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Amplification-Free Digital Inmunoassay down to the Attomolar
Level by Synergistic Sedimentation of Brownian Motion
Suppression and Dehydration Transfer

Qingquan Zhang,* Wenwen Chai,’ Xiaoyan Pan, and Hongwei Gai*
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ABSTRACT: ifcation-free digital immunaass DIAs ir
cally utilize optical nanoparticles da?:nlunce ﬁngleaf;uﬁnmclnm
molecule detection. The efficiency and uniformity of transferring the
nanoparticles from a bulk solution ta a solid surface determine the limit e
of detection (LOD) and the accuracy of DIAs. Previous methods sutfer
from issaes like low efficency, nonuniform distribution, and particle

mn. Here, we present a novel technique named synergistic
imentation of Brownian motion suppression and -rl.n.zl‘l tion
transfer (SynSed) for nanopartices using water-soluble polymers.
The efficiency of transferring quantum dots (QDs) was increased from C:j
10.7 to 91.4%, and the varation in QD distribution was restricted to v .
8.8%. By incorporating SynSed into DIAs, we achieved a remarkable I . S-S
reduction in the LOD (dawn to 39 aM) for carcinoembryonic antigen

and ded the Jymnu: Tange to cover 3 acders ul'massnitn& in concentration, ranging from 0.0 to 10 M. DIAs enhanced with
SynSed possess ultrahigh sensitivity, advanced accuracy, and speaificity, offering a great premise in early disease diagnostics, risk
stratification, and freatment respanse monitaring.

Elution

=
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¥

Imaging ﬂ— SynSed

1. INTRODUCTION number of microspaces or immunocomplexes with activated

Proteins whose dysregulation is related to serious disease
ahways serve as drug targets or biomarkers. Detection and
quantification of protein biomarkers in clinical samples are
benehicial for disease progression monitoring and early

i is." The concentrations of a portion of biomarkers
may be down to subpicomalar or even subfemtomolar in the
early stages of disease.” For example, the p24 capsid antigen in
the serum of eady HIV-infected individials s in the range of
50aM to 15 M7 P-Taulf1 in the serum of neurodegenerative
disorders is 1.81 pg/mL," and ORF 1p in carcinomas and high-
risk precursors duoring carck is is 1077 M.* Conven.
tional techni inchading ELISA," Western blot,” and mass
spectrometry, are nat able to quantify these rare biomarkers

florescence is used to quantify the target protein. Addition
ally, DNA can be extended into concatemers via m"ing cirde
amplifcation (RCA) and hybridized with fluorescently libeled
probes to achieve signal amplification’™ A typical single-
enzyme reaction takes approximately 20 min,'""* while RCA
requires over | h'™!" These amplification techniques require
mare reaction time and a larger amount of reagents, increasing
the risk of generating false-positive. signals."*
Amplification-free DIAs are straightforward and can reduce
the aforementioned risks, but the direct detection of a weak
signal from a single dye molecule is not an easy way. Micro-/
nanoparticles with strong optical signals, such as noble metal
nanoparticles,'  quantum dots (QDs),"" or wpconversion

A digital immoncassay (DIA) is 2 type of immunoassay known
for its ultrahigh sensitivity and specificity.” In DIAs, proteins
are quantified by counting individual signals correlated with
the target protein rather than detecting the signal mtensity
generated by groops of target proteins. DIAs can be
categorized into two types: si amplification detection and
direct uqﬂiﬁmﬁm-&:?dcmg::{. FoI:- signal amplfication, a
single target protein has to be conjugated to an emzyme or a
DNA fragment after the immunoreaction'” The enzyme
catalyzes substrates in microspaces to generate Hucrescent
compaunds"™™ or deposits funrescent substances around the
i lex wsing tyramide signal ampliﬁ:aﬁnn““ The

P
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ticles,"™ are used to label inuuunocnmpﬁuu. Target
pmténs are uswally quantified through massive imagins"agmi
counting of individual particles or particle aggregates in
amplibcation-free DIAs. ical observation of single nano-
particles is ready to be realized whether in a solution or on 2
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solid surface'” wsing techniques ke Huorescence,”” surface.
enhanced Raman spectroseo) 2 ar dark-field mi:mn:npy.w
Fowever, it is stil 2 great challenge to simultanecusly image
massive particles with Brownian motion in solution. Therefore,
nanatags most be transfesred from the ing medinm to the
solid substrate before imaging. The efbiciency and uniformity of
this particle transfer directly and significantly affect the
sensitivity and accuracy of DIAs To enhance the particle
transferring efficiency, a combination of electrostatic attraction
and liquid%iy:r compression is employed” "™ Substrates are
modified with opposite charges to partides through ionic
palymer bly or the silfation reaction. The migration of
nanoparticles toward the substrate is accelerated by electro-
static attraction. Meanwhile, coverslips are pressed above the
substrates to control the liquid thickness and shorten the
diffusion distance. Even so, the sedimentation efficiency of
nanoparticles is still low, leading to LODs at the M level,'™
far from LODs achieved with amplification methods,'™"
Comparisans of typical DIAs are listed in Table S1. Generally,
the LODs of amplification D1As are lower by 2—3 orders of
magoitude than those of the amplification free methods
Lbeled with nanotags. This is because those immunocomplex
molecules labeled with nanotags cannet be completely
sedimented and counted. When the dehydration-driven
transfer was adopted to sed: microsph laheled
immunocomplex molecules, 1 sedimentation efficiency of
100% and lowering the LOD ta the aM level were achieved.”
However, dehydration-driven transfer is effective only for
micraspheres. When mﬁ:ﬂ to nanoparticles, it induces
aggregation and nanuni distribution, which is fatal for
resolving single nanoparticles and accurately counting them.
Ta date, the highly efficient and uniform transfer of nanoscale
particles to solid surfaces is still 2 great challenge and urgently
neads ta be solved for lowering the LOD and impraving the
accuracy of amplification-fres DIAs.

Here, we present a highly efbcient and uniform nanoparticle
sedimentation method named synergistic sedimentation of
Brownian motion suppression and dehydration transfer
(SynSed). Using SynSed, the QD sedimentation efficiency
exceeds 90%, and the uniformity is comparable to that of
electrostatic attraction. This highly efficient, uniform, and low.
cost particle transfer method enables a remarkable decrease in
the LOD of amplification free DIAs down to several aM levels,
which is the lowest LOD of DIA to date, showing great

ntial in disease ression monitoring and ea
peeaiil. | prog 3 dy

2. EXPERIMENTAL SECTION

21. Materlals and Instruments. The Sylgard 184
polydimethylsiloxane (PDMS) oligomer and curing agent
were from Dow Corning (Midland, MI}. mPEG-silane (5 kDa})
was from the Deltabio Company (China). Dextran {DEX, 40,
100, and 500 kDa), polyethylene glycol (PEG, &, 8, and 20
kDa), 2-(N-mospholing Jethanesulfonic acid (MES), dimethyl
sulfozide (DMS0), and tween 20 were from the [8&K Scientific
Company (China). Axygen Maxymum Recovery Pipet Tips
(10 and 200 uL) were purchased from Comning. Protein
LoBinding Tubes (0.5 and 1.5 mL) were provided by
Eppendort Corporate. 1-Ethyl.3-(3-(dimethylamino)propyl)-
carboditmide (EDC) and poly{diallyldimethylammonium
chloride] solution (average Mw 40,000—350,000) were from
Sigma-Aldrich (USA). Monoclonal capture antibody, mona-
clonal detection antibody, and human carcinoembryonic

22

antigen (CEA) were purchased from Shanghai Linc-Bio
Science Co.. Led (China). Carboxyl magnetic beads
{Dynabeads M-270), SuperBlock (PBS) buffer, carboryd (Ds
{Qdot633ITKTM), and coverslips were purchased from
Thermo Fisher Scientific (USA). Carboxyl polystyrene (P5)
spheres (0.198 pm diameter) were provided by Bangs
Lahoratories {USA). Glass slides were obtained from Jiangsus
ShiTai Experimental Equipment Ca,, Ltd {China). NaH,CO,,
Na,HCO, NaCl, NaOH, and NaHCQ, were purchased from
Sinopharm Chemical Reagent Co., Ltd (China). Ultrafilters
rilit .3 30 kDa malecular weight cutoff were from Millipore
USA ).

An inverted fluorescence microscope (IN71) equipped with
an electron multiplying charge-coupled device (EMCCD) and
100 %/ 1.40 objective lens (UplanSApo) was purchased from
the Olympus company (Japan). HPLC (1200 Series) was
obtained from Agilent Technologies (USA). A magnetic

-atar aMagTM:2), a lowtemperature, high-speed
:anmr.ri:ﬁ»gt {E:Shbnrnll{ql:gem& Micra I?R:r?nd a z:idﬁed
vortex mixer {Hulamixer) were obtained from Thermo Fisher
Scientific (USA). A Ruorescence spectraphotometer {FL-
8500) was purchased from PerkinElmer (USA) Atomic
force microscopy (Dimension Icon} was from Broker (USA).

2.2. QD and Fluorescent PS Nanosphere Sedimenta-
tion. 2.2.1. PDMS Microwell Susface Treatment. PDMS
pieces were perforated through holes and adhered reversibly to
a covenlip to create PDMS microwells. The dismeter of the
microwells was adjusted within the range of 2.5—4 mm. A 10%
{w/v) mPEG-silane solution was prepared by mixing 10 mg of
mPEG silane with 100 ul of DMSO. Subsequently, the PDMS
microwells were filled with the 10% (w/v) mPEG-silane
salution and incubated at room temperature for 15-25 min
Then, the residual solustion was removed b}' 1 ¥acuum pump.

222 SynSed. A 0.1% (w/v) DEX solution was by
dissolving 3.6 mg of DEX in 3.6 mL of deionized (DI) water.
To create a 1 pM QD solution for sedimentation, | yL of 1.0
nM QD solation was mixed with 999 pL of the 0.1% (w/v)
DEX salation. I pL of the (QDs and DEX mixture was added to
the pretreated PDMS microwell. After 20 min of evaporation
at room temperature; DEX precipitated and formed a single-
Layer membrane at the bottom of the micrawell The QDs were
forcibly transferred and immobilized on the substrate surfaice.
Subsequently, the PDMS piece was peeled off. The covenlip
with QDs was then scaled anto a glss slide by using
1 t tape. For SynSed of PS5 nanospheres, 1.0 uL of
Ump'm&s mmp!mmd: suspended inptl;.l‘h {wlv;.DEx
solution was used.

223 Electrostatlc Atraction Sedimentation. Glass slides
were soaked in a chromic acid solution for 12 h and rnsed
with DI water three times. To prepare 2 1.0% (v/x) caticmic
polymer solution, 1.0 mL of paly dimethyl diallyl ammonium
chloride was mixed with 100 mL of DI water and subjected to
30 min of ultrasonic processing. Afterward, the deaned glass
slides were submerged in the 1.0% (v/v) cationic polymer
solution, subjected to 30 min of ultrasonication, and left to
incubate far 12 h. Subsequently, the glass slides were removed
and dried in an oven at 80 °C. This process resulted in the
formation of 2 pasitively charged layer on the surface of the
glass slides. 2 4L of a 50 pM QD solution was pipetted onta 2
glss slide with a positive charge. A deaned coverslip was
careful| ed over the liquid layer, and tweezers were used
to WLP:MFW it. Tb:ﬂga E;thz caverslip were sealed
with nail polish Due to electrostatic attraction, the (Ds

g \dolang 5. 100 Liscs snalchann Jori0as
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Figure 1. (A) Schematic of QD sedimentation via SynSed and debydration-deiven wransfer. (B.C) Fluorescence I

DEX film

ts\:u-mi (E)

10pm

" yum

at the edge of the

mages of Qs
microwell shown in (A). (C,D) Atomic force microscopy lmages of pure DEX membeane (D) and QDs In the DEX film {E). Scale bars: 8 ym.

gnduauy ;ﬁ:lni on the ;lm shide over a 20 min period,
y, the sedi | QDs were imaged by using an
inverted mummpe (IX71) equipped with a 100x objective
and an EMCCD. The images were pmaeﬂed using [ K
and lh: number of QDs ﬁs determined throug ;:15::1
o g For the sedi ion of PS pheres, we
rep&mcd the QD:u"Iuﬂanvmh Jpl. af a ﬂ.DDD"myle'i
The dures were idk |
to those uu:d far the QD sedimentation.

2.3. DIAs of CEA. 2.3.1. Capture Beads' Preparation. A 23
uL portion of magnetic bead suspension (2% 107 beads/mL)
was mixed with 25 uL of 0.01 M NaOH in a low-adsorption
tube. After magnetic separastion and removal of the super.
natant, the remaining magnetic beads were then incubated
with 25 uL of 0.01 M NaOH for 10 min. Subsequently, the
beads were washed three times with 25 uL of DI water. Next,
we added 50 pL of a freshly prepared EDC solution with a
concentration of 25 mg/mL in the tube and incubated it for 30
min. After this incubation, we repeated the washing step twice:
once with cold water and once with 50 mM MES buffer at pH
S0

Following this, we added 20 gl of capture antibodies for
CEA with 2 concentration of 1.7 mg/mL and 30 uL of MES
bulfer at pH 5.0 to the tube, incubating it for 1 b to form
capture beads. Any unbound capture antibodies were remaved
through magnetic separation. The capture beads were then
washed four times with PBS containing 0.05% (v/v) Tween 20
(PBST). Finally, the capture beads were resuspended in 150
ML of PBST and were ready for use, The effective modification
of capture antibodies on magnetic beads was evidenced by the

3056
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variation in the zeta potential at the bead surface. The zeta
potential of unmodified magnetic beads was —69.35 mV. After
the capture antibody maodification, the zeta potential of the
capture beads decreased to —23.44 mV (Figure §7A).

2.3.2. Detection QDs Preparation. 3.0 pl. of 8.0 uM QD
solution was mixed with 6.0 yL of 1 mg/mL EDC solution and
21 pL of cold NaHCO; solstion with a pH of 9.0 The 1 mg/
mL EDC solution was freshly prepared wiing cold 50 mM
NaHCQ, at pH 9.0 and the appropriate amount of EDC. This
mixture was incubated at room temp for 25 min. 8.0 pL
of 4 mg/mL detection antibody solution for CEA was mixed
with 135 uL of the EDC-activated QD smpuuian and
incubated for 3 h, r g in the k ion of d QDs.
This mixture was then c:ntnﬁlged for 5 min at 14,000g. The

up which contai detection QDs and unbound
detection antibodies, was separated wsing an HPLC system
equipped with a homemade column. This process allowed us
to purify and collect the detection QDs in a law-adsarption
tube (Figure S7B).

2.3.3. Immunoassay. We mixed the detection QD solution
with Smrblock buaffer in a volume ratio of 30:1 and incubated
it in the dark for 30 min. At the same time, we prepared a 10%
{v/v) superblocking solution by mixing 0.4 mL of SuperBlock
solution, 3.6 mL of PBS, and 2 pL of Tween 20. We then
suspended 800,000 capture beads in 100 pL of the 10% (v/v)
mpﬂhh:king solution and incubated them for 30 min. This
step effectively blocked nonspecific adsorption sites on both
the capture beads and the detection QDs. After magnetic
separation and removal of the supemnatant, we combined lhe
blocked capture beads with the blocked detection-QD sol

Popeideiarg 12 1A a1 araktam 305008
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and CEA in precise quantties. We added PBS to make the final
volume 13 yL and maintained the concentration of detection
QDs at 100 pM. The mixture was then incubated for 1 b
Following incubation, magnetic separation was used to remove
the supernatant. The remaining materials were washed three
times with 200 pL of PRST, effectively removing any unbound
CEA and detection QDs.

Ta elute the detection QDs within the immunocomplexes,
we added 10 gL of an alkaline solution (pH = 10.9) confaining
1L0% {w/v) DEX. Because pH simubtaneously affects density
and distribution of surface charge, the degres of collapse of
pratein stmacture, and the interaction of pratein malecules,”
the elution function is primanly govemed by the pH of the
solution, with DEX serving as an additive for the subsequent
SynSed process of the eluted detection (QDs. After anather
round of magnets tion, the supermatant containing the
ehuted mw&m collected :if:a Jow-adsorption %uhe.
Subsequently, we transferred and immobilized the collected
detection (JDs onta a covenlip by using SynSed for imaging
and counti

2.4, Measurement of CEA In Serum, 300 pl of serum
was pipetted into an wlkrafilter with a molecular cutolf of 30
kDa to remove CEA from the serum. The resulting CEA-free
serum was then diluted by 4, 10, 6000, and 60000 folds,
respectively. These CEA-free serums underwent the same DIA
pracedures as those mentioned earlier to evaluate the matrix
effect.

