb in each well of the 96-well plate. 10 pL
sample and 40 pL MPs with an optimized concentration of 0.5
nmol L™ were both added to the well for simultaneous protein
recognition and labeling. The 96-well plate was then incubated
in the dark at 37 °C for 30 min. Then, the substrates were
washed with PBS five times and washed with water quickly one

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06784a

Open Access Article. Published on 17 February 2021. Downloaded on 1/13/2026 5:37:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

time with controlling the total washing within 10 min. After
washing, the substrates were dried in air (within 10 min), and 1
uL crystal violet (CV) methanol solution with a concentration of
1 pg mL ™' was dropped onto the substrates as an internal
standard (IS) for quantification.

Dried substrates were placed in the in-line filter, and meth-
anol was flowed through the substrates with an optimized flow
rate of 10 pL min~*. The dissociated RMTs and IS were ionized
using the glass emitter and detected by MS, and each test lasted
2 min.

Along with MS detection, chromogenic detection by
a microplate reader similar to the ELISA was utilized during
condition optimization and protein detection. The HRP-
conjugated antibodies participated in the sandwich-type
immunoassays. Other immune preparations on papers were
conducted as those for MS detection. After immune prepara-
tion, the chromogenic reaction details were as follows: the
3,3',5,5"-tetramethylbenzidine (TMB) liquid and buffers were
mixed in accordance with the kit instructions, and 100 pL mixed
solution was added to each well with paper substrate. The plate
was incubated with gentle shaking in the dark for 20 min, and
the paper substrates were removed after incubation. Then 100
uL 1 mol L™ HCl was added to quench the chromogenic reac-
tion in the wells, and the plate was detected by a microplate
reader, providing cross-validation of the MS results with the
chromogenic results.

Data analysis

The quantification of the target proteins after MS detection was
based on the peak areas of the dissociated RMT signals and IS
signals. The extracted ion chromatograms (EICs) of the disso-
ciated RMTs (m/z = 331.1 + 0.3, m/z = 387.2 £+ 0.3, m/z = 415.2
+ 0.3, m/z = 443.2 + 0.3, m/z = 467.2 £ 0.3, and m/z = 491.2 &
0.3) and IS (m/z = 340.2 + 0.3) were obtained from the total ion
chromatograms (TICs) for each test. The integral peak areas of
the six dissociated RMTs were calibrated with the integral peak
areas of the IS, and the ratios of the peak areas were used for
further quantitative analysis. In order to estimate the nonspe-
cific binding in the sample, negative controls (buffer/serum)
were prepared and detected in parallel.

The peak area ratios of the six RMTs and IS were further used
for cancer screening. Using the combined six area ratios from
the different patient serum samples as the dataset, the differ-
entiation of the different patients was visualized by principal
component analysis (PCA) (SIMCA 14.1), and the clustering of
different cancer sites was achieved by the hierarchical clus-
tering analysis (Ward's method, square Euclidean distance;
SPSS 23).

Results and discussion

Characterization of versatile sandwich-type immune
substrates and probes

Filter paper is one of the cheapest and readily available
substrates for immunoassays and is easy to functionalize based
on the cellulose.”®*® The 2,4-DNP color reaction clearly showed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the formation of orange phenylhydrazones on the oxidized
papers compared with the untreated papers, demonstrating the
successful aldehyde-functionalization (Fig. S4t). The aldehyde
groups in the oxidized papers were allowed to react with the
amino groups of cAbs to form imine bonds. The modification of
antibodies could be visualized after reacting with the HRP-
conjugated anti-IgG and examining with the TMB substrate
chromogenic kit. The optical density (O.D. 450 nm) values of the
paper substrates obviously increased after the modification of
HRP-conjugated anti-IgG and was employed for the optimiza-
tion of antibody amounts on the paper substrates (Fig. 2A). The
antibodies reached saturation with an incubation concentra-
tion of 15 pg mL ™. Compared to the untreated substrates with
minor absorption of antibodies on the papers, the antibodies
on the oxidized substrates were modified through stable cova-
lent bonds. The protein activity (>95%) on the modified
substrates can be kept for a week in PBS buffer, which provides
convenience for batch sample screening (Fig. S51). Following
this general route for substrate modification, six capture anti-
bodies were simultaneously modified for hexaplex capture of six
targets on one substrate.