Far serum na. 1, it was diluted with PES (pH 7.4) to the

jate ee and dispensed into five low-adsarption
mﬁl?umed:gqﬂutmu InP;lﬂ! tubes, we added 0, l:{ 2.4,
3.6, and 4.8 pL of 2 5 M CEA solution. After the addition of
the blocked capture beads and detection QDs for CEA, PRS
was added to each tube to ensure a final reaction volume of
150 L. The finally achieved dilution factor of serum no. 1 was
60,000, These CEA spiked serum samples were subsequently
analyzed by following the DIA procedures. The measured
numbers of detection QDs were platted against the
concentrations of spiked CEA, resulting in a standard addition
curve. We used the equation of this curve to calenlate the CEA
concentration in the diluted serum sample. To determine the
CEA concentration in the initial serum mo. 1, we restored it by
mudtiplying the measared value with the dilution factor. Serum
na. 2 was diluted wsing the same method, with a final dibation
factor of 6000-fold and spiked CEA concentrations of 0, 1.0,
20, 3.0, and 4.0 M. The subsequent steps for serum na. 2
identical to those for seram no. 1,

were i

3. RESULTS AND DISCUSSION

3.1. SynSed of Nanoscale Particles, SynSed processes
are shawn in Figure 51A. The mixed solution of QDs and DEX
is pipetted into 3 PDMS microwell that was pretreated with
mPEG-silane. As the aqueous solution gradually evaporates at
room temperature (23 °C), the DEX is concentrated, and the
viscosity of the mixture increases. High-viscosity solation
suppresses the Brownian motion of QDs and effectively
prevents QD aggregation. Simultaneously, the thinning of the
liquid layer in the microwell farces the QDs to move toward
the covendip. After 20 min, when the dehydration process is
completed, the DEX precipitates and forms a fllm, embedding
all (ADs within it Carefully, the PDMS piece is removed from
the coverslip, and the cmr:ligis sealed with a glass slida using
transparent tape, allowing tor imaging under Auorescence
micrascopy. Figure 1A schemabically dlustrates the difference
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between QD sedimentation psing SynSed and dehydration.
driven transfer. In dehydration-driven transfer, QDs are
transferred onta the sabstrate, bat the distribution of QDs is
noruniform. QDs tend to accumulate at the edges of the
microwell, while conversely, in the central region of the
microwell, the bright spots of QDs are mearly absent
Furthermare, icle aggregation is substantial, and a single
QD within the aggregates cannot be resolved by the
microscope (Figure 1B). In SynSed, QDs are uniformly
distributed across the entire substrate, extending from the edge
ta the center, and they remain as single particles withouot
significant tion, as shown in Figure IC. The atomic
lu?:: micm:grp?inusu revead that dtetg;:cipiutad DEX film
without QDs is wniform and flar (Figure 1D}, and the
roughness average value is down to 0.549 nm when measured
over 2 sampling line of 10 ym. The transferred QDs are
partially ed in the DEX Blm (Figure LE). We measured
the viscosity of the polymer solution shown in Figure 52 and
calculated the corresponding diffusion coefficient following the
Stokes—Einstein equation
kT

D= —

Emyr

where [ is the diffusion coefficient, k is Baltzmann's constant,
n is the solution viscosity, ris the particle radius, and T is the
ahsolute temperature.

When the DEX concentration is increased from 0.0 to 50%
{w/v}, the viscasity of solution i increased from 0.005 to 157
Pa s (Fgure 52), and the diffasion coefficient of QDs is
reduced from 4416 »x 107" to 1406 x 107" m’/s by
considering the QD size as 10 nm, which demanstrates that
salution variation during SynSed can effectively suppress the
Brownian motion of QDs. Forthermore, the highest
sedimentation efficiency is achieved through the process of
dehydration-driven transfer, as sap by previous research
findings.*"*" The synergistic ct of Brownian motion
suppression and dehydration-driven transfer can efficiently
and uniformly sediment nanoparticdles from a bulk salution to
solid substrates while preventing particle , which
holds promise for addressing the challenges associated with the
transfer efficiency and distribution uniformity.

In SynSed, the microwell serves the function of controlling
the sedimentation area with its diameter ranging from 1.5 to
4.0 mm. Precise regulation of the microwell’s area is crucial for
effectively oorl!mlinﬁ the density of nanopartices in the plane.
When dealing with high-concentration samples; enlarging the
microwell ensures that adjacent particles can be resolved by the
microscope. Canversely, for ultralow-concentration samples,
shrinking the microwell can enhance the imaging efficiency. To
prevent the adsorption of the PDMS wall to proteins, the
microwell requires ent with mPEG:silane (5 kDa).
The efficacy of antiadsorption is shawn in Figure S1. Following
the SynSed process, images of a 10 gL detection QD solution
at a concentration of 600 EM show bright fuorescence spots
when the microwell is treated with mPEG silane. In contrast,
with no mPEG-silane treatment, there are nearly no abservable
light spats, which are caused by the adsorption of the PDMS
wall ta proteins” ' These observations confirm the effectiveness
of mPEC silane treatment in preventing nonspecific adsarption
of the PDMS wall,

3.2 Optimization and Performance of SynSed. The
properties of the polymer added in the QDs solution are
important for the saccessful SynSed and must meet specific

i/ Modang W, 100 Lsce Nelrons
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requirements: (1) water salubility, (2} high biccompatibility,
(3} appropriate viscasity, and {4) low impact on the emission
of (}Ds. As DEX and PEG are commonly used water-soluble
palymers in biochemical analysis,”* we have examined DEX
and PEG with different molecular migh‘t: i our study from
fluorescence intensity and distribution.

For the assessment of fluorescence intemsity, (QDs are
sedimented from the solution onto the suhstrate by three
methods: dehydration-driven transfer, SmSed with PEG, and
SmSed with DEX. The emission of (Ds is found to be
minimal when they are dried in the air osing dehydration.
driven transfer. The presence of PEG and DEX fRlms
intensified the emission of QDs significantly (Figure S4AB).
$a, PEG with molecudar weights of 6, 8, and 20 kDa, as well as
DEX with moalecular weights of 40, 100, and 500 kDa, is
further screened to find the best sedimentation effects.

In the investigation of distribution, a solution of 1 pM QDs
is mixed with two palymers: 40 kDa DEX and 8 kDa PEG. The
final concentration of these two polymers is 0.1% (w/v). After
the SynSed and imaging, five frames of images are randomly
selected from the central region, and another five frames are
selected from the peripheral region randomly for counting. In
the case of 40 kDa DEX, the average number of QDs (Ng,) in
a single-frame image displays minimal differences among the
central region, peripheral region, and combined region. The
standard deviation of the QD count under each condition is
akso quite low, as shown in Figure S4C These ﬁnd:ins: indicate
a uniform distribution of QDs within the 40 kDa DEX flm. In
contrast, when using 8 kDa PEG, its standard deviation is
naticeably Larger than that observed with 40 kDa DEX. The
variance in distribution between 40 kDa DEX and 8 kDa PEG
may be attributed to the higher viscosities of PEG solutions
with concentrations excesding 10% {w/v) (Figure 51). In the
subsequent SynSed procedures, 40 kDa DEX was employed at
a concentration of 3.1% (w/v) unless otherwise specified.

Accurately quantifying the sedimentation efficiency requires
the real concentration of QDs used in the experiment.
Although the supplier provided a nominal concentration
calculated from the mass and molar mass, it may nat be
exact becanse the molar mass of QDs cannot be accurately
measared due to the shell dadding and surface modification of
functional molecules. To determine the actual number of QDs
in a given volume, we emplny a d:h}'dntinm&'ivrn transfer
method to ensure that all QDs sediment on the substrate. To
minimize the aggregation of QDs, we reduced the quantity of
QDs by diluting their concentration and sampling the
minimum volume. Simultaneouwsly, we expanded the sedimen-
tation area by allowing the QDs to spread freely withoat being
confined to microwells. These strategies enable all QDs ta be
individually resolved by the microscope. Subsequently, we
capture images of all the QDs within the entire ssdimente

‘d
N B —
515=__.N"=M" S o N X Sl o jpon

New Nine N X Sy (1)
where N, represents the counted number of QDs. N S
and S, represent the average number of QDs in r.ar.h frame
image, the sedimentation area, and the area of the single frame
image, respectively.
For 1 gL of 1 pM QD solution, the fluorescence image of
QDs via SynSed reveals that QDs are in 2 single-particle state
and distributed uniformly an the substrate (Figure 2A). N, as
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Figare 2. Comparison of SynSed (A) and electrostatic artraction
sedimentation (B). The concentrations and volumes of QDs solution
are 1.0 pM and 1 pL for SynSed, as well as 50 pM and 2 gL for
electrastatic attraction sedimentation. Fluctuation in the number of
QDs in 20 framncs of fmages obdained fromn SpaSed (C) and
elecrostatic attraction sedimentation (D). SEs of QDs (E)} and PS
manospheres (F) through SynSed and electrostatic attraction
sedimentation. Scale bars: 10 pm

determined by eq 1, is 37568, N, is calculated as 41093 asing
the established calibration corve. The SE of QDs via SynSed
reaches 91.4%, Under the same conditions, mciudm& sample
volume, QD' concentration, and microwell, electrostatic
attraction sedimentation does not yield any bright and blinking
spots. When the concentration and volume of QDs are

area using sequential multifame imaging techniques :md
manually count them to determine their true number. For 0.1
sL of QD solution, the counted number of QDs has a good
linear relationship with the nominal concentrations ranging
from 025 to JM (Figure 53). However, the counted number
of QDs is o SD’% of that calculated from the nominal
concentration. The discrepancy may come from the calculation
of mass and molar mass versus :inslbpﬂ'tic]e counting. The
number af QDs calibrted from this curve is referred to as the
“true value” in this report, denoted as N, The sediment
eficiency (SE) is then calculated using N, and eq 1 provided.

25

increased to 50 pM and 2 ul, blinking spats reappear in the
mnges {Figure 1B). The calculated SE for electrostatic
attraction is 10.7% (Figure 1E), which is much lower than
that of SynSed. The lower 5E in electrastatic attraction can be
attributed to three factors: (1) a significant portion of (D=
remaining in the bulk sabation; (2] QDs adsorbed cn both the
ghss shde and coversdip; and (3) loss of QDs along the
coverslip's edge. Furthermore, the distribution of QDs is
assessed by counting QDs in 20 frames of images The
fuctuation in the number of QDs in each fFame is shown in
Figure 2C,D. The relative standard deviations (RSDs) of the
QDs" numbers are 8.8% for SynSed and 11.0% for electrastatic
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attraction, mdicating that QDs are distributed unifarmly an the
substrate through SynSed.

The SE difference between the SynSed and electrostabic
attraction methods depends on the particle size. Smaller
Partid:s result in a more substantial improvement in 5E,
whereas la particles lead to a lower SE ratio between these
two methods. As an example, for 1 pL of 00002 mg/ml. P'S
nanasphere (198 nm diameter) solution, N, is 19636 via
SynSed, which is 42.3% af the value provided by the supplier
(46440). The S$Es are 97.5% for SynSed and 80.7% for
electrostatic attraction (Figure 2F ). Notably, when the particle
size is larger, the SE tends to be higher, but the gap in S5E
between these two methods becomes smaller. SynSed exhibits
a distinct advantage in transfernng nanoparticles with ultra.
small sizes, such as QDs, noble metal dusters, and carbon dots.

3.3. Amplification-Free DIAs Using QD Labeling and
SynSed. The processes of DIAs of CEA are shown in Figure
3A. CEA, capture beads, and detection (Ds are mixed

L omiration (1M CUA compentratim (M)

Figure 3. (A) Procedure of DIAs Incorporating SynSed. (B)
Fluorescence bmages of the detection (D% generated by DIAs at
different CEA concentrations. (C) Plots of Ny, agalest the CEA
concentration scgulred from images. (D) Dymamic curve for the
measurement of CEA in DlAs, Scale baes: [0 pm

together, and immunocomplexes are generated by one-step
incubation. Unbound CEA and (QDs were removed by
magnetic separation and washing. (Ds in mmunocomplexes
are eluted by an alkaline solution (pH = 10.9) containing 1.0%
(wiv) DEX and collected in tubes wia magnetic separation.
The number of ehsted QDs is linked to the CEA concentration.
Then, the collected QD eluent is pipetted into the microveell,
and QDs are transferred onto the coverslip wniformly and
efficiently via SynSed. After tape sealing, the immobilized QDs
were imaged and coonted accurately. The performance of
DI1As is mainly affected by the efficiency of immunocapture,
particle transferring, and imaging. To increase the efficisncy of
immunocapture, the incubation time, the concentration of
detection QDs, the quantity of capture heads, and clation
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times are optimized by using 0.7 £M CEA as a positive contral
and PBS as a blank (Figure $8). The optimal conditions for
immunoreaction are as follows: 100 pM QDs, 800,000 capture
beads, 2 h incubation, and 1 round eletion. In the fnal
flsorescence images, the bright spats representing detection
QD= are increased gradually with the CEA concentration in the
mnge of 0-10 M {Fgure 38).

The quantitative plats, depicted in Figure 3C, are generated
by summing the number of QDx in 10 frames of images. The
standard deviatians are cbtained thmu_-sh tripk measurements.
The dynamic curve can he dnided into twoe distinct stages. In
the initial stage (with concentrations ranging from 10 to 500
aM), the number of QDs is linearly increased with the CEA
concentration, and the curve has an exceptionally steep slope,
which represents an extremely high detection sensitivity.
Within this range, the number of both the capture beads and
the QDs significantly surpasses the number of CEA maolecules
present, which ensures effactive immunocapture and highly
efficient formation of sandwich immunocompleses. With the
assistance of SynSed, the QDs from immunocomplexes are
transferred on the substrate with remarkable efficiency and
controllability. The detection sensitivity and precision of D1As
are both enhanced, a fact underscared by the consistently Jow
standard deviation observed at each data point. In the second
stage, spanning from 0.5 to 10 M concentrations, the
correlation between the number of detected (Ds and the
concentration Temains linear. However, the slops of this
relationship becomes less steep, and the standard deviations at
each data point are noticeshly high:r :Dmparrﬂ ta thase of the
first stage. This phenomenon coald be attributed to 2 decrease
in the efficiency of immunocapture. As the CEA concentration
rises, the number of target protein molecules increases rapidly,
and there may not be 2 sufficent number of capture beads
available to guarantee effective immunocapture. As a
demonstration, we calculated the number ratio of CEA and
capture beads, which were 28.1, 14(h6, and 281.3% for 1, 5,
and 10 M CEA solutions, mspectiw]}'. with a foeed volume of
150 pl. Half immunocompleses, like CEA with detection (D=
and CEA with capture beads, appear and become more
prominent within the high concentration range. The entire
range of CEA measurement :panm:d from 001 to 10 M,
encompassing 2 remarkable 3 orders of magnitude in
concentration. The LOD for the CEA assay, calculated using
the blank value plus three standard deviations, was pushed
down to an Ernpr!sn'v:l}' low value of 19 aM. However, once
the CEA concentration exceeded [0 £, the fluorescence spots
exhibited only minimal increases. This phenomenon can be
attributed to what is cnmmmdy referred to as the "hook effect”.
Even at 2 concentration as high as 10 M, there are still some
unoccupied spaces amidst the fluorescence spots; suggesting
that there is room for further augmentation of the density of
detection QDs. This, in tumn, opens up Pmsibi.lil‘ies for
achieving higher concentration detection by improving the
immunoreaction efficiency ar for the development of multiplex
DIAs in the future. To evaluate the repeatability of the
established method, we =sed the capture beads and detection
QDs fabricated in the same batch to measure 0.075 M CEA
on different days. The intrabatch variability of the signals is
4.4%. Subsequently, we counted the signals using 1 #M CEA,
employing capture beads and detection (Ds fabricated in
different batches. The interbatch variability of the signals is
10.1%. These results prove that the repeatability and stability
of our method are acrcphhte_
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3.4, Serum Measurement. Serum is a complex matrix
containing a muoltitude of proteins spanning a broad
concentration range, from nanomalar [nMr]Pm sublemtomolar
(sub-ENt) Jevels. Ta evaluate the impact of the complex matrix,
we diluted serum samples without CEA with varying degrees of
dilution, ranging from 0 to 60000.fold. Subsequently, these
dilsted CEAfree serum samples were analyzed by following
the DIA procedure. When the dilution factor increased from 0
to 4-fold, the number of (QDs (Mg, ) decreased significantly.
However, as the dilution factor continued to increase beyond
4-fald, Ny, showed oaly 2 marginal reduction (Figure 4A),

]

(Al 00 4 (B}
élm 150
S 4 2100 4
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Serum dilition fiot

Figure 4. (A) DiAs of CEA-free serum with different dilution factors.
(B) Specifidty evaluation of the CEA measuremnent. The comcen-
wation of all fowr proteies s 07 MM

indicating that the matrix effect of the serum was minimized
when the dilution factor exceedad 4. In the measurement of
clinical serum, it is imperative to dilote serum by a factor
greater than 4, which is essential for abtaining accurate assay
results.