Another important component of the sandwich-type
immune system was the MPs (GNPs@dAbs/RMTs), which
were directly related to the specificity and sensitivity of the MS
immunoassays. Monoclonal antibodies with highly specific
recognition of targets were utilized as dAbs, while a series of
RMTs were used as mass tags, one of which, namely RMT443,
was proven to provide a 107 increased sensitivity in our previous
work.** TEM images suggested spherical and monodispersed
MPs with a particle diameter of about 25 nm and a modified

A B
( ) 32 ( ) 50
S —
40
T ~O- Oxidized substrates BN
e —A— Untreated substrates 3
3 c 30
<16 B 2
= CRCRC =
a / g20
o o I
08{ @ 10
fosaia———
0.0 *‘ 0 .l
0 10 20 30 40 50 10 20 30 40
Capture antibodies/(ng/mL) Diameter/nm
©) (D)
150 24 16
s g e 20
Q125 20 _ 3 g0 >~
3 £ ®12 16 E
< 1.00 16 S g c
- o 3
<] o 5 123
Qo7 2% 908 <
© =
@ o050 08 2 e o0
3 o 04 S}
=02 04 ° 04
Z |
<
0.00 9. ° 0 B q 0 0.0 0. 10.0
115890882903 1:20034: 8005780030 800 1245%34:690847008 480084990911 000
Detection antibody RMT

Fig. 2 Preparation and characterization of the sandwich-type
immune paper substrates and mass probes. (A) The optimization of the
capture antibody amounts on the oxidized paper substrates and
untreated paper substrates as the control, using the optical density
(O.D. 450 nm) values of HRP-conjugated anti-IgG for evaluation, the
insert shows the in-well chromogenic photo. (B) The diameter distri-
bution of the mass probes, the inset shows the TEM image of the mass
probes. The optimization of the (C) antibody amounts and (D) RMT
amounts on GNPs with I1gG as the target and GNP@HRP-conjugated
anti-IlgG/RMT443 as the MPs, using both O.D. 450 nm values and MS
signals of the RMT443 fragment (m/z = 443.2 + 0.3) and IS (m/z =
340.2 + 0.3) for evaluation.
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corona with a 2 nm thickness (Fig. 2B and S77%). The dAbs and
RMTs on GNPs had a clear division of responsibilities for
protein recognition and signal conversion/amplification,
respectively. Thus, an adjustment in their amounts on the
GNPs was key to the concurrent high specificity and sensitivity.
The O.D. (450 nm) signal of the HRP and MS signal of RMT443
demonstrated their successful modification on GNPs, and these
signals were used to evaluate MPs with different amounts of
HRP-conjugated anti-IgG and RMT443 for I1gG detection. The
amount of dAb with a GNP/dAbs ratio of 1/24 was employed
because of inefficient recognition of the target protein with less
dAbs and reduced signal amplification with more dAbs
(Fig. 2C). For the RMTs, the higher amounts the better, but too
many RMTs would compete for the sites of dAbs on the GNP
surfaces and affect the recognition of the probes. Finally, the
molar ratio for GNPs, dAbs, and RMTs was set as 1/24/9000,
balancing the high specific recognition to target proteins and
high sensitivity of tags (Fig. 2D). Besides the signal amplifiers,
RMTs on the GNP probes possessed the function of reducing
nonspecific adsorption for the paper-based immunoassays,
showing negligible signals for the blank control, which were
attributed to the hydrophobicity of the MP surfaces. On the
contrary, the addition of the hydrophilic blocking agent (11-
mercaptoundecyl)hexa(ethylene glycol) (MUDOL)*** on the
GNPs instead increased the nonspecific adsorption (Fig. S67),
which was probably because of the strong hydrophilicity of the
paper cellulose.*® Without extra blocking, the MPs could be
prepared with a simple two-step assembly of dAbs and RMTs on
GNPs and were versatile for different dAbs and RMTs.