Spedificity is a crucial parameter in DIAs as it determines
whether immunocomplexes are formed by the target protein or
nat. Here, we introduced three proteins, namely, AFP, PSA,
and BSA, as intesfering proteins to assess the specificity of our
methad. To ensure consistency, we set the concentration of all
four prateins at 0.7 (M, thus climinating the influence of the
concentration deviations. Among these proteins, CEA
exhibited the highest signal, while the other interfering proteins
produced signals that were comparable to the blank sample
(Figure 4B). This outcome demonstrates that our method
exhibits a remarkable level of specificity when it comes ta the
CEA assay.

In addition to dilution, another commonly employed
methaod to mitigate the matrix effect in complex matrices is
standard addition analysis, In our stady, we quantified the
diluted serum samples using the stindard addition analysic
approach. Considering the twostage curve observed in the
buaffer, two serum samples ining CEA were diloted to
achieve concentrations at aM and M levels, respectively. The
results of the CEA measurements are presented in Figure 5. In
the case of sample no. 1, a dilotion factor of 0,000 was

1k e
5 W IO B e
0 1 A y=A42l0n ¢ 2872 400 4 o
E: my - 99) 2 -
z 15 4 .. 4
1% R Ry 2 =
B M.;‘..,‘ R el - 2
1504100 +5 0 5 10 15 20 -3 ] [ [ 1 §

Sl CEA covcereration (abl) Spvksd CEA coneomation (M)

Figore S (A] Calibration curve of standard addition asalysls for
serum noc | owith a ddutlon factor of 80,000, The measured valoe of
CEA is $8.86 aML (B) Calibeation curve of standard addiion analysis
for seram new X with a dilution factor of 6000 The measured CEA
value & 6817 ML
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applied, bringing the fmal CEA cancentration inta the range
corresponding to stage 1 of the calibration curve. The
measured CEA concentration was found to be 5886 aM,
equivalent to an initisf CEA concentration of 1.34 ag/mL in
the serum. The provided CEA value was 070 ng/mlL. The
measured value of CEA is essentially consistent with that
provided by the hospital. For sample no. 2, a dilution factor of
6000 was used, placing the final CEA concentration within the
range correspanding to stage 2 of the calibration curve. The
CEA concentration was determined to he 6817 EM. The initial
CEA concentration in the serum was calculated by multiplying
the measured wvalue by the dilution factor, yielding a
concentration of 8186 ng/ml. The hospital-provided value
for CEA was 171 ng/mL. Thers is indeed a discrepancy
between the messured values and those provided by the
hospital. This deviation could be attribated to three factors:
{1} different sources of antibodies, {2) variations in the purity
and bicactivity of the standard CEA, and (3) a suhstantial
dilution factor (6000), which has the potential to amplify
measuring errors during the recovery from the diluted sample
to the initial serum. The successfil measurement of CEA in
serum at aM levek demonstrates that the established method
exhibits exceptional sensitivity, specificity, accuracy, and
rabustness, which holds great promise as a potential techniqee
for quantifying rane proteins in complex clinical samples such
as NFL and P4au 181,

4. CONCLUSIONS

We have develaped a novel technique that enables the efficient
and uniform transfer of nanoparticles from a solution to 2
salid-phase surface via the synergistic effect of Brownian
mation suppression and dehydration transfer. After optimizing
the types, concentrations, and molecular weights of polymers,
the highest achieved SEs reach 91.7% for QDs and 97.5% for
PS nanaspheres when uiilizing the SmSed method These SE
values are markedly superior to those attained through the
electrostatic attraction method, which yielded SEs of only
10.7% for QDs and 80.7% for PS nanospheres. Furthermeare,
the distribution of nanoparticles on the substrate via SynSed is
camparable or slightly more uniform to that vz electrostatic
attraction. Using CEA as a maodel, DIAs for CEA are carried
out through a single-step incubation of capture beads, CTEA,
and detection (JDs; subsequent elution of the boond detection
QDs; and highly efficient SynSed The mcocporation of
SynSed in DIAs addresses the shortcomings related to
sampling efficiency, effectively reducing the LOD t 39 aM
and expanding the dynamic range to cover 3 orders of
magnitude in concentration, ranging from 001 to 10 BV Based
on the established method, the CEA values measured in serum
using standard addition analysis match those provided by the
hospital across the entine dynamic range This method
possesses high sensitivity, specificity, accuracy, and precision,
highlighting it significant potential in the eary screening of
biomarkers and disease progression monitoring.
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ABSTRACT: Protein counting analysis obtains the quantita:
tive results of specific protein through counting the number of
hrytnpakurl&:pllﬁ ly‘:ﬂ.l value in disease diagnosis.

Current p technigues just stochastically count
a small portion of the target signal, which causes a
considerable mformation loss and limits the accuracy and
precision of the protein assay at ultralow concentration. Here,
we present a nonstochastic and ultrasensitive protein counting
method through muinmud evapu:lmn sinduced

oLy . -
Sopuration g * =D |

& Tarpetprotein ® arget sgal © Blaak spnal

particle :adm: multiframe imaging, and

rewilmm signals. Using carcinoembryonic antigen (CEA) as the madel, the dynamic range was

macmtphce-ﬂﬂuw
from 5 X 107 M(aM)msx 0 M, and the limit of detection was 4.9 aM. For CEA spiked

detection, the relative

ard devi and the relative error of CEA concentrations were both lower than 8.0%, and the recoveries reached 52.3%
and 98.8% for 20.0 aM and 40.0 aM CEA respectively. Two clinical plasma samples were measured by the standard addition
method, and the results showed little deviation with the values provided by the hospital. The established approach suppresses

Poissan noise of the stochastic ing, offers ultrahigh

ity, and features a remarkable potential in early di

-

screening,

he onset, progression, and recurrence of diseases are

associated with the ahnnm::l expression of proteins or

on of unigue ns,’ such as cancer protein

m:, ngmndegenq F:r:.:u biomarkers,” and SPPE{!FI'.‘

qiol'.mu. Accurate quantitative analysis of disease-relevant

proteing is vseful in disease puvenhan and control, carly
cancer screening, and precision di o™

Clinically, the gold standard method ‘ur specific protein
measurement is immune assay, incloding enzyme-linked
immunosorbent assays (ELISAs), and its vadants. The
quantitative data of ELISAs depends on the exact intensity
of ensemble signal from tubes or microtiter plates. As proteins
are present in complex biological samples with high back-
ground and sensitive to ambient envirenments, the typical limit
of detection {LOD) of ELISAs iz at the picomolar level®
"a":.mnppmtha are dauhpedtn amplify the signal, such as
PCR reaction,” enzyme reaction,”” and functional nanoprobes
{e.g quantum dots, Au nanoparticles, etc.). "' However, the
fluctuation of signal intensity is inevitable and may be
exacerbated by the bias effect in some cation
et which e W Loweig. o LOD smd e
improvement of reproducibility.

The protein counting assay i an ultrasensitive in
quantification technique d in recent years' The
quantitative results are :xtrll:l::d om the number of generated
targeted signals, not requiring the intensity of each farget
nEu.l. The wim measarement model overcomes the

¥ an nmsh.;ndmg

r
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potential in lmt:bundull protein measurement. " Ta date,
protein < i echni are developed into three
categaries: d.lgnl I‘.LIS.&,""'" msi: pﬂlhck :Dlmlmg,' ~¥and
single-Buorescent- molecule flow counting™ In digital ELISA
and single-particle counting, target signals coexist with massive
blank signals. Under limited detection throughput, blank
signals occupy a majority of detection sites, and only a small
postion of target signals are counted.™ The stochastic counting
of a small part of the sigrals leads to a significant Paisson noise
at ultralow concentration (10-'*=10-"* M) and small sample
volnrm.* {107° L). In order to prevent the occupation of blank

ls, single-f t-molecule flow counting utilizes 2
san.lbnn and enrich strategy and achieves a detection of
Huorescent maolecules ane by one through capillary electro.
phoresis. However, the Huorescence of a single molecule is so
weak 25 to require 3 very tiny detection volume {107 L
level)?* A large number of fluorescent maolecules bypass the
laser spot, causing an intolerable signal loss. When the
fuorescent malecules are less than 3000, the counting date
is not reproducible.”” Therefore, the omissian of the target
signal during the counting process is ha:nmmg the battleneck
of protein counting techniques.™ It is essential to develop a
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nr.wrll counting approach to achieve 100% counting of target
=1 .

ltI“-lim'ch; we present 2 nonstochastic and inexpensive protein
counting method for low-abundant protein analysis. Usi
carcinoembryonic antigen (CEA) as a model, the LODs r:c:E
4.9 % 107" M (aM) in a butfer and 6.1 aM in a2 10-fold diluted
plasma.

B EXPERIMENTAL SECTION

CEA Immunoassay Procedure. Here, 300 pL of capture.
antibedy-modified magnetic bead (capture bead) solution (2 x
10° beads/mL) was transferred into a low-adsorption tube
The supernatant was remaved by magnetic separation. Then,
100 L. of CEA standards [concentration could be vared) was
added inta the tube and incubated for | b at room temperature
with slow tilt and rotation. After the removal of the
supematant, 300 yL of 2 104old diluted SupecBlock (PBS)
blocking buffer (containing 0.1% tween 20) was added to
inhibit specific adsorption for 0.5 h. Then, 100 pL of detection-
antibody-coated palystyrene sphere (DPS sphere) solution was
added and incubated for | h. After magnetic separation, the
unbound DPS spheres were removed by three times washing
with a PBS buffer containing 0.1% Tween 20. Immuno-
complexes and unoccupied capture beads were left in the tube.

Next, 100 uL of citrate buffer {(pH 3.1) was added in the
tube and mixed for 2 min. The bound DPS spheres were
striped from immuno.complexes. Based on magnetic separa.
tion, the supernatant containing eluted DPS spheres was
transferred into a new tube. After three times elstion, all the
cluted DPS spheres were collected with a volume of ~300 uL.
Then, the DPS sphere solution was centrifuged for § min
{6000 r/min], and ~290 uL of supernatant was removed, The
final obtained target DPS sphere suspension was ~10 L.

We pipetted 4 plL of enriched DPS suspension into
the microwell and evaporated the liquid on a 90 “C hot plate.
By repeating the above processes for three or four rounds; all
the eluted DPS spheres were precipitated in a microwell of 2
counting device (Figure $1). Then, we pipetted 3 pL of DI
water and placed a covemlip. The immobilized DPS spheres
were recorded by an inverted microscope equipped with 2 40x

objective (numerical aperture of the 40 objective was 0L6)
and an EMCCD frame by frame and counted by saftware, The
tatal i dure needed about 3.0 h.

i

Matrix Effect and Specificity investigation. Here, 0.5
mL of human plasma was added in an ultrafilter with a 100
kD2 malecular vmis!'lt cutalf and nmlriﬁ:ged for 5§ min (ll,m
r/min) to obtain CEA-free 2. Then a partion of CEA-
free P|Jamu was diluted 4, I%I:‘T'm-, 100“6-, and 100,000-fcld,
mPacﬁvdy, by a PBS buffer and detected. To evaluate the
q)ﬂ:iﬁcity, we spih:d proper volumes of the CEA standards
into 100 pL of 10% CEA-free pla with final conc 1t
of 0.0, 20.0, and #0.0 aM, mapecti'mh'. After immunoreaction,
all the eluted DPS spheres were counted by software.

Analysis of Clinical Plasma, Two human plasmas were
diluted by PBS buffer with a dilution factor of 100,000. The
diluted plasmas were measured by a standard sddition method.

W RESULTS AND DISCUSSION

Principle of Protein Counting Analysis. Figure 1 shaws
the protein counting pracesses based on sandwich immuno-
assay. Capture target proteins, and DPS spheres were
incubated in sequence. Since the ratio of antigen to capture
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bead was typically smaller than 1:10, each immuno-complex
was just composed of one capture bead, one antigen molecule,
and one DPS sphere. The unbound DPS spheres were
removed by washing. Then, the bound DPS spheres were
stri off from the immuno-complexes by elution and
ennched in a twhe (Figure 1A). Through several rounds of
suspension pipetting and a liquid evaporation process, the
elated DPS were immobilized in a microwell, imaged
frame by frame under the help of locating grids, and counted
by 2 custom-built software (Figor= 1B). To calibrate the
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Table 1. Accuracy, Precision, and Recovery for Measurement of CEA spiked into 100% CEA-Free Plasma (r = 3)

Detection vabae (3M)
RS+ 13
Wiz ls

Fucemarker Reference vaue (aM)
CEA 00
CEA

70
41

Accumacy (RE %)
75
13

Recovery (%}
925265
R340

o og =

080 -t 04 .
r A I U
040 o~ fl .
.
adh | y~OD0I0kx 1 ¢
LK W
S0 -10 ] 5] MW b { (O n m i w

Sibind CFA gonmtration | 58 Spakied UEA coméesgratiin (aM0)

Figure 4. Calibration carves of standard addition analysis.
Experimental conditions: 600,000 beads, 1172 ug of caphure antibody,
5 h of antigen incobation, 0.5 b of blocking, 1.0 b of DPS sphere
Incubation, 340,000 DPS spheres (3.0 ym), L1% pg of detection
antibody, theee times washing and elution (A) #1 plasma and (B) #2

time. Far the binding of DPS spheres to captured antigens, the
best parameters were as follows: 340,000 DPS spheres, 1 b of
DPS sphere incubation, and 1.18 ug of detection antibodies.
The tion of antibodies was considerably higher
than that of antigens, implying that the captured antigen was
sumoundsd by numerows unoccupied antibodies. The antigen
dissociated from an antibody could rebind to the surface with a
kigh pmhﬁi.lity.“ which ensured the highly efficient binding
of target proteins to antibodies and allowed the washing of
immuno-complexes. In this case, we washed the immuno.
complexes with different times (Figure $3D). During the frst
magnetic separation {washing times was zero}, a large number
of free DPS spheres existed in the solution. Some free DPS

protein concentration, we introduced a matio coefficient (f). f
was calculated as

f;hxlm

New (1)
where Nppg and Ny represent the number of target DPS
spheres and capture beads, re

spectively.
In eq I, Ny affected the capture cfficiency of the farget
protein. Nigg was determined by the protein conc

ph might co-sediment with capture beads, resulting in 2
mhmdyh@n}ue of {{ In the first washing, the cosediment
phenomena were reduced greatly. Thus, the f value lowered
more than 50%. The optimal signal-to-nokse ratio was cbtained
by washing three times.

The elution process is to separate the DPS spheres and
preclode interference of capture beads during counting, In this
study, a citrate buffer (pl1 3.1) was used as the elution busfer.
We have carried out the elation experiment more than three
times to improve the elution efficiency. By counting the DPS

Under the optimal value of Ny, the fvalue was mainly affected
by the pmlnm concentration and should have a linear

Lati with the conc fon. As the ociginal ratio of
Npg and Nc,. was too small, we added an amplification factor
of 100 to display the results dearly.

To achieve complete counting of all target signals, we
improved the counting effidency from three aspects: (1)
Micrometer-scale DPS were used to enhance signal
resclution, preventing the information loss caused by signal
omdappun; m pa.rhdz clusters. (2) Multiple rounds of
evapor tation ensured that all target
DPS spheres were immobilized in a limited area with a high
density. (3) Grid-assisted multiframe imaging enabled the
immobilized DPS spheres to be imaged without omission and
overlap. Therefore, we could count all target DPS spheres
exactly, suppress the Poisson noise resulting from stochastic
counting af a portion of the target ugru.l and improve the
performance of the protein countin

Optimization of Experimenta Panmeters. The basis
of the protein :mmlmg assay is the formation of immune-

lexes. By using 5 aM CEA molecules, 400,000 capture
b:a; and 340000 DPS spheres, we observed asymmetric
complexes formed with one capture bead (smaller bead) and

pheres (4.5 gym) left in the capture beads (Figure LA, step 4),
we discovered that the ber of luted DPS sph
(20—30) was negligible after three times elution (Figure 'ﬂl]]
Thus, the immuno-complexes were eluted three times in
subsequent experiments.

Current nanpparticle-based protein counting techniques fail
in counting all target signals because of two reasons: (1) The
sedimentation efficiency is difficult to reach 100% even under
electrostatic attraction. (2) The npuln overlap in p.\tt:d-e
clusters. In this study, we developed an evape
particle sedimentation method to ensure that all DPS spheul
were immobilized onto the substrate surface. It was noted that
evaporation-induced precipitation led to cbvious particle
aggregation, limiting its application in nanoparticle sedimenta-
tion b ingle particle was not resolved in duosters.
To enhance the resolution of single particles, we used 2.0 and
3.0 ym DPS spheres to carry out immune reactions and found
that 3.0 ym DPS spheres could be distinguished in clusters
cleady {Figure 54). Thus, 3.0 ym DPS spheres were used in
the immune assy.