On-line dissociation and sensitive hexaplex signal detection
based on PS-ESI MS

MS with high mass resolution is an ideal multiplexed readout
system for immunoassays, but the dissociation of mass tags has
always made MS-based techniques more complicated, which
employ laser,'**® plasma,***” or specific chemical reactions® for
the bond cleavage. In this system, a simple, rapid and universal
dissociation method was developed based on PS-ESI, an on-line
dissociation and ionization setup. The cleavage of the Au-S
bonds between RMTs and GNPs was discovered completely
through the chemical or electrochemical process during ESI
without the help of extra laser irradiation, plasma or other
reagents. To test the dissociation performance of RMTs on
paper substrates, RMTs modified GNPs were loaded on
substrates and investigated by PS-ESI MS. Using RMT443 as an
example, the signals of the typical dimer derivatives [M-S-S-
MP** (m/z = 628.5,z = 2, M = C,3H3,N,03(CH,)y;) were found in
the mass spectra when the spray voltages were up to 3 kV
(Fig. 3A), demonstrating the successful cleavage of the Au-S
bonds on the paper substrates when the charged ESI solvent
flowed through the substrates. The on-line dissociation ensured
the rapid readout of immune signals, avoiding the extra chro-
mogenic time in conventional ELISA.

The mechanism of on-line dissociation was further dis-
cussed. Similar Au-S cleavage phenomena have been discovered
on substrates in the open air with a charged solvent spray** or in
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Fig. 3 The on-line dissociation performance of RMT443 by paper
substrate-based electrospray ionization (PS-ESI). (A) The mass spectra
of dissociated RMT443 under spray voltages at 3 kV, 5 kV and 7 kV. (B)
The proposed structures of dissociated derivatives of RMT443 under
increased spray voltages.

a flowing solution during ESI** in our previous work, and one
possible mechanism suggested the cleavage of the Au-S bond
undergoing chemically or electrochemically controlled
processes with the catalysis of GNPs. According to this mecha-
nism, increased spray voltages, an important parameter for
electrochemical processes, were applied for the PS-ESI system.
More RMT443 dissociated derivatives were generated with
increased spray voltages (Fig. 3A) and further identified to be
RMT443 derivatives using tandem MS (Table S2}). More disso-
ciated derivatives appearing with higher voltages were highly
probable to be oxidation products of dissociated RMT443, the
proposed structures are shown in Fig. 3B. The appearance of
oxidized derivatives was consistent with the chemical or elec-
trochemical mechanism mentioned above. However, different
from the abundant deeply oxidized products reported in the
ambient environment,** fewer deep oxidized derivatives were
produced in this system, attributed to the closed solution
environment.

The Au-S cleavage could be employed as a universal site for
thiol-based mass tags self-assembling on GNPs. Besides
RMT443, more RMTs, including RMT331, RMT387, RMT415,
RMT467, and RMT491, were designed and synthesized. These
mass tag series had the same thiol group and undecyl chain but
were alterable in the rhodamine head groups which provided
distinguishable signals in the MS readout for the simultaneous
detection of different target proteins. The six RMTs were proven
to be in situ dissociated simultaneously by the PS-ESI with high
efficiency (Fig. S8AT).

Higher sensitivity was achieved when in-source CID was
applied after dissociation and ionization. With the help of in-
source CID, the dissociated RMTs generated their specific
fragments of rhodamine head groups, and the rhodamine
fragments accumulated the dissociated signals. Six RMTSs
underwent similar fragmentation processes but RMTs with
different head groups presented differences in the fragmenta-
tion degree under increased fragmentation energy (Fig. S8BT).
Higher energy was required for the fragmentation of RMTs with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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larger conjugated head structures. For example, a large
proportion of RMT331 derivatives cleaved beside the ester
bonds under a fragmentation energy of 80 V but for RMT491, its
derivatives were not completely cleaved even under the highest
fragmentation energy of 100 V. Following the overall trends for
the six RMTs, the fragmentation energy was set as 100 V for the
simultaneous detection, providing six specific rhodamine
fragments (m/z = 331.1, 387.2, 415.2, 443.2, 467.2, and 491.2 in
Fig. S8Ct) as the final mass reporters. After fragmentation, the
signal-to-noise ratios for representative ions of six RMTs were
about 2- to 5-fold larger than before (Fig. S8D}). These mass
reporters were easily distinguished by LTQ mass spectrometry
with a relatively lower resolution (full width at half maximum =
2000) and the complex immune condition caused a negligible
interference with the mass reporter readout (Fig. S91), which
reduced instrumental requirements for protein detection,
showing its high potential to be combined with portable mass
spectrometry for point-of-care testing (POCT).

Parameters that importantly influenced the intensities of
mass reporters were optimized, including the spray voltage and
the flow rate of the solvent. The spray voltage was related to the
efficiency of RMT dissociation and ionization, and a higher
spray voltage (5 kV, Fig. S10A}) was needed for this system when
compared with the conventional ESI. Flow rates of solvent
should match the emitter size, the spray voltage and the signal
duration. After optimization, a flow rate of 10 uL min~ "' was
utilized (Fig. S10Bt), which ensured the highest sensitivity and
stability for mass tag detection and a shortened duration of
mass reporters within 1 min (Fig. S10Ct).

Along with six RMTs, CV was selected as IS for quantifica-
tion. Six RMT modified GNPs were detected simultaneously at
different concentrations together with IS. The signal area ratios
of RMTs to IS showed a good linear relationship (Fig. S117),
which was essential for further multiplexed immune
quantification.

One-step and high throughput immunoassays for six cancer
biomarkers

The immune reactions on the paper substrates were designed
with reference to the universal ELISA or ECLIA. The size of the
paper substrates was well-suited to the 96-well plates, enabling
immune capture and labeling in a high-throughput and repro-
ducible way. Furthermore, since the cAb-dAb pairs have been
demonstrated to recognize different domains of target proteins
with high specificity,***® the capture and labeling of target
proteins were conducted together as one step in the wells,
which shortened the immune preparation time compared to
many multi-step sandwich immunoassays.**** Samples, such as
10 pL serum, were added into the wells, followed by the
immediate addition of 40 pL. GNP probe dispersions with an
optimized concentration of 0.5 nmol L' (Fig. S127). The whole
immune preparation could be finished within 50 minutes with
high throughput processing of array samples for up to 96 tests.

To validate the immunoassays, IgG in PBS was first detected
as the target. When HRP-conjugated anti-IgG was used as the
detection antibody, the sandwich-type immune complex could

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be detected both by the chromogenic and MS readout. Good
linearity between the MS signal area ratios and the logarithm
of concentrations was obtained for IgG spiked into PBS,
ranging from 0.2 ng mL " to 200 ng mL ™" (Fig. S137). The limit
of detection (LOD) based on the PS-ESI MS was 0.111 ng mL ™.
Compared with the chromogenic results (linearity from 0.8 ng
mL ™" to 50 ng mL ™" with an LOD of 0.603 ng mL '), the MS
results obtained 16-fold broader linearity ranges and 6-fold
lower LODs. The robustness of the PS-ESI MS immunoassay
system was further validated using paper substrates and MPs
kept for some days, and the paper substrates and MPs pre-
sented almost unchanged activity for a week (R* < 9.5%, n = 3;
Fig. S141). Good reproducibility was obtained using different
batches of substrates and MPs, which further ensured their
robustness and was significant for the application of this
immunoassay for clinical use (R* < 8.3%, n = 6; Fig. $147).
Since the six RMT series had predictably similar perfor-
mances, the PS-ESI MS was further applied to the simulta-
neous quantification of six protein biomarkers for clinical

diagnosis.
Six biomarkers, including four specific biomarkers (CA19-9,
CA15-3, CA125, and HE4) and two relative universal