Once the DPS spheres vrm munobulu:d. miltiframe l:n;hl:
feld ph were cap e under the help of
|u|:ntln!; !pds. Then, all phutm were usanbla& together, and a
of the circular microwell was recovered

ane DPS sphere prior to clution (Figure $2A). Meanwhil
almest no complex appcamd in Hle blank npenm:nt (I’vgure
S1B). These results d d the possibility of pr
counting prefminanly.
Ta obtain as many as
experimental parameters were nguum:ed by mmg 25 aM (.“EA
solution as the positive control and PBS buffer as the negative
control (Figure 53). For the antigen capture, the optimal
conditions were 600,000 capture beads, 15 h of antigen
incubation, 0.72 ug of capture antibodies, and 0.5 b of blocking

k.
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(Fzgnm $5A), d ating that all i bilized DPS spheres
were imaged without omission and overlap. The DPS spheres
in each frame were clear and sharp (Figures $3B and C). Te
accelerate the coonting speed, a particle counting software was
established. The counting accuracy was tested by comparing
the resuits ok d by the software and the operator (Table
S1). For 14 random frames, the counted DPS spheres
displayed 2 high level of consistency between the operator
and software.

DOt 52 1007 /seesraicham PhOSA00
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Performance of CEA Standards Measurement. To
evaluate the performance, CEA standards were analyzed under
optimal conditions. The density of DPS spheres steadily
incressed with CEA concentration (Figure 2A-D). The
quantifative results were obtained by plotting the calculated f
values against the CEA concentrations (Figure 2E). The plots
of the calculated f values exhibited a linear dose curve from 5
to 500 aM (TFigure 2F). The relative standard deviation (RSD,
n = 3) varied from 2.2% to 7.7%, which was acceptable for 2
pratein assay. In the dynamic range, RSD and the relative error
(RE, n = 3} fluctuated randomly, displaying no clear tendency.
When the CEA concentration exceeded 500 aM, [ deviated
from 2 linear curve, which might be caused by two reasons: (1)
More than one capture bead were bound to the same DPS
sphere. (2) The effective colliion for an antigen-bound
capture bead was decreased with an increase in antigen-bound
capture beads The LOD was estimated to be 4.9 aM by
extrapolating the concentration at background plus thrice the
standard deviation (sd.). In contrast with other protein
counting assays, this method achieved the counting of all target
DPS spheres, suppressed Poisson noise, and improved the
LOD.

Specificity, Accuracy, and Predslon. Clinical samples
typically in tens of th ds of protein species, which
interfere with the detection of target proteins. To investigate
the matrix effects, CEAfree plasmas were analyzed at different
difution folds. The background neise declined within a 0-10-
fold dilution. When the dilution fold was more than 10, the
background noise varied slightly {Tigure 3A). In the 10-fold-
difuted CEA-free plasma, the blank value was 0,027 + 0.005,
and 3 LOD of ~6.1 aM was obtained, which was equivalent to
a LOD of ~61 aM in the whole plasma. This detection
sensitivity was at least ~5-fold lower than that of digital
ELESA™ and 1-3 orders of m:lgnitmi:l_e lower than that of the
single-nanoparticle counting analysis.  For the specificity test,
lh:slp'eal gap between gﬂaﬁb:e&phmz and CEACT;:ihﬂ
plasma revealed that CEA measarements were not interfered
with by nontarget proteins (Figure 3B). In addition, RSD and
RE of CEA concentrations were lower than B.0%, and the
recoveries reached 92.5% + 6.3% and 98.8% + 4.0% for 20.0
and 40.0 aM CEA spiked plasma; respectively (Table 1). These
results ensured :h?d.:cﬂ.q and prﬁ"siu{l of trace target
protein detection.

Clinical Sample Detection. The CEA concentration in
the whole plasma of normal les is ~5 ng/mL, exceedin;
the dynamic range of aur mmk, we performed 3 lB’Hs
difution to the plasmas before analysis. To eliminate the matrix
effect, the standard addition method was applied to calibrate
concentration. We measured the f values of two diluted
plasmas and calculated the original CEA concentration in the
whale plasma on the basis of the standard addiion curves
(Fisnu 4). The final obtained CEA concentrations were 053
and 0.46 ng/mL respectively. These data showed a little
difference with those pravided by the hospital (054 and 0.78
ng/mL). This might be attributed to the different sources of
the proteins and antibadies because the sources of proteins
wsaally affected the activities and purity of the proteins.

B CONCLUSION

In conclusion, we present a monstochastic protein counting
method for the quantification of low-abundant protein.
Through a combination of multiround evaporation-indoced
particle sedimentation and grid-assisted multiframe imaging, all
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the target signals counted exactly, The dynamic range of the
CEA measurement was 5—500 aM, and the LODs were 4.9 aM
in buffer and 6.1 aM in [0-fold diluted plasma. For spiked CEA
detection in 10% CEA-free plasma, the accuracy (RE < 8.0%),
precision {(RSD < 7.0%), and recoveries were acceptable.
Following the established procedure; twa clinical plasmas were
guantified by the stindard addition method and showed
comparable values with those provided by the hospital The
P rP d method supp d Poisson m‘:: of ﬂ'besrsbnchasﬁc
counting, improved the LOD and accuracy of the low
abundant protein assay, and considerable potential in
rare biomarl : ker dehechﬂq n Mmau il:l'!\‘.!‘liﬂP:
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ABSTRACT: Dl.pu.l

present a spectral imaging based

multiplexed b to have the ad
of high sensitivity, high analytical llm;hp\n, mull samplmg :r:!i"z?:g Jow cunmnp:x’::n"l:e

sandwich-

structured immi

the method was utilized to detect two tumor

in the form ufqummmdm (Qp)a Wtu:\saprmlnfmmpl,

vonic antigen [CEA) and

a-fetoprotein (AFP). The immunocomplex induced by CEA contained QD 655 nd QD 585 and

mwﬂdhytﬁ: spectral pattern of dual-color QD aggregat
based spectral micrascape, Immun
385 aggregate and were identified by the spec

CEA were uknhledwbe&ﬂmdﬂl(lphi at a signal-fo-noise ratio of 3, r

madel proteins in h

plasma d d the

ingle-malecule counting (digital detection] is at the
forefrant of immunoassays because it meets the requires
ments of early diagnosis,'™" quantifying biomarkers in the
range of sub-BM to aM. In theory, digital immuncassay has the
potential todmamglemhmkof:hmarhrh
“visualizing” 3 tag labeled antibody or 2 sandwich-structured

undera ission-grating-

mrlur:ﬂ by AFP were hbeled with the QD
blue-shift pattern of same-color QD aweptes. Limits nf :l:l!dlon for AFP and

of the

Further quantif

Ly :

y and reliability of our approach.

fuid obtained through lumbar puncture. Therefore, multiplex
immunoassays with the desired sensitivity and specificity are
urgently Mﬂied for dinical a.pplu:atnns

To recognize i in heteragy multiplex
immunoassays, researchers nmlly use two strategies. One is
the spatial position, where the signal is detected. e ol

containing at least two taglabeled mﬂ;ud:eﬁ Specific domains of the sensor are decorated with destined
Similar to i ¥ dtph‘i_u T i o tibodies, and thus, immunocomplexes can be easily
Eﬁu‘- o d‘““" n;::‘ 5 L, identified by the signal location. Typical examples are various
leses can be ditinguished from the feee taghbeled 27 based mmmunossiys ch 22 electrode s, manos
b wire ammays,” microfluidic channel arrays, nanopore
;:hhmhu. mﬂ'mut any s:pa::m::m ne}:s. Therefore, d:p\zl et ot sk ok .t e 5
mage: td nw“r - 1 L Anat|
due to easy operation, cost-effecth and minimal artificial (SERS) oy ; her was .r-“tl‘-—n “Ehh‘?d
interference. To count sandwich-structured immunocom: antibody for a ‘P“'ﬁ‘ e Nanog
gluu, detection strategies were developed, such as monic Pm'dﬂ\- SERS tags, ehch’odurruul tags,””

ce and g light cross«c spectrum
from a compound of 2 silver nanoparticle and organic dye,'”
qu:m:hmE of wpconversion nanoparticles by gold nano.
particles,'' Forster resanance energy transfer (FRET) bdmn

QDs,"' organic fuorescent dyes,” and magnetic beads™

were exploited for these assays, By removing the analyte
unbound to the sensor and the tag-labeled antibody unbound
ta the analyt:, kimits of detection (LODs) of multiplexed

rganic e asynchronous spectral shift of a
qumtum&g:s (QDs) in the same color [smcﬁur QD
te),'" dulcolor fluorescent dyes or QD colocaliza
llﬂ'l. ** and plasmonic resonance energy transfer (PRET)
between QD and gold nanoparticles.”’ However, such
strategies were only used to detect single protein biomarkers.
A panel of protein biomarkers provides more :nmq:hmﬁ\'e
information on pﬂ!hn!opc:li processes than a sm;k
md T ‘J- : aﬂd A7 \' Teinl
immunoassays oﬁ:r slguﬁ'.ﬂnt :dmhp: tver u erin o
single-plex. assays, including d ﬁ:- o emors and
reduction in labor, time, umple, and reagent. Low sa
consumption is Criiced e samples such as cerebrospinal
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het ys were in the range of sub-nM to
M. chn.-r!r, multiple cycles of incubation and washing were
ded during Each cycle increased the risk of
cumulative error, cost time, and labor. Therefore, multiplex,
separation-free h ys are desirabl
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of multiplex eneous immunpassays is how to
dnunpu{ signals of each sandwich-stractured immunocom:
plu without isolating the immunocomplex, which makes
multiplexed homogenous immunoassays a challenge. To the
besl of our knowledge, mare studies achieved multiplexed,
homogeneons immunoassays at the cost of sensitivity." ™" In
their studies, signal enhancement between the SERS tag and
nable metal nanoparticles,’” localized surface plasmon
resonance shift of gold nanorods caused by analytes,” time.
resolved FRET between a‘.:pe: and fuorescent intensity of
anline-ca microbeads’ " were wsed for simultancous
quantitabive analysis of proteins. The aforementioned studies
were performed at the ensemble level and could nat achieve
the ultimate detection sensitivity of chemical assays, to count
the number of single molecules without any further chemical
amplification or enrichment steps, This study developed a2
spectral imaging-based mudtipl ous imr
by counting sandwich. structured :mummocm:pl:x:s in the
form of QD aggregates. As a proof of concept, carcino-
embryonic antigen (CEA) and adetoprotein (AFP) were
selected as model targets, and QD 385 and QD 635 were used
as fluprescent tags. As shown in Scheme 1, 3 tumor marker

Scheme 1. QD Aggregates Induced by CEA and AFP

)f*‘. [ ' ®

2 L
@ ICEACAQD 5 xadun.\-qnus ® EA
-

:( APAFT TIA- (D 538 & AFP

b

“'q"-ucu BA-h s
N |
‘.ﬂw cortiiing In plasms

pratein and its twa carresponding antibodies immobilized onto

B EXPERIMENTAL SECTION

Chemicals and Materlals. AFP, AFP capture antibody
{CA), AFP detection antibody (DA}, CEA, CEA CA, and CEA
DA were ordered from Shanghai Linc-Bio Science Co. Ltd.
(Shanghai, China). Bovine serum albumin, chicken egg
albumin, trypsin mhlhllnr, human serum albumin, phytohe-
maggletinin, transferrin, ﬂmazen, diallyldmethylam-
mnﬁnm chloride), and N-(3-( m&&tﬂmpwpﬁ) N-gthe
ylaarboditmide hydrochloride (EDC) were purchased from
Sigma-Aldrich (St. Louis, MO). A total of 4.0 mM phasphate.
buffered saline (PBS, pH 7.2) containing 155.2 mM NaCl,
carboxylic QD 655 (Cat. No. Q21321MP), carboxylic QD 585
{Cat. No. Q21311MP), a blocking reagent (Cat. No. 37550),
positively charged glass slides (Cat. Na. 4951plusd), and
coverslips were obtained from Thermo Scientific (Waltham,
MA). The chromatographic matrix, Superase 6, was purchased
from GE Mealthcare Life Science (Pittsburgh, PAL. A
transmission grating with 70 lines/mm was parchased from
Edmund Scientific {Barrington, NJJ.

Instruments. A Cary Eclipse fluorescence s
eter and 1260 Infinity hquld chromatography EAplmt
Technologies) were used to measure the QD fl uorucmc:
intensity and to purify QDs coated with antihodies,
respectively, ‘imﬂe particle :padni images were taken by an
Olympus [X71 q d with an Evolve 512
electron- multiplied dulge pl J device (EMCCD) {Photo-
metrics, Tucson _:I

QDS Modified with ﬁl‘!ﬂbﬁd" QDs were modified with 2
destined antibody ace g to the procedure provided by the
manufacturer. Taking an enmple of QD 655 modified with
CEA CA (antiCEA CA-QD 655), 5.0 uL of QD 655 was
activated with 100 gL of freshly prepared 1.0 mg/mL EDC.
The solution was filtered in a centrifiugal ultrafiltration tube of
20 kDa cutolf molecular weight to get rid of excessive EDC,
and then 12.0 pL of CEA CA was added into this QD 455
solution. The reaction lasted for 4 b in the dark. AntCEA CA-
QD 655 was purified with size exclusion chromatography
(details in the Supporting Information and Figure $1). Figure
51 shows that antiCEA CA-QD 655 was separated from the
excessive CEA CA and QD 655 AntiCEA CAQD 655 was

their own QDs formed 2 sandwich-structured i o
plex. An immunocomplex induced by AFP and CEA was
considered as 2 same-color QD aggregate (QD 583s) and a
two-color QD aggregate (QD 583 and QD 655), respectively.
Observed (l.lllldlr 2 mnm?l-mowgamgbund single-particle
spectral imaging microscope, the spectrum of the two-color
QD aggregate showed a zeroth-order dut and two ferst-order
streaks, while the spectra of the i including
Ihe lﬁxpersrd QD: and the same-colar QD aggregates,

exhibited one zeroth-order dot and one frst-order
m&. Therefore, the immunoco induced by CEA was
identified by the spectral pattern of two first-order streaks and
then counted. In our previous studies, we found that the frst-
arder streak of same-color QD aggregates sp|:|t befare
bleaching, whereas that of a dispersed QD did not™"
Therefore, the immunocomplex induced by AFP was
recognized by the criterion, the fint.order streak splitting
under continuous irradiation, and then was counted. The
LODs in sohetion for AFP and CEA were calculated to be 002
and 0.10 pM at a signal-to-naise ratio of 3, respectively. The
successful quantification of the model targets in human plasma
demonstrated the reliability of cur approach in clinical
applications.
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collected and stored in a 4 “C refrigerator. The AntiCEA CA-
QD A55 concentration was determined a to the
fluorescence intensity of QD 655. QD 585 modified with CEA
DA (aniCEA DA-QD 585), QD 585 modified with AFP DA
(anHAFP DAQD 585), and QD 385 modified with AFP CA
(antAFP CAQ_D 585) were red following the above
pru-ned'me_ ngcmﬁu D 655 and QD 585 were
¥ = 841.7x — 3602 (correlation coefbicient of 0.997) and y =
10079x — 8015 (comelation coefficient of 0.999), respsc.
tively.

Immunoreaction in PBS Buffer. All of the probes were
blocked with a 5.0% {v/v) blocking for 30.0 min prior
to use. A total of 9.5 pL of 8.43 nM antiCEA CA-QD 635, 8.4
pL of 955 nM antiCEA DA-QD 385, 85 uL of 9.40 nM
anBAFP DA-QD $83, 7.3 pL of 1100 nM antiAFP CA.QD
583, and 4.0 L of protein in PBS buffer were mixed. The
mixture was filled up to 80.0 4L with PBS buffer, and the S0.0
pL solution was referred to as the immuncreaction solution.
The reaction lasted for 0.5 b in the dark. Each experiment was
repeated at least three times.