biomarkers (CEA and AFP), were simultaneous quantified using
this PS-ESI MS immune system. Among the six combined
biomarkers, CA19-9 is recognized as a specific indicator for
pancreatic cancer;* CA15-3 is often specific for breast cancer;**
CA125 and HE4 are two specific combined markers for ovarian
cancer;*® and CEA and AFP are relative universal markers for
colorectal cancer, lung cancer, liver cancer, pancreatic cancer,
and gastric cancer.*®* Efficient cancer screening would be
achieved when these six proteins are detected simultaneously.
Six mass reporters, each representing one protein marker, were
easily identified in the mass spectra under the complex
sandwich-type immune system (Fig. 4A and B). After the cali-
bration of the signals with IS, six proteins in PBS buffer were all
quantified with good linear relationships (R* > 0.98, Fig. 4C and
Table S31). Considering the clinical applications, unlike the
larger linear ranges for the IgG detection, accurate quantifica-
tion relationships around the clinical cut-off values for the six
protein targets were focused on, which is practical for cancer
diagnosis at early or later stages. As a result, all of the linear
ranges corresponded well with the clinical cut-off values,
including 25 U mL~* for CA15-3, 40 U mL™! for CA19-9, 35 U
mL ™" for CA125, 5 ng mL ™" for CEA, 140 pmol L™ for HE4, and
10 ng mL ™' for AFP.** The LODs were calculated as three
times the signal-to-noise ratios, which were much lower than
the cut-off values (Table S31). These biomarker cut-off values
have been demonstrated to be valuable references for early
disease diagnosis and evaluation. For example, concentrations
larger than the cut-off value (10 ng mL ") of AFP or continuously
increasing around this value indicate a high possibility of
suffering from primary liver cell cancer.*” The accurate quanti-
fication methods around these values could be applied well in
clinical use.

The accuracy and specificity of the immunoassays were
verified by the multi-target standard addition measurements
in the complex serum matrix. The recoveries were obtained as
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Fig. 4 Hexaplex immunoassays of six cancer protein biomarkers:
cancer antigen 15-3 (CA15-3), cancer antigen 19-9 (CA19-9), carci-
noma embryonic antigen (CEA), cancer antigen 125 (CA125), human
epididymis protein 4 (HE4), and alpha fetoprotein (AFP). The extractive
ion chromatograms (EICs) of six RMTs and IS and the mass spectra for
the detection of (A) low concentration biomarkers (1.6 U mL™ CA15-3,
1.6 U mL™! CA19-9, 0.3 ng mL™* CEA, 3.1 U mL~* CA125, 0.016 pmol
L~* HE4, and 3.1 pg L™ AFP) and (B) high concentration biomarkers
(100 U mL™* CA15-3, 100 U mL~* CA19-9, 10 ng mL~* CEA, 100 U
mL~! CA125, 0.5 pmol L™t HE4, and 200 pg L™ AFP). (C) The cali-
bration curves for six biomarkers around the clinical cut-off values
(dotted lines, 25 U mL™* CA15-3, 40 U mL ™ CA19-9, 35U mL* CA125,
5ng mL™* CEA, 140 pmol L~* HE4, and 10 ng mL~ AFP) for diagnosis.
(D) Standard addition measurements of CA15-3, CA19-9, and CA125in
serum with different spiking amounts of 10 U mL™* or 50 U mL™? for
one proteinand 100 U mL~tfor the others, presenting good recoveries
with high interferences.

87.7% to 114% (RSD < 13%, Tables S4-S97) for six target
proteins, which were acceptable for multiplexed quantitative
assays in biological samples. For each target, it could be
accurately quantified (recoveries from 88.2% to 114%, RSD <
13%) at concentrations lower than the clinical cut-off values
with other proteins 10 times greater than it. Especially for
CA15-3, CA19-9, and CA125, although they are all cancer
antigen (CA) species with high structural similarity, such as up
to 70% glycans in their structures, these three CAs could be
quantified in relatively low concentrations with interference
from other protein markers and the matrix (Fig. 4D). These
results have thereby illustrated the high accuracy and speci-
ficity of the paper-based sandwich-type immune processes and
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PS-ESI MS readout for the multiplexed detection of six protein
biomarkers.