Immunoreaction in Plasma, The plasma samples were
from Xuzhou Center Hospital. All subjects signed the written

Errpeciiin dal org/10 723 1 makcham So040 X0
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imformed consents. Blank plasma was used 25 2 matrix whose
bacl and recovery were suppased to be matched with
plasma. The blink plasma was prepared by removing AFP and
CEA through filtering the plasma in 2 centrifugal wtrailtration
tube of 30 kDa cutofl malecular weight. The immunoreaction
was conducted according to the above protocol, except that 4.0
#L of protein in PBS buffer was replaced with 10.0 uL of
protein in the blank plasma or 10.0 gL of the plasma sample or
10,0 L of the plasma sample spiked with CEA and AFP (the
concentration of the spiked CEA and AFP was 160.0 pM)L
CEA and AFP in the plasma samples were measured with an
dgm;;r" emilumi y analyzer, Cobas
8000, " by Xuzhou Center Hospi

Specimen for Single-Particle Spectral Imaging. Each
antibody-modified QD in the i ction was
diluted to 0.025 nM with PBS buffer, and this diluted solution
was referred to as the test salotion. A total of 1.5 uL of the test
salution was dropped onto a pesitively charged slide from
Thermio Scientific, covered with a covenlip, and sealed with
nail palishing oil. The commercial glass slide was coated with
poly-Ldysine and wsed without any treatment. It was d

ence  im

| ey

streak, which could be done by the naked eye because the
distance difference between QD 635 and QD 585 was obvious
(Figure 53). The QD with a large distance was identified as
QD 635. The rest of the QDs were identibed as QD 5855, The
third step was to count the QD 655, the (Ds with one dot and
two streaks, and the QD 585 whose first-order streak split

before bleaching,

B RESULTS AND DISCUSSION

Proposed Principle. The core of the multiplexed
genous | y is to distinguish the signal of

each immunocomplex from that of the rest of the substances
without separation.” ™" Single-particle detection can directly
observe single particles and discaver particle heterogeneity
hidden in czeemllk detection.’ " Far example, sins]e-gm'ch
transmission-grating-based spectral imaging is capable of
distinguishing the same-color QD aggregate from the dispersed
QD by its spectral blue-shift pattern. ™" The Grst-order streak
of the same<olor QD aggregate splits before bleaching,
whereas that of the dispersed (JD does not. This characteristic

that the immunocomplex was adsorbed onto this shide t h
the binding of its negatively charged, acidic amino acids to the
positively charged poly-L-lysine. Only QDs adsorbed onto a
ass slide could be imaged. Compared to 2 normal glass shide
that was negatively charged, this positively charged glass slide
made adhesion of the negatively charged QDs faster and easier
due to electrostatic attraction. The specimen was ready for
single-particle spectral imaging.
ransmission-Grating-Based Single-Particle Spectral
Imaging. Scheme SI shows the principle of a transmission-
grating-based spectral imaging. A transmission grating was
inserted before EMCCD. The transmission grating split light
from ane cmitter into two beams: a zeroth-order beam in the
shape of a dot and a first-order heam in the shape of a streak
The zerath-arder beam and the first-order beam were referred
ta as the xerothorder dot and the frst-order streak,
respectively. The wavelength (1) conformed to the formula 4
= L % d/5, where §, d, and L are the distance between the
transmission grating and the EMCCD, the grating constant,
and the distance between the zeroth-order dot and the
carrespanding frst-order streak, respectively. In our setup, the
value of d/5 was measured to be 195 mn,l’]:md using QD 633
as the standard.

To ensure single-particle spectral imaging, the total
concentration of QD5 in the test solution uld be below
0.40 nM. For each specimen, 13 | were randomly
:m:ged. Far each location, images were aubnuﬁc.lﬂy taken
into a group with a 300 ms interval until QD 583 was bleached

Image Analysis. The images were opened with Image J.
Tigure 52 shows a typical single-particle spaciral image. The
first step was to make 3 pair of the zeroth-order dot and the
first-arder streak from the same emitter by their positions. As
shown in Figare 52, when the graph drawn by connecting the
dots was similar ta that by the streaks, the dot and the streak in
the same positions of the graphs were paired. The graph was
adjusted by deleting {inserting) the dot (the streak). The
zeroth-order dot and the first-order streak that could not make
a pair were not d in the sub | t analysis. Totally, 10
mages out of 13 were randomly selected, and all of the QDs in
these images were processed. The number of QDs was around
300 The second step was to id:ntif){ the QD color by the
distance between the zeroth-order dot and the Erst-order
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was exploited far a single plex h enpus immunoassay with
femtomolar mn.m";;'f;ﬁ pEpr. stadies, we belicy that
single-particle detection might have great potential in multiplex
homogeneows immunoassays.

As a concept, a duplex homogenouws immunoassay based on
single-particle detection was developed with QD 585 and QD
655 as probes and with CEA and AFP as model biomarkers. As
shown in Scheme 1, a specific biomarker and two
correspanding antibodies that were immobilized onto their
own (QDs formed a sandwich-structured immunocomplex
when they met. The immunocomplex induced by CEA and
AFT could be regarded as the two-color QD aggregate {QD
585 and QD 655) and the same-color QD aggregate {QD
385), respectively. When observed under an optical micro-
scope, the aﬁmp!t& QDs in an mmunocomplex could pot be
observed as multiobjects but as one because the distance
between the QDs was less than the optical diffraction
limitation.*'* When observed under a single-particle trans.
mission-grating based spectral microscope, it is reasonable to
deduce that (1) the QD aggregate exhibits one zeroth-order
dot because its dots, which spread in the direct transmission
direction, overlap; (2) the two-color QD aggregate shows two
first-order streaks becawse the streaks of the aggregated QD
633 and QD 585 cannot overlap (Figare 52); and {3} the rest
of the QDs (the same-color QD aggregates and the dispersed
QDs) exhibit ane fist-order streak at the beginning of imaging.
Therefore, the immunocomplex induced by CEA cn be

recognized by the unique spectral pattem of the twa-color (D
aggregate, one dot two streaks. The aggregate of QD 5385
is sup to be identified by the criterion, the first-order

streak before bleaching, as mentioned previously.

To b‘:ﬂh‘:’l:'s hypothesis, w:sc‘umpmd the r:l:pnns:d:fﬂle
two pairs of probes in the presence of CEA and AFP to that in
the absence of CEA and AFP. Videos S1—54 show the bypical
spectral changes with time. For convenient reading, the videos
were edited into a series of frames and are shown in Figure
LA-D. As expected, in the absence of the targets, the spectrum
patterns of all of the probes were the same, a dot and a streak
at the beginning of imaging, and the streaks did not split with
irradiation time increasing (Figurs 1A,8). By contrast, in the
presence of targets, the spectrum patterns of a dot and twe
streaks appeared at the beginning of imaging (Figure 1C).
Some streaks sphit before bleaching (Figure D). These

it ol oo /10U 551 Loy stalchien S 04000
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Fi 1. Typical speciral change with time. (A) Antibody-modified
QD $45 and (B) antihody-modified QD 658 in the absence of CEA
and AFPy (C) twoeolor QI aggregace (QD $85 and QD 655) and
(D) same-color QI aggregate (D 385) in the presence of CEA and
AFP. The conc of each antibody-modified QI was 0025
oM, and the concentration of both CEA and AFP was (L0335 nM

phenomena supported the existence of the two-color QD
aggregate and the mmecolor QD aggregate (QD 583),
respectively. Therefore, the sandwich structured immunocom:
plex induced by CEA and that by AFP were saccessfully
identified.

The multiplexed capacity of our approach might be further
increased. Theoretically, each twoQD aggregate represents
one biomarker, and thas the number of wo QD a tes is
equal ta that of biomarkers that can be simmudy
quantified by cur approach. The number of two-QD aggregates
is the sum of the two-color QD aggregates and the same-color
QD aggregates. The number of two-color QD aggregates is
Clm, 2) = nf[21(n = 2)*] = n{m — 1)/2, and the number of
same-color QD) aggregates is e Therefore, nin + 1)/2 kinds of
biomackers can be simultancously detected using v kinds of
QDs. For example, for two QDs in different colors, three
biomarkers can be detected.

mvlu.uu-.l =% Nmnm"‘Nm AEH where m\lm. Nm\nw
Nip ess represent the normalized number of adsorbed
sandwich-structured immuonocompleses, the number of
adsorbed sandwich-structured immunocomplexes, and the
number of adsoched (D} 635, respectively. For each par of
probes, we draw the following conclusions from Figure 1. (1)
The 0N, .. value of the matched target alone was close to
that of all of the targets (1) The 0N, value of the
nonmatched target was close to that of the PBS baffer. (3} The
NN g Value of the matched target was much higher than
that of the PES buffer. These results indicated there was no
cross-talking between the targets.

Good selectivity is crucial to accurately quantify targets
when d:a]'mg with clinical samples. To assess selectivity, we
compared the respanse of the prabes to the targets (1.8 nM)
with that to some species (138 nM) existing in plasma in
Figure 3. The nN p, values of those species were almaost

W amAFP pobes
W it EA probes

Immusacomples (%)
= =5 =2 &8585t

Narsmialired nunbor of

TENEFE
FEEYRY,

Figare 3. Selectivity. Proteins: human serum albumin, ﬁhﬂrmgen.
transferrin, epidermal grawth factor, concanavalin A, trypsin inhdbitor,
lectin, and oval abomin. Amino acids: glycne, aludne, valine,
iscleucine, leudne, prolise, phenylalanine, wypeophan, methionine,
tyrasiise, sering, cysteine, threanine, isparagine, spartic acld
glutamine, glutamic acld, lysioe, arginine, and histidine Anions:
CI7, 807, and COF-. Cations: K*, Na?, Mg™, Ca**, Fe*, and Cu'.
The blank plasma was prepared through fltering the plasma with &
centrifisgal ultrafiltration tube with 30 kDa cutofl malecular weight

Cross-Reactivity and Selectivity. Multiplex i
assays must exclude cross-talking between targets. Two sets of
comparisons were performed to evaluate the cross-talking
between the targets. One was to compare the nses of 2
specific probe pair to its matched targee with that to all of the
targets (Figure 2). Another was to compare the response of 2
specific probe pair to the nonmatched target with that 1o PBS
buffer (Figure 2). Since QD5 were randomly absorhed onto a
slide lhrungh electrostatic attraction, the number of adsorbed
sandwich structured immunocomplexes was normalized by the
adsorbed QD) 635 according to the following equation:

o B antiAFT psbes
:E:u o antiEA prebies
fia
3 ]
} n
- =1

8

CEA-AFP  AFP CEA CEA AVF

PES

Figure 2. Cross.reactivity between targets. The concentration of both
CEA and AFP (s 0028 nhL
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equal to that of the PBS buffer and much lower than that of the
targets. To further evaluate selectivity, the response of the
probes to the fargets was compared with that of blank plasma
(Figure 3). The nN;._,,, values of the blank ma were 2
little bigger than that of the PBS buffer and by far smaller than
that of the targets. The results demonstrated the good
selectivity of our duplex h i

Detection in PBS Buffer.
h

5 im ¥.
The performance of the duplex
R y was evaloated in PBS buffer.
Figure 4 shows the relationship between the nN|__.. value
and the target concentration. For each target, the N,
value was in positive proportion to the logarithm of the target
concentration at low concentration and in negative proportion
to the logarithm of the target concentration at high
concentration. The working curve in the shape of an inverted
"V had been re?oded in studies on single-plex homogeneous
immunoassays.” ~'* The reasons for the inverted V working
curve were as follows. {1) When the probes were excessive, all
of the immunocomplexes existed in the form of 2 sandwich-
structured complex that contained (D aggregates. Therefore,
the NN, value increased with target concentration. (1)
When the target was excessive, the immunocomplex existed in
two forms: the sandwich-structured immunocomplex and the

imm
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Figere 4. Flot of dized bes of | pl against

the Jogarithm of target coacentration in FBS butfer,

target-antibody immobilized onta a QD. With the target
concentration increasing, less QD aggregate immunocom:
plexes formed and, corespondingly, mare one-QD immuna-
complexes formed. Therefoce, the nN,,....., valoe decreased
with target concentration. Ta use the inverted V warking curve
correctly, the sample and the sample spiked with a small
:moum of standard target are required to be measared. If the

cxsuisna Value of the sample is bigger, then the negative slope
vnll be used. Otherwise, the positive slape will be used. The
LODs :fnr Cl‘.ﬁ. and AFP were estimated to be ©.10 and 002
pMata ratio of 3, respectively. The LOD values
ware vmmpqnble to those af h:?u-qxu.llty, multiplexed, and
heterogeneous immumoassays. The limits of quantifica:
tion (LO(s) for CEA am‘IA.FP were calculated to be 0.3 and
0.1 pM at a signal-to-noise ratio of 10, respectively. The high
sensitivity of our i y might be atiributed to the
excellent resolution of each immumacomples.

Stability. Stability was reflected by the response of the
prabes from the same batch to the same sample every 2 days
and the response of the probes from different batches to the
nmenmpk.'[htnhl’m valnes in the twa groups are qui
stable, a5 shown in Figure 3AB. The relative standard
deviations (RSD] of the nN,..., values were in the range
of 0.6-3.9%, indicating that owr approach has good
reproducbility.

Detection in Plasma. Duplex homogeneous immuno-
assays were suhsequently performed in blank plisma. The

4

[ ot s i_uu:hn-ln X

Norymalioed mumher of
I necemples (Ta )
2583

{ Tiwe (dby) "
a0
| At A i B
s
5
30

Norpresiicd sussber of

irraveal
=
w

3 e ?

ty. (A} Resporse of the probes from the same batch

pn.’i
and (B) response a!' the probes from different batches to the same
sal
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blank plisma was prepared by fltering the phsma in a
centrifugal ultrafiltration tube of 30 kDa cutoff molecular
weight to remove CEA and AFP. The nN, ., valnes of the

blank plasma with different amounts of CEA and AFP
were measured following the aforementioned procedures.
Figure & presents the standard calibration curves in blank

“ 1
Vg of target ..-.'.. P

Figere 6. Plot of the lized ber of 3
against the Jogarithm of targer concentration in blank plﬁuu.

plasma. The curves were highly similar to thase in PBS bufer.
The LODs in blank plasma for CEA and AFP were estimated
to be .02 and 0110 pM, respectively. The LOQs for both CEA
and AFP appeared to be 030 5:: The values basically
with those in PBS buffer, indicating that the blank
worked well

Plasma samples were spiked with AFP and CEA, and the

concentration of both spiked AFP and CEA was JGH
BN, values of the plasma samples and the sp
samples were determined and used to quantify AFP deEA.
according to the standard calibration carve in blank plasma.
Table | summarizes our AFP and CEA concentration values in

Table 1. Comparison between Values Measured by Us and
by the Hospital

Sl ()

by

I CEA P02 1T 204 24 =06 153518
AFF 539205 2p202 L13R=A7 SlA x4
1 CEA 689+ 0l IT1x10 103}3x1l %5+ 10
AFF TI5202 01 +03 ez 9+13
3} CEA 452:x06 U730 VA2 12 5219
AFF 24+ 10 1307 208 Pi1=14 9 +15
4 CEA 333z04 1824203 Br=a? Wo+17
AFF  X0x06 196209 0&Dx 15 B7+13

the plasma and the spiked plasma and the plasma values
measured by the hospital. Our values were close to those by
the hospital. The recoveries ranged from 93.1 ta 113.8%, as
shawn in Table 1. The results verifiad the reliobility of our
approach in dinical tests.
B CONCLUSIONS
A duplex bonws:nnlz: :mmunmsn}' was conducted by
counting each & leves induoed
by CEA and AFP were identified by the unique speﬂnl pattern
of a tworcolor QD aggregate and the unique blue-shift pattern
of the same-calor QD aﬁfiu' respectively. The LODs are

comparable to thase of high-quality heterogeneous immuno-
assays. Our approach has great potential in clinical

it i chok o 10 D83 i it e 004020
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applications, as verified by the successful quantification of the
madel targets in human plasma.
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Antihady-modified QP purification, transmission-gra-
ing-based spectral imaging microscope, experimental
mﬁm optimization, sll'lslﬂ] sampl?tin?gp standard
addition, and fraction of the im plexes imaged
(PDF)
Spectral changes of an antibody-modified QD 655 with
time in the ahsence of CEA and AFP (Video 51) (AVI)
Spectral changes of an antibody-modified QD 385 with
time in the absence of CEA and AFP (Video 52) (AVI)
Spectral changes of an aggregate of QD 385 and QD 635
induced by CEA with me in the presence of CEA and
AFP (Video 53) (AVI)
Spectral changes of an aggregate of QD 385 and QD 585
induced by AFP with time in the presence of CEA and
AFP (Video §4) (AVI)
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Immersed Dielectric Microspheres for Quantum Dot-Based Digital

Immunoassays
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ABSTRACT: Quantur dul (QP) based tllgl!a] lay Fote i ulk B détecon:
, the f an abj with 1}nghmmmul:pertum(m)1mlslhe pplicati ufﬂm Here,
hash-quality 4mayng of massive single-QDs was achieved by the combination of an air objective (20x/0.4 NA) and liquxdqmmemd

microspheres (150 pgm, n = 2.2). The signal-to-noise ratio was comparable to that of a 1007:/1.4 NA oil ebjective. Digital analysis of
prostate-specific antigen (PSA) was performed within the dynamic range of 0-50 ng/ml. and a kit of dmm:m of 0.17 ng/mL.

The measured serum data from the PSA were dose to the values p

and low-NA

ided by a | I Using a fow

objective may reduce the barrier of microscopy miniaturization and is benefical to popularize Biomaleeular digital analysis.

pantum dots (QDs) are excellent ﬂunumnl tags for
labeling biomolecules, viruses, and cells* Single-QD
imaging technology has been proven to be effective for the
high- nmnumy detection of biomarkers by a counting
process. Cmnpa’ndmlhu ional & ity-determined
measurements, single-molecule analysis exhibits uitr:dnsh
uunlrvity and i not affected by Huctustions in iu!mnly
Various b lecules, including tDNA,” protein hiomarkers,”
and enzymes,* lnw.- been measured amml]r bly counting
single-QI} emissions, ? colocalization of QD dimers,"” or dngle-
molecule FRET signalx.'’ To the best of our knowledige, most,
if not all, single-QD counting procedures are qu‘ﬁm‘md using a
total internal reflection ﬁuur:s:en:e (TIRF)'® or a wide-field
=p|ﬁunmn== mw.ms:np: eqmyped with an oil-immersion
ive. To imize the coll s and achieve enough
lution, the ical aperture (NA) of the oil-immersion
objective sl:ould be higher than 1.2 (Table 1). These high-NA
objectives are expensive and complex, which increases the
experiment cost and sets a high barrier for application outside
research laboratories.”? In addition, heat conduction of oil &
quu:k. tausmg a sustained uhemum at high temperature
fore, g single-QD images by using a
lnw NA and ud free nbpcclwe i mdnpgmabl: and challenging.
Dielectric colloids (DCs) are classic micro-optics ele-
ents''” due to their high focusing ability, Large commercial
:\’llllblhl)‘, and Jow cost. These elements play an important

T
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Table 1. Review of Objectives Used in Single-QD Imaging

spplicstions of (in objective  magniication  NA e
aptcal properies wl & 14 %
ol 100 142 g
single molecule tracking ol &0 149 18
ol 100 13 9
wl 100X 145 0
direcy ingle-particle counting ol &0x 142 3
ol &0 145 L+
colocalization of dimers ol 1000 13 33
ol 100x 14 M
singe nsolecade FRET ol 1pax 1.4 i5
ol 100 146 &

our method air 0K o4

role in the detection of singe-molecule fAuorescence. The
fluorescence enhancing effect of DCs, which is also known as
the “photonic nancjet” effect,’” & ascribed to the focused
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excitation intensity and the improved collection effici
Single-molecule fluorescence-correlation spectroscopy Ius
been measured by wsing 3 confocal Auorescence mmﬁcugg
with a 40x/1.2 NA objective plus 20—5.0 pm latex spheres.
The small confocal volume of colloids and the precise
alignment limit the applications. Schwartz et al. obtained the
images ofsinﬁe Cy3-labeled m\'.pla.vulm or dsDNA by using 2
TIRF microscope with a 20x/0.5 NA air objective plus 2.0 ym
Ti0, spheru. The field of view (FOV) of a 2 ym sphere is
too small to quantify massive molecules. The direct solution is
using spheres with a larger diameter. However, the photonic
nanejet effect decays drastically with the increasing particle
size. From the theoretical caleulations,”” the proper size range
of spheres is 2=9 um to obtain adequate intensity and
resolution. To increase the detection throughput, a micro-
device integrated with 3 large number of DCs has been
Ebricated to detect gold n.mnp:rhdcs in flow either by
backscattering or fluorescence.” * The minimum detectable size
is 50 nm (backscattering) or 20 nn (fluorescence), which is
not adequate for a single-molecule or a single-QD. The
complex microfabrication and elaborate particle assembly are
also issues for practical application. To date, single-molecule
quantification by using 2 populady applied wide-field micro-
scope :.n:l 3 low-NA objective (NA < 0.5) remains a
:l'u.]ImEe

Here, high-quality imaging of a single-QD was achieved by
using a wide-field microscope with liquid-immersed barium
it glass microsph BTGMs, r = 2.2) and a 20%/0.4
NA air objective. Given their large size and high refraction
index, the liquid-immersed BTGMSs increased the efficiency of
detecting fluorescence, improved the resolution, and offered a2
relatively high FOV (~100 pm), which were suitable for
massive single-QD imaging. Taking prostate-specific antigen
(PSA) as an example, the digital assay of a protein biomarker
was realized using a low-cost and simple operation. The
proposed method avoided the use of 2 high-NA objective {NA
> 1.2), lowered the threshold of single-QD imaging, and was

ficial to popularize single-molecule research.

B EXPERIMENTAL SECTION

Materials and Instruments. BTGMs with different sizes
(5—22, 30—E00, and 145—150 pm) were purchased from
Cospheric. Polystyrene (PS) microspheres (20 pm), N-
hydroxysuccinimide (NHS), N~(3—d.lm:ﬂrylunmuprup‘ﬂ) -N'-
ethylcarbodiimide hydrochloride (EDC), and 3-aminopropyl-
triethoxysilane (APTES) were purchased from Sigma-Aldrich.
Capture antibody (CAb), detection antibody fmAb), and
prostate cancer antigen (PSA) were purchased from Shanghai
Linc-Bio Science Co,, Ltd. (China}. Carboxyl-terminated QDs
(emission, 655 nm), SuperBlock (PBS) blocking buffer, glass
lides with positive charge, and coverslips were purchased from
'I'.h:r.mn Fisher Scientific. Sylgard 184 PDMS oligomer and

agent were from Dow Coming, Bovine serum albumin
(BS % glutaraldehyde, Tween 20, NaHCO , and acetone were
from J&K Scientific Ltd. (Beijing, China). Ultrafilters with a 3
kDa molecular weight cotoff (Amicon oltra-0.5 mL centrifugal
filters} were from Millipore. Glass slides without a surface
charge were obtained From Citotest Scientific Co, Ltd.
(China).

A 4 in, single-sided lithography machine (H94-25C) was
purchased from Sichuan Nanguang Vacuum Technology Co.,
Ltd. The plasma cleaner (PDC-32G-2*) was pravided by
Harrick Plasma. A blade coater (MSK-AFA-ES200) was
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hased from Shen Zheng Kejing Star Technology Co.,
Ltd. An inverted fluorescence microscope (ECLIPSE Ti- u)
was from Niken (Japan), and a CMOS camers (Prime-958)
was from Photometrics. An LWD-CA20.PL 20%/04 NA
objective and UPlan-FLN 10%/0.3 NA objective were from
Olympus (Japan). A Plan-Apo-Ve 100x/ 1.4 NA oil objective
was from Nikon (Japan).

QD Sedimentation and Imaging. A PDMS membrane
with a height of 2 mm was fabricated on a blade coates, and a
0.5 em of cireular hole was punched through it. The resulting
PDMS membrane was attached to a glass slide with a positively
charged surface to form a reservoir. Then, 20 ul of the QD
solution (50 pM) with an emisson of 655 nm (QDsg,) was
pipetted into the reservoir and incubated for 30 min, After
being washed thrice with NaHCO, (50 mM, pH 9.0} solution,
the PDMS membrane was pecled off from the slide. The
BTGM suspension (20 uL) was added to the slide and sealed
by a coverslip. Afterward, the QDy, was observed under a
10/0.3 NA or 20x/0.4 NA objective and imaged by using a
CMOS camera. For the 100x/1.4 NA objective, 2 uL of
NaHCO, (50 mM, pH 9.0) solution, instead of the BTGM
suspension, was added.

Fabrication of the QD-Labeled DAbs and PSA
Immunoassay. The QDsy, solution (5 ul, 8 pM) was
mixed with 10 gL of NHS {$ mg/mL) and 10 gL of EDC (5
mg/mL) solstion. The mixtures were reacted at 25 °C for 15
min to activate QDsgyq. Then, 20 ul. of DAbs (2.2 pg/mL)
were mixed with 92 ul of the activated QD solution and
incubated for 4 h at 25 °C. After centrifugation, a
superblocking buffer was added to block the active sites for
30 min at 25 *C. The volume of the superblocking buffer was
4% of the total volume.

Clean glass slides were immersed in 1% (v/v) APTES
solution for 30 min and washed thrice by acetone. Then, the
glass slides were dried in a vacuum oven at 80 °C for 30 min
and immersed in 10% (v/v) ghetaraldehyde solution at 37 °C
for 40 min. After several times of washing by DI water, a
PDMS membrane with holes (diameter, 5 mm} was attached
to the dide to form reservoirs. The CAb solution (20 uL, 07
prg/mL) was added in one reservoir and kept overnight at 4 “C.
The reservairs were blocked with 2% (w/v) BSA solution for
30 min.

The PSA solution (20 pL) was pipetted into une reservoir
and reacted at 25 °C for 1 h. After removing the reacting
solution, the reservoir was washed thrice by 0.1% (v/'v) Tween
20 buffer (10 mM PBS, pH 7.4). Then, 20 L of QD-labeled
DAbs (400 mM) was added and incubated at 25 °C for 1 h
Then, the reservoir was washed several times by 0.1% (v/v)
Tween 20 buffer. The PDMS membrane was peeled off The
BTGM suspension (20 yL} was added to the substrate and
sealed by a covenslip. Afterward, the immunocomplexes were
imaged by an inverted microscope with a 20x/04 NA
objective. A circular region with a diameter of 825 pm was
chosen at the center of 2 BTGM as the counting region. The
number of immunocomplexes was recorded within the
counting region from five or ten BTGMs.

Serum Analysis. Serum was difuted by PBS by 2-fold. The
PSA standard was spiked in 50% (v/v) serum. The fnal
concentrations of the spiked PSA were 0, 1, 2, 3, 4, and 5 ng/
mb. Then, the PSA-spiked serum were mexused by the
established immuneassay procedure.

it/ iotarp/ 191031 fscs aradcham 1503707
Asal Chem. 2020, 91, 1204812059
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B RESULTS AND DISCUSSION
BTGM-Boosted Fluorescence Imaging of Single QDs.
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The setup of BTGM-boosted QD imaging it shown in Figure FIFFRIEE: hit

IA. QDs were immobilized on the surface of a glass slide with ,” 01021/8 o
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Figure 1. (A) Schematic of the single-QD imaging setup, Fluorescent
images of QDs (emission, 635 nm) in the (B) presence or (C)
absence of BTGM. Scale bars: 11 prm.

positively-charged  groups through electrostatic interaction.
BTGMs were distributed above the QD layer by natural
sedimentation. After sealing with a coverslip, the QDs were
observed under a 200/04 NA objective and imaged by a
CMOS camera. In the presence of BTGMs bright and
randomly distributed fluorescence dots were observed clearly
(Figure 1B), and most dots showed a typical “blinking”
phenomenon. In the absence of BTGMs, the image was dark
and no fluorescent dots appeared (Figure 1C), indicating that
the BTGMs played a positive role in QD imaging. The
enhancement effect of BTGMs may be attributed to the
following aspects: focusing of the excitation light from the
mercury lamp, which intensified the QD excitation; directing
the radiation of the emitter, which enhanced the collection
efficiency of rays; and mag’niﬁc:ﬁm of the virtual image, which
improved the resolution.™ By using printed lines with 15 and
30 pm widths to test, we found that the bright-field images of
these lines were magnified aboat 2-fold in the presence of
BTGMs. Se, the scale bars in the region of BTGMs were
calibrated by using a 2-fold magnification.

The most straightforward signature of fluorescence arising
from 2 single QD i stepwise phutub]zuhing,n Here, the
photobleaching curve of QDs was investigated using a 20%/0.4
NA air objective combined with BTGMs (Figure 2A). The
intensity of the bright Auorescent dot fluctuated in an
intermittent on—off model at the At stage, and the signal
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Lovacliatiing ton

iF
|
""" EBE

Figure 2, Venfication of single- QD emission. (A and D) Fluorescent
images of QDs. (B and E) Photobleaching curves of QDs
corresponding to the dots denoted by the red-dashed box in part A
and D. (C and F) Intensity distnbutions of 100 QDs. Scale bars: 5.5
pm (A) and 22 pm (D).

abruptly dropped to the background level after photobleaching
{Figure 2B). This tendency was similar to that using a 100x/
14 NA oil objective alone {Figure 2D,E). The difference was
that the combination of 20%/0.4 NA objective and BTGMs
accelerated the photobleaching of QD, which was due to the
enhancement of the local excitation intensity. Another
signature i the intensity distribution of single QD. The
measured fluorescence intensity of 100 QDs displayed a typical
Gaussian distribution. The peak value by wsing a 20x/04 NA
objective with BTGMx was comparable to that using a 100x/
1.4 NA oil objective. The results of the photobleaching curve
and intensity distribution d ted that the 20%/0.4 NA
air objective could resolve the single-QD emission under the
assistance of BTGM. Thus, a simple and low-cost method for
single-molecule Auorescence imaging is provided. Compared
with commercially available oil objectives with high NA, the
combination of an air objective (20x/04 NA) and liquid-
immersed microspheres offers three advantages: low cost, a
long working distance, and air interface. Although the removal
of aberration-correction components from the high NA oil
objectives may reduce the cost, we are aware that the low NA
air objective is always less expensive than the high NA oil
abjective regardless of aberration correction. [n addition, the
long working distance provides a large space between the
objective and sample stage and overcomes the limitation of
ultrathin coverskips, both of which are helpful for the
integration of more functional units in a microdevice and
convenient for operation and detection.

Optimizing the Quality of Single QD Image. The
quality of the Buorescent image is evaluated from two points,
namely, the net Huorescence intensity minus the background
(F.:) and the FOV of singe BTGM (Figure 3). Two
microspheres with the same sizes but different refraction
indices were used as follows: PS sphere (n = L6, 20 pym)} and
BTGM (n = 2.2, 20 ym). The cakeulated average F,. of 10
QDs was ~820 au for the PS sphere and ~1700 au for BTGM
by using the 20x/0.4 NA air objective (Figure 3A). The high

It ekiong/ 121021 fucs armlchem 11702
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Figure 3. Optimization of single- QD imaging, Comparison of the (A)
E, . of the PS spheres (20 pm, n = 1.6) and BTGM (20 pm, r = 2.2).
Influence of the diameter of BTGM on the (B} Suorescence intensity
and (C) FOV. Comparson of Fuy using 100%/14 NA abjective,
20x/0.4 NA objective with 150 ym BTGMs, and 10%/03 NA
objective with 130 ym BTGMs Parts A, C, and D are the average data
of 10 QDs.

refraction index led to a large F,,, which was in accordance
with previeus r*epum * The FOV of BTGM was ~14 pm,
which was similar to that of the PS sp]\:n: However, the
magnifying Bctor of BTGM was higher than that of the PS
sphere, reducing the effective imaging area.

Another affecting factor & the microsphere size. In the
experiment, the BTGM size was varied in the range of 50— 160
pm. The gaps between the fluorescence of the QDs and the
hadtgﬂ:tmd showed an u d Ii:rldenq' with increasing
BTGM size (Figure 3B). When the BTGM size exceeded 160
pm, single-QD emission was difficult to distinguish using the
20x/0.4 NA air objective. Meanwhile, the FOV was increased
from ~30 grm to ~110 pm, proportional to the BTGM size
(Figure AC). Under the limited density of QDs, the relatively
larger FOV contained more QDs in a single image, which is
beneficial for data collection in digital immunoassays. In view
of the FOV and F,, the BTGMs applied in subsequent
experiments were ~150 pm with an FOV of ~100 gm. Under
the best conditions, the F_, (~6100 au) of a 20x%/0.4 NA air
objective was comparable to that (~6200 au) of 2 100%/1.4
NA cil objective, revealing that the 20%/0.4 NA air objective
with BTGM was adequate for single-QD imaging {Figure 3D).
Although the 10x/0.3 NA air objective could differentiate
most single-QD emissions from the background, the low
signal-to-noise ratio may miss a portion of QDs with relatively
weak emissions, and considerable information may be lost
during the digital assay.

D1gltal Ana!ysu ‘of Cancer Related Biomarker.
Ddemnlﬂs I}lﬂ ﬂpm“mﬂ lﬂd Df dl!l‘..‘l.u! “Iﬂ!d blnm:l'k!“
is important for cancer screening. Here, a digital immu
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Figure 4. Digital analysis of PSA by using 2 20x/0.4 NA abjective
with 150 gm BTGMs. (A) Immuncassay procedure. {B) Fluarescent
images of singhe- QD under | BTGM with the PSA concentration
varied froen 0 ag/mL to 30 ng/ml. (C) Plots of Ngp, against PSA
concentration. (D) Standard curve of PSA assay. The stnubu.l results
were calculated from five BTGMs Scale bars, 5.5 gm

{Ngp,) were abtained by counting the fluorescent dots at the
central region of five BTGMs (Figure 4C). In the range of 0-
50 ng/ml, Ny, displayed a good linear relationship with PSA
concentration (Figure 4D). Once the PSA concentration
exceeded 30 ngiml, N, did not increase proportionally
because the capture antibodies were close to saturation. The
limit of detection (LOD) of the PSA asay was 0.17 ng/mL as
calculated by using the blank value plus 3 standard deviations,
and this LOD was well below the clinical cutoff values. The
digital analysix of PSA verified that the combination of BTGM
and the 20x¢/0.4 NA air objective provided a simple altemative
to single-molecule Auorescence sensors, which may lower the
barrier of single-molecule research.