Combined screening for six biomarkers in patient serum

The high throughput immune preparation and simultaneous
detection of six cancer protein biomarkers made the cancer
screening more efficient and patient-friendly. As a further
demonstration of clinical application, serum samples from 12
patients who have been diagnosed with cancers at several sites,
including breast tumors (benign and malignant), gastric cancer,
and liver cancer, were tested with these hexaplex immunoas-
says. Following the procedure of PS-ESI MS-based immunoas-
says, only 10 pL serum was consumed for each test, and the
simultaneous immune recognition and labeling of six
biomarkers in the 12 samples (each sample taking six parallel
tests) was carried out in one 96-well plate and finished within
50 min, coupled with a 2 min MS read-out for each test.
Compared with representative optical-/electrochemistry-based
and MS-based multiplexed immunoassays for clinical cancer
biomarkers (listed in Table S107), the PS-ESI MS-based immu-
noassays achieved hexaplex immunoassays in one step, which
represents progress for immunoassays. This method also has
the advantages of high throughput preparation, low sample
consumption, rapid detection and satisfactory linear ranges
and sensitivity for clinical Six clinical concerned
biomarkers in serum were successfully quantified simulta-
neously by the PS-ESI MS-based immunoassays, and the quan-
tification results of the six biomarkers were compared with the
clinical detection results by ECLIA (Table S111). Good correla-
tions with all high correlation coefficients (R > 0.990) were ob-
tained between the PS-ESI MS-based methods and ECLIA
(Fig. 5A-E), and the most clinically significant results around
the cut-off values were covered by the PS-ESI MS-based
methods, demonstrating the reliability of the proposed immu-
noassays in clinical diagnosis.
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Fig.5 Correlation of cancer biomarker quantification results between
the PS-ESI MS-based immunoassays and clinical ECLIA: (A) CA15-3; (B)
CA19-9; (C) CEA; (D) CA125; and (E) AFP. R: correlation coefficient. Six
mass tags for six biomarkers: RMT331 (CA15-3), RMT387 (CA19-9),
RMT415 (CEA), RMT443 (CA125), RMT467 (HE4), and RMT491 (AFP).
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As newly popular indicators for cancer diagnosis, protein
biomarkers are sometimes controversial for cancer diagnosis,
especially when only using single biomarkers. It is factually
confusing to distinguish cancer sites with the detected
concentrations of single CA15-3 (known to be specific for breast
cancer), CA19-9 (known to be specific for pancreatic cancer) or
CEA (known to indicate colorectal cancer, lung cancer,
pancreatic cancer, gastric cancer and so on) (Fig. S15A-C¥). As
an improvement, combined biomarker testing has attracted
more attention as it could achieve higher sensitivity and spec-
ificity for cancer diagnosis.>* The PS-ESI MS-based immunoas-
says ensured the simultaneous quantification of the combined
biomarkers efficiently with a micro-volume serum sample and
with no need to obtain the exact biomarker concentration. The
calibrated RMT peak areas could be directly employed for
analysis, which provides a simple cancer screening approach.
With the 12 samples as a preliminary test, tumors at different
sites could be distinguished by hierarchical clustering and
visualized by principal component analysis, showing the
potential of the combined evaluation of six biomarkers for
cancer diagnosis (Fig. S15Dt). Although a larger sample dataset
is needed to validate the combined biomarker validation and
establish the automatic machine learning program, the multi-
plexed MS-based immunoassay has shown its potential and
usefulness for efficient cancer diagnosis.

Conclusions

In summary, one-step hexaplex sandwich-type immunoassays
with high throughput, accuracy, sensitivity and specificity were
fabricated based on array-prepared paper substrates and an on-
line dissociation/ionization MS system. The paper substrates
underwent sandwich-type immune reactions conducted in 96-
well plates with high efficiency and high throughput. With the
stable prepared paper substrates and mass probes, a batch of
immune preparation could be finished within 50 minutes with
a 10 pL sample, which compares favourably with commercial
immune kits or automatic immune analyzers. Six mass probes
constructed by thiol compounds and antibodies assembled on
GNPs enabled the one-spot simultaneous readout of six cancer
protein markers. The Au-S bond was discovered to be efficiently
on-line dissociated in the charged solvent flow during ESI,
which was expanded as a universal site for multiple mass tag
dissociation and immune signal amplification. Using a series of
distinguishable mass reporters, six important cancer protein
markers were quantified simultaneously in serum, which cor-
responded well with the cut-off values for cancer diagnosis.
Furthermore, the hexaplex immunoassays were applied for the
screening of patient serum samples. It is highly probable that
high sensitivity and specificity for diagnosis could be achieved
with combined biomarker signals with small microliter-level
sample consumption by this MS-based immune system. With
further extension of mass tags, simplification of the MS-based
immune readout instruments and automated data analysis,
these types of immunoassays show great potential for the early
disease screening and accurate diagnosis with simultaneous
detection of dozens of biomarkers.
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