Clinical Serum Measurement. The dinical serum has
complex components, including ions, small molecules,
protemns, and nucleic acids. For specific protein measurement

of PSA was pedformed using a 200¢/0.4 NA air objective mr.h
BTGMs Figure 4A shows the process flow of a QD-based
digital immunoaseay, including CAb immobilization, blocking,
antigen mcubation, QD-labeled DAb incubation, and imaging,
Compared with the commeonly applied processes that wse a
high NA objective, the proposed method involved a simple
additional step of BTGM sedimentation by gravity. The
Huorescent bmages of immunocomplexes under | BTGM were
captured at different PSA concentrations (Pigure 4B). The
fluorescent dots representing a single immunocomplex were
diferentiated clearly in space and increased with PSA
concentration. The quantitative data of the number of QDs
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in the serum, the spediicity of immuno-recognition is critical
Here, AFP, CEA, SCC, BSA, and NSE were used as interfering
proteins to evaluate the specificity. The concentrations of
nterfering proteins was set to 1.5 nM, which was 5-fold higher
than the PSA concentration (0.3 nM). Following the
established procedure, Ngp, obtained fom the PSA was
greatly higher than that from the interfering proteins, and the
nterfering signal was down to the level of the blank value
{Figure SA), both of which ensured the high specificity of PSA
réecognition.

Serum without any dilution has a relatively high background
signal due to its complex matrix. The general methed is

B o 1 2100 v snalthem L O 0B
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Figure §. PSA asay in the clinical serum. {A) Specificity evaluation.
(B) Matrix effect investigation. {C} Standard addition curve of PSA in
the serum {data was from 10 BTGMs).

diluting serum with proper folds before analysic. In this study,
PSA-free serum was used to determine the proper dilution
factor (Figure 5B). When the PSA-free serum was diluted by 2-
fold, Nyp, decreased by ~30%. Further dilution of the PSA-
free serum to 10% (v/v) led to no obvious reduction of the
background signal To reduce the background as low as
possible, the sera were diluted 2-fold with PBS before the
immunaassiay.

Figure 5C shows the standard addition curve of the PSA
measurement in 50% (v/v} serum. The PSA concentration
calculated from the standard addition curve was 231 ng/mL,
which was relatively higher than the value (1.23 ng/ml)
provided by a hospital. The difference may be attributed to the
distinct sources of the antibodies and deviation in the size of
the BTGMs. The recoveries of the spiked PSA varied in the
range of 93.7-110.5%, ensuring the accuracy of PSA
measurement from another aspect.

B CONCLUSION
We demonstrated imaging of single-QD by using a 20x/0.4
NA air objective plus liquid immersed microspheres (1530 gm,
n = 2.2). After optimization, BTGM enabled the 20x/0.4 NA
air objective a high signal-to-noise ratio, which was comparable
to that of the 100x,1.4 NA oil objective, and a relatively large
FOV (~100 pm). These characteristics were suitable for
single-QD based digital immunoassay. As an example, digital
analysis of PSA was performed with a dynamic range of 0—50
ng/mL and a LOD of 0.17 ng/mL. The serum measurement
data were dose to the values the hospital. In
:ompmsuu with a hlgh NA il objective-based digital
assay, our proposed method has the potential to be
mmlumml and integrated with a portsble microscope and
facilitates the QDY counting assay, which may promote the
application of digital immunoassays, especially in low-resource
regions
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ABSTRACT: The development of multiplexed immunoasays is
impeded by the difficulty in distinguishing labeled immunocom-
plexes from Fee probes and mwcﬁ.ﬁd]yngwmi probes. Here, we
aﬁemybed m overcome this hwe by cmnlin‘ core—satellite-
< 4 ly using dark-field and
ﬁwtma mi:mwnpy The  funor biomarkics of carcinoem-
bryonie antigen (CEA), a-fetoprotein (AFP), and prostate-specific
mhgm (PSA) were chosen as model targets. Gold nanoparticles
(AuNPs) with diameters of 70 nm were coated with the detection
antibodies of the three targets. Quantum dot (QD) 525, QD 585, ¥ VYA % - -
and QD 655 were modified with the apture antibodies of CEA, AP Obs Tutew Basdmalers MNP Scamerig O Plawésotiot
AFP, and PSA, respectively. Then, an immunocomplex containing
one AuNP and one or several QDs was formed, whereas free and mm:pedia]ly bound ymba had either m MNP or one QD.
When observed with 3 transmission grating-based spectral e, the i p had pping scattering and
fluorescent spectral images and were therefore identified and quantified pudziy The bi kets inside the i plexes were
recognized on the basis of the flucrescent first-order streaks of the QDs. Model biomarkers in buffer and in 12.6% blank phm were
quantified for validation. The limits of detection for CEA, PSA, and AFP in buffer were in dozens of femtomolar and were close to
those in blank plasma The results d trated that our ap proach worked well in distinguishing immunocomplexes fom free and
nonspecifically bound probex The successful quantification of the three targets in five human plasma simples verified the reliability
of our method in clinical applications.

B INTRODUCTION ance, they are restricted by stringent multiple washing steps
that are needed 1o remove free probes. These multiple washi

Compared with a si biomatker, a panel of protein e g
bﬁ:mpnlkm offers a ::ﬁ: informative mf;}u of l:aus: steps deteriorate antibody —antigen binding and lead to the loss
status’ and i thus more vahuble for physician diagnostics of immun:lcu!nplms_ Comrespondingly, "F“’":H‘?t’ I
Multiplesed immuncasmys lncrease mesurement pm:isim sent, cum auu emor increases, and analytical sensitivity is
and reduce sample and reagent t
ﬁmeam!mtpnrtut'l‘ K dnuhping tiplexed
ys with adequat lmd&vity and lpedﬁuqr for

clinical practice is k
Mdhplﬁed immmmp can be grouped into heteroge-
neous and homogeneous immunoassays depending on the
md for a separation process In heterogencous multiplexed

Wasl-ﬂn;-fme diplexed i ys have
been developed to “address the above ismies. However,
distinguishing immunocomplexes (detection probes bound to
the targets) Fom free probes is a challenge becuse the tags
inside the immunocomplexes and the tags in the unbound
dclem"lol: probes exhibit the same characteristics unless a

d vl St particular design s wsed. To date, three strategies have been
e g st dominant modes bave been developed (0 established 1o distinguih mulﬂyle boind probes from

Lt unbound probes without separation: (1) The i mplex

target encoding.™” In address encoding, each imnnomph
is preassigned a given zone on a sensor and identified on the
basis of the position of the generated signal. Typical examples Fecrveds: ' Decomiher 221
of address encoding are planar Accey March 24, 2022
aays, In target encoding, each kind of imuuooumpln is Published April §, 2022
correspondingly libeled with a tag which is uwsually either an
optical or electrochemical tag Although heterogencous
multiplexed i ssays have p d impressive perform-
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47



Analytical Chemistry

pubs.acrorg/ac

Aricle

it captured online, and the signal of the immunocomplex is
remarkably higher than that of the unbound detection probe
A core—satellite-structured immunocomplex of a polystyrene
bead and multiple upconvession nmanoparticle probes was
trapped onto the detection plane wiing holographic optical
tweezens, and crinocem i antigen (CEA) and a-
fetoprotein (AFP) were quantified on the basis of the
fluorescence intensity of their respective pmbm. (2) The tag
characteristic is olmouly dnn*d by target binding. Some
special ph dopted for this purpose. These
phenomena include SERS ad\mmmtcamﬂ by noble metal
manopartide plsmonic eoupling” Forster resonance en

transfer between fluorescent tags,™*° and the localized surface
phimon resonance pesk shif of noble metal nanoparticles
induced by the change in the surrounding matdx'' (3)
Immunocomplexes containing the aggregated detection probe
are directly distinguished from :n%k, .!inpaud detection
probes via single-particle detecti h, the
immunocomplex induced by CEA wnlxﬂ«l quantum dot
(QD) 685 and QD 585 and was distinguished on the basis of
the unique spectral pattemns of dual-colored QD <
Immunocomplexes induced by AFP contsined the QD 585
agg and were identified on the basis of the spectral blue
shift pauem of samecolored QD agyregates.
pmbes is

The pecific binding of o

another isue that lmits all i

sensing performance is greatly -I.muged wlun target
abundance is extremely low such that the target’s signal is
comparable with background signals or noise. Very recently, a
study reported a kinetic fingerprinting approach for directly
fikering out nonspecic binding for si xed immuno-
as);."‘ In this q:p-wdnre i & Hnsglnﬂid!:.s:rdy and a low-
affinity fluorescent antibody fragment (Fab) were uwted as the
capture probe and the delection probe, respectively. The
specific binding of the Fab to a single target adsorbed onto a
cover glas slip was tramdent and reversible, thus yielding a
temporal pattem of repetitive binding—dissodation events. By
contrast, Fabmonspedific binding resulted in few binding—
dissociation events at the same location. Fab-specific binding
was judged on the basis of the number of binding—dissociation
events and the median dwell time in the probe-bound state.
Similady, an approach baed on single-partide motion
trajectory analr:i wa developed to identify specifically
bound probes.’ It works by capturing the target on magnetic
beads, pulling the target—bead complexes into fL-sized
reaction cells modified with antibodies with the aid of a
magnet, capturing the target—bead complexes on the bottom
of the cells, and monitoring each bead. The specifically bound
beads showed characteristic Brownizn motion, which is distinct
from the motions of the beads in free diffusion and
nonspecifically bound beads.

wied a8 fluorescent probes. When targets were present, the
AuNPs bound with the QDs An immunoovmples, therefore,
had one scattering probe and one or several fluorescent probes,
wherexs a free probe and a probe (both were referred to s
umbound probes) that had advorbed nompedific interference
had either a scattering probe or a fluorescent probe. When
observed under a transmision grating-based spectral micro-
scope, the immunocomplex was distinguishable from the
m*mmd pmh by its ovzﬂqypin; .taﬂmmg and fluorescent

1 images M Wit Identibed an
152 o of s fst-ceder smid’ashgk QD. As proof of
this concept, CEA, AFP, and prostate-specifi: antigen (PSA) in
PBS bulfer and in 12.6% blank plasina were quantified In PBS
buffer, the limits of detection (LODs) for CIEA, PSA, and AFP
were estimated & 30, 50, and 10 (M, respectively. In 12.6%
blank plaima, the LODs for CEA, PSA, and AFP were 100, 60,
and 20 M, respectively. The LOD values in PBS buffer were
dos to thote in blank plaima, indicsting that our approach
worked well for recognizing specifically bound probes The
successful quantification of CEA, PSA, and AFP in five human
plasma samples demonstrated the reliability of our method in
dinical applications.

B EXPERIMENTAL SECTION

Chemicals and Materials. Fluoresient beads with
diameters of 2.19 ym were purchased from Bangs Laboratories,
Inc (IN). Concentrated AuNPs with diame ters of 70, 65, 60,
and 55 nm were bought from Nan (CO). Carboxylic
QD 525, carboxylic QD 585, carboxylic Q) 655, SuperBlock
buffer, PBS buffer (pH 7.2), positively charged slides, and
gass coverslips were purchased from Thermo Fisher Scientific
(MA). CEA, AFP, PSA, and their comesponcling detection and
cpture antibodies were ac from Sh Linc-Bio
Science Co. Ltd (Shanghai, China). Single-stranded DNA
sequences were customized by Shanghai Sangon Bioengineer-
ing Limited Company (Shanghai, Chima). ‘The sequences of
DNA ul and DNA u2 were HOOC-CCGAGC-5H (5 to
3" and GCTTGGCGG (5 to 37), respectively. Bovine serum
albumin (BSA), neuror-specific enolase, and N-(3-
[dimethylamino Jpropyl)-N-ethylcarbodiimide hydrochloride
(EDC) were procured from Sigma-Aldirich (MO). An
ultrafiltration tube with a molecular weight cutoff of 3 kDa
was purchased from Millipore. A size-exchision column (3/150
SuperoseTM 6 Increase) was obtained from GE Healthcare
Life Sciences (PA). Transmission grating (30 lines/mm) was

from Edmund Scentific (N]). Other materials were
purchated from local vendors.

Instrument. The study invelved the followin; nt:
a Nikon Ti-U microscope (Japan), a Prme-95B CMOS
camera from Photometrics Techno (Canada), a 1260
[xiiniy HPLC ﬁ'om Agilent Technology, an F-4600

In our previous research of homog i atsays, we
found that the nonspecific binding to the probes of 2 twu—
colored quantum dots (QDs) dramatically dw;fd

compared to that of two same-colored QD probes™ It might
be that the difference in the two-colored QD surface resulted
in fewer proteins that could simultaneously nonspecifically
bind to the QDs Inspired by this finding, we attempted to
further inhibit the nonspecific binding with gold nanopartides
(AuNPs) and QDs, whose surfaces were hugely different.
AuNPs coated with the detection antibodies of three targets
were wsed as scattering probes, and three QDs each of which
was modified with the capture antibody of one target were
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from HITACHI (Japan), a
Vortex-$ miner ﬁnm T'I:mm Fisher, and a Sorvall legend
micro 17R centrifge from Thermo Fisher.

Clinical Sample. The dinical samples were provided by the
Second Affiliated Hospital of Zhejang Univensity Hospital.
Each subject signed a written informed conse nt form. All of the
samples were treated in accondance with the procedure from
the Institutional Review Board of Jingsu Normal University.

Fluorescent Probe Preparation. The iluorescent probes
induded CEA capture antbody-modified QD 525, AFP
cpture antibodymodified QD 585, and PSA capture anti-
body-modified QD 655. The detaik of the probe preparation

nqunwm W1/ s ar sk 0S4
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are a5 follows with CEA capture antibody-modified QD 525 as
an example. In brief, a 2.5 yL aliquot of QD 525 was mixed
with 50 uL of 5.0 mg/mL EDC (freshly prepared). The
micture was rotated for 25.0 min to activate the catboxylic
goups of QD 525. The conjunction of the antibody with the
activated QD 525 was finished by the mixture of 10.0
HL of QD 525 and 200 pL of the antibody (24 mg/mL) in
the dark for 4 h The probe was purified with a lzaolnﬁm,-

CEA. The blank plasma was obtained by filtering 10 plasma
samples with a centrifugal ultrafitration tube with a molecular
weight cutoff of 3.0 kDa. Each im: was ted
three times.

Spectral Scattering Image and Fluorescent Image of
Immunoreaction Solution. A inverted microscope equip-
ped with a dark-field model and fluorescent model was used to
Id'.e the spe:h:l scattering image and the fluorescent image of

L

HPLC equippedwith a 5/150 SupercseTM 6 L
The mobile phase was 50 mM NaHCO, (pH 9.0). The flow
rate, injection volume, and detection wavelength were set a5
03 mL/min, 13 pl, and 224 nm, respectively. As shown in
Figure S1, the probes were well separated from the antibodies
and QDx The probes were collected and stored at 4 °C. Prior
to use, the probes were mixed with Super Block buffer at a ratio
of 20:1, rotated in the dark for 30 min, and quantified on the
basis of QD 525 fhs ' in Jance with the
equationy = 306.17x usu;mqm«-m for the QD
585 and QD 655 probes were y = 1417.3x — 52277 and y =
TOPA3x — 97.024, respectively.

Scattering Probe Preparation. AuNPs coated with the
detection antibodies of CEA, AFP, and PSA were designed as
the scatter . The coating s incuded two steps:
the modification of AuNPs with dsDNA and the linkage of the
detection antibodies to the immobdlized DNA. The AuNPs
were modified with &DNA in accordance with the procedure
described by Liu et al* In brief, 4475 uL of 2.4 uM DNA ul,
165.4 uL of 6.5 uM DNA u2, and 50 uL of AuNPs were mixed
well. After the addition of 259 uL of 4.0 M NaCl and 282 uL
of PBS, the mixture was immediately placedin a feezer at =20
®C and kept overnight Afler thawing at room temperature,
excessive SADNA was removed through centrifugation twice at
13000 pm and 18 °C. The diDNA-modified AuNPs were
mived with 2.0 uL of 10 mg/mL EDC and rotated for 20 min
at room lemperature to activate the carboxylic groups The
AuNPs were then washed and reswspended with 155 mM
NaCl and subsequently mixed with the detection antibodies of
CEA, AFP, PSA, and BSA at the ratios of 1:32:32:32:386. The
conjunction of the antibodies with the dsDNA took 3 h and
then was terminated with 4.0 mM Tris buffer. The antbody-
modified AuNPs were purified through sequential centrifuga-
tion processes: one at L3000 mpm and another at 2500 rpm.
The AuNP probes were quantified in accordance with the
abu:;sme intensity (estinction coefficient: 3.64 X 1010 M~*

Immunoreaction. Immunoreaction assays. were conducted
in two media, namely, PBS buffer and blnk plasma. The
procedure is detaled below with the immunoreaction in PBS
buffer & an eample. AFP, CEA, and PSA were dissolved in
PBS buffer separately to prepare a series of standard solutions
with various concentrations. The three QD the AuNP
probe, 5.0 uL of the AFP standard solution, 5.0 L of the CEA
standard solution, and 5.0 jiL of the PSA standard soluti

ey

tion solution. As shown in Scheme 1, the dark-

Scheme L Inverted Single-Partide (Spectral) Microscope
with Switchable Dark-Field and Fuorescent Modes

BF; band-pass filter
BS: beam spliter

LF: long-pass filter by
TG transmission grating

HL: halogen lung

S: shutier HL

0: objective

ML: mercury lamp m s
i

field mode and the fluorescent model shared one common
emission optical path and had the respective excitation optical
paths Therefore, the dark-field model and the fluorescent
mode] could be switchable simply by controlling the excitation
optical path shutter. A detachable transmimion grating was
inserted before the CMOS camera to capture spectral images.
A beam from an emitter was divided into two by the
tansmission grating. One was in the original transmission
direction and referred 1o as a zeroth-order dot. Another was
away from the original direction and referred to as the fist-
order streak. The wavelength of the emitter is determined by
ﬂueqlﬁﬂm..l = dl % Cs/d2, where 2, Cs, and dl are the
dist the tansmison grating and the CMOS, the
grating constant, and the distance between the zeroth-order
dot and the corresponding fintorder streak (dot—streak
distance), respectively.

A microscopy specimen was prepared as follows: 2.2 pL of
an immunoreaction solution wa dropped onto a positively
charged dide. A ddip was placed on the drop immediately, and
the slide and slip were sealed with nail-polishing o The

specimen was ready for spectral image acquisition after being

were mived, and the micture was filled up to 50.0 uL with PBS
buffer. The concentrations of the QD 525, QD 585, QD 655,
and AuNP probes were 800, 600, 600, and 40 pM,
respectively. After rotation for 2 h in the dark, the
immunoreaction. solution was inmcdiddy dlu!éﬂ three
times and wed to prep p The
immunoreaction in blank plema was mns!nﬂd n a way
similar to thatin PBS buffer except that 63 pL of blnk plasma
was added to the immunoreaction solution. Note that the
blink plaima was the plasma fraction without AFP, PSA, and
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llowed to stand for some time Note that the partice
concentration was below 0.10 nM, a prerequisite for single-
particle spectral imaging. A total of 17 sites of the specimen
were selected and imaged sequentially with the dark-
field and fluorescent modes.

Image Analysis. Images were analyzed using Image]
software. The scattering and fluorescent images of a solution
were colored in green and in red, respectively, and then
merged. In the spectral image, a zeroth-onder dot was matched
with its fist-order streak on the basis of position. In our
previous studies, this approach s a common method for

e/ doiany 101 021/ amanakhem.! <0549
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Figure L (A) Bead sattering image cnlo.r:d m p’:ﬂu (B) bead fluorescent image colared in red; (C) menged image; and (D) center—center

distance distnbution of randomly selected

Scheme 2. Schematic of the Proposed Principle of the Multiplexed Immunoassay: (A) Three-Plexed, Homogeneous
Immunoreaction; (B) Posible Probes in the Inmunoreaction; (C) Corresponding Fluorescent Spectral Patterns Colored in
Red; (D) Corresponding Scattering Spectral Patterns Colored in Greeny (E) Corresponding Merged Emages (C) and (D)
Pictures; and (F) Corresponding Converted Specira from the Panel (E)
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judging the origin of the zeroth-order dot and the finit-order
streak, In brief when a curve drawn by connecting the dots was
similar to the one linking the streaks, the dot and streaks in the
same positions were paired. In the merged spectral image of an
iminunereaction solstion, the yellow zeroth-order dots and the
geen zeroth-order dots were counted. The QDs mnside a
yellow zeroth-order dot were identified on the basis of the
dot—streak distance and counted The distance distributions of
the three QDs did not overlsp with each other (Figure 52).
Note that the zeroth-order dot (the frst-order streak) with a
streak (dot) that was not in the same image wat not counted.

The images of 12 randomly selected sites on each specimen

were procesied through the abowe method.
Clinical Sample Test. The respomses of our probes to five

dinical samples and their aliquots spiked with the three targets
were messured wing our approach. The immunoresction
conditions for the samples were similar to those in PBS buffer,
except that the standard solotions of the targets were replaced
with 6.25 uL of the dinical samplex.

r--pw:rm:wluuz.u.nm.ihm':mv
Chem, 2022, 94, SAM-5A57
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B RESULTS AND DISCUSSION

Overlap between the Scattering and Fluorescent
images of Single Particles. Fluosmscent beads with
scatfering activity were used to investigate the overap between
the scattering and fluorescent images of si partides. The
beads were sequentially imaged in dark-field and fAuorescent
modes (Scheme 1). The scattering and fluorescent images
were indicasted by green and red colors (Figure 1AB),
respectively, and merged in Figure IC (subsequent images
were procesied in the ame way). The bead was in the shape of
a dot and a 1ring in the fuorescent and scattering images,
respectively. The morphological difference of the bead
between the two images was attributed to the difference in
distribution between the scattering and fluorescent composi-
tions. In the merged image, a yellow ring was surrounded by a
thin annulus in green, and the size of the yellow ring was
almost identical to that of the ring in the scattering image.
These changes indicated that the overwhelming majority of the
scattering image of the bead was trapped in the fluoreicent
image. The distance between the center of the scattering image
and that of the luorescent image (center—center distance) was
used to further asess the overlap. The center—center distance
was calculated wsing the center di of the fh t
and scattering images that were obtained from the contour
map generated by MATLAB software. Figure (D p the

Supporting information. The ovedapping regions of the
fluoreicent and scattering images turned yellow Obviowly,
the immunocomplexes were distinguishable fom the unbound
probes as yellow dote The fluorescent stresks of QD 525 and
QD 585 were packed whole into the left and the right of the
scattering streak of the AuNP, respectively. The fuorescent
mnko{QI)éSSms:djmlw the right of the AuNP

ing streak. Th e, for an i lex with QD
525 (QD 585), the red Auorescent streak was “trapped” in the
Jef (right) part of the green scattering streak, yielding the
overapping regionin yellow. For an immunocomplex with QD
655, ﬂne:edﬂwm:mshukwsadjmmwdunghtpmuf
the green ng streak. Therefore, the interiors of the
immunocomplexed QD 525 and QD 585 were identified on
the basis of the yellow streak’s position, and QD 655 was
charseterized by the red fluorescent streak adjacent to the right
of the green scattering streak. In summary, two steps were
needed to identify targets in the merged image The first step
wat to distinguish the immunocomplexes from free probes and
nonspecifically bound probes on the basis of the presence of
yellow dots. The second step was to identify QDs in an
immunocomplex on the basis of the first-order streaks. If the
scablering streak of an immunocomplex was partially yellow,
the yellow on the left and on the right indicated the presence
of QD 5_5 :ml QD 585, respectively; if not, the

center—center distance distribution of randomly selected
beads The median of the distance was measured a2« 0.55
g, The small center—center distance impbed that with our
microscopy setup, the fluorescent image of a particle
overdapped with the scattering image perfectly.

Prindple of the Proposed Method. AuNPs with a
diameter of 70 nm and three QDs (QD 525, QD 585, and QD
655) were used as the scattering and fluorescent
respectively. The three QDs were selected because their
fluorescence spectra did not overlp with each other (Figure
§2). As shown in Scheme 2A, the AuNP probes were coated
with the detection antibodies of the three targets, and a specific
QD probe was modified with the capture antibodies of a
specific target. An immunocomplex induced by targets
contained two kinds of tagy, whereas unbound probes in
forms of the free probes and the probes coated with
inferference had only one kind of tag. Scheme 2B presents
all of the possible probes in the immunoreaction. Rows 1—4
display the unbound probes. Rows 5-7 show the immuno-

| that were d of one AuNP and one QD.
Rows §—10 present the immunocomplexes with one AuNP
and two QDs. Immunocomplexes with one AuNP and more
than two QDs and those with one AuNP and two same-
colored QDs were not observed in our experiments (see detaik
in the Supporting Information ). The spectral images ufin;]u
QDs or single AuNPs can be obtained wsing a
grating-based spectral microscope. Detailed explanations for
the spectral image have been re in our previous
publications *=** Their correspending fluorescent spectral
images, which were colored in red, and their scattering spectral
images, which were colored in green, are depicted in Scheme
2C,D, respectively. kmages in Scheme 2C,D are merged in 2E
The spectral image of a particle is composed of one zervth-
order spot and one first-order streak, which can be converted
into its spectrum as shown in Scheme 2F. The scattering
zeroth-order dot of an immunocomplex overbipped with its
fuorescent zeroth-order dot. The reasons are given in the
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nt streak adjacent to its scattering
streakl would | b: uhend, indicating the presence of QD 655.

QD 525, QD 585, and QD 655 were coated with the capture
antibodies of CEA, AFP, and PSA, respectively, to demonstrate
the principle of our method. The AuNPs were coated with the
detection antibodies of the three proteins. The ensemble
fluorescence intensity of the QD probes did not obviously
decrease after immunoreaction (Figure 53), therefore exclud-
ing the remarkable quenching of the florescent probes caused
by the sattering probe in proximity. The merged spectral
pattems of the immunoreaction solstion with antigens and the
control solution without antigens are displayed in Figure 2A,B.
The dot and the streak originating from the same single
particle were paired in accordance with their pmtims.m'“
The zeroth-order dot and the fnt-order streak from an
individual AuNP were labeled with triangles in the same color.
For example, at the top of Figure 2A, the spot and streak
Labeled with yellow triangles were from the sme AuNP. The

Figure 2. Typical spectnal nn:guoi’mhsm& (A) and without (B)
the lanenn in and the fluorescent
mm::g.'lgw 8 ’mgldd!‘ der streak from an
lldmd\nl AuNP are lbeled with trimgles in the same wlor. The
zerathorder dot and the firtorder streak fom an individual QD
(QD aggregate) are beled with arows in the same wlor. The scale
bar shows wavekngth rather than physical size.

nmdnwmuumm My
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zeroth-order dot and the fird-order streak fom a QD or QD
aggregate were labeled with arrows in the sme color. In Figure
2B, as expected, the zeroth-order dots were either green or red
without the targets. The appearance of the yellow zeroth-order
dots in the presence of the targets mdicated the presence of
immunocomplexes in Figure 2A For immunocomplex #1, the
yellow streak wax on the left of the scattering streak, and a
fluorescent streak was adjacent to the right of the scattering
streak, indicating the presence of CEA and PSA a5 depicted
above. For immunocomplex #2, the location of the yellow
streak on the right of the scattering streak implied the presence
of AFP. The results verified that CEA, PSA, and AFP could be
smultaneously detected wsing our method.

Cross-Reactivity and Selectivity. Under the optimized
conditions (Figure §1), cros-reactivity among the three targets
wai evaluated by comparing the response of the probes to the
solutions containing only the single target a¢ shown in Figure
3. The response was weighed on the basis of the normalized

40

A
-3 b
&

123 4567 89%101

B

123 4567 38%1001

C

12 3 4567 8%1001
Species

Figure 3. C ity and selectivity. (A) Response of the probe
for AFP 1o possible hufuuc:.(h)mpomouupmh for PSA to
pomsitle interds ad (C) resp of the probe for CEA to
posﬂentuhuu:l. 1-11 wmcﬂ,m PBS, blark
paxma, proteins, aions, cations, carbohydrates, amino acids, and
DNA sequences, respectively. Proteins: bovine serum albumin and
neuron<pecific enolise; anions: 7, S0,
S0,>; cations: K*, Na*, Ca®, Fe®, and Cu! ': rates: !hcuu.
pemannose, efuctose, folictose; amino acids: phenylalinine,
threonine, Iysine, leucine, tryptophan, and valine; DNA sequences:
(A)20CGCCTCG and (A)20CGCCTCGAAGC.

, €0, HOO,, and

counts of the immunocomplexes. This normalized immuno-
complex count was calculated in accordance with the equation
G = Cof Copus where nC,y Gy and C,, represent the
normalized count of the immunocomplexes, the count of the
immunocomplexes, and the count of the AuNDPs, respectively.
For the AFP probes (Figure 3A), the nC_ value of AFP was

52

considerably higher than that of the noncoresponding targets
at the same concentrations, and the nC,, values of the
noncoresponding targets were dose to those of PBS. The
mame trends were observed for the probes for CEA and PSA
(Figure 3B,C). The results demomstrated the presence of
negligible interference between the three targets, indicating
that AFP, CEA, and PSA could be quantified individually in 4
single run without interdference from each other. The responses
of our probes to species in blood were tested to further validate
selectivity (Figure 3). The concentrations of the possible
interference were five times the target concentration Blank
plasma was prepared by removing PSA, CEA, and AFP with an
ultafiltration tube with a molecular weight cutoff of 3.0 kDa.
The nC,, values of the species, induding blank plasma, were
cose to those of PBS and smaller than those of the targets,
indicating the good sddectivity of our probes.

Sensing Performance. The responses of our probes to the
three targets in PBS were measured to ases sensitivity. Figure
4 presents the relationship between the normalized immuno-

SAFT s UEA AN A
n
3
S
B . i
]
. ol
L]
3 as 15 3 45
"
SATF TEA APSA B
s
&
~
‘54 /
¥ ~
R
.

-2 -1 L] 1 1 3 4
Logarithm of target concentration (pM)
Figure 4. Plot of the | counts of Jexes against
?u]mnwlnma ofthe targets in PBS buifer (A) and in blark plasma
B

complex counts and target concentrations. The curves had an
inverted V shape. These \l'dlapcd wrﬁhg curves have been
found in our i at the
single-partide level ™98 We have abio ehaborated on the
reasons for and how to ise the curves. In brief the target—
probe compounds began to form when the targets were in
amounts that were excessive for the probes. With the increase
in target tration, the & ion of the target—probe
compounds increased and that of probe—target—probe
compounds d d Iting in the in aCp.
ﬂunq_vaheldamnykwdamphqihdwﬂlﬂu
target were needed to id priste curve for the
sample. If the nC, of the spilud nnp]: was large, the curve
with the positive slope wa appropriate for the mample.
Otherwise, the curve with the negative slope was used The
LODs for AFP, CEA, and PSA were estimated to be 10, 30,

|

s duieny 107 021/ a0 anakhem cOIM T
Anal Chem. 2023, 94, S E0- SA57
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Table 1. Comparison between Values Measured by Us and by the Hospital

sample sumber [ valoss mesvamd by the hospital {pM) ow vias

pluana (aM) spakad plasans (ph) moovesy (%)

1 CEA 154 =20 151 = 38 585+ 108 we=n

AFP 379 =45 65+ 18 549+ 174 96 14

rSA 106 =9 Mzl 506 = 105 107 =12

1 CEA 2086 =122 1404 = 408 4908 = 156 1049

AFF 2407 = 155 1586+ 117 4818+ 393 93x9

A 336 =11 0= W 730 = A% f1=2

3 CEA 34 231 2 x M8 557+ 412 =1

AFP 79z 100 764z 149 1687 £ 165 1sxs

ma 0= @+ 150 18 a7

4 CEA 132 1B=x1 B=2 a3
AFP 3571 =203 218 = 1% 6151 + 393 95+ 185

PSA W18 201 = 80 et S0 01+ 20

5 CEA 10£1 136 52x4 9T+ 186

AFP 4725 M4 14213 617

rsA 1024 = 120 R&8 = 210 1375 £ 148 323

and 50 M at a signalto-noise ratio of 3, respectively. These
values indicated that (1) our approach offered sensitivity

mparable to multiplexed h im s
5y, ™= having the advantages of short measurement time
and easy operations, and (2) the sensitivity of our approach
was improved by:l Jeast 10 times compared o the multiplexed

2 “® The good performance of
our immunoassay could b: attributed to the accurate
identification of each immunocomplex.

The responses of our probes to the three targets in 12.6%
blink plamma were determined to further assess semitivity.
Figure 4 shows the plot of the nC,, values against the target
concentration. The wo curves in blank plama were
similar to those in PBS. The LODs for AFP, CEA, and PSA
were estimated to be 0.02, 0.10, and 0.06 pM at a signakto-
noise ratio of 3, respectively. The excellent agreement of these
vahlu with those in PBS implied that our probes worked well

complex media.

ﬂl Sample Test. The values of CEA, AFF, and PSA
in humm plasma measured by our h were compared
with those mesured by the sngle-plexed ECL immuncasay
used in hospitali to demonstrate the feasibiity of our method
in dinical applicationt As shown in Table I, our values
basically agreed with thove mestured by the hospital, indiesting
that our probes were reliable in dinical practice.

B CONCLUSIONS

A triple-plexed § digital i ay was
ahbl!ud on the basis of &Hqul.ﬁng core—satellite-
structy plexes from unk d and nomspecifi-

aly hmd probes ﬂmmgh dark-field and fluorescence
microscopy. AuNPs with diameters of 70 nm were used x
the scattering tags, and QD 525, QD 585, and QD 655 were
applied as the fluorescent tags. The immunocomplexes
contained AuNPs and QDs and were therefore distinguishable
from unbound and ifically bound probes based on the
overdap between the scattering zeroth-order dot and the
fluorescent zeroth-order dot. The QDs inside immunocom-
plexes were further recognized in accordance with first-order
streaks to identify biomarkens. Our results demonstrated that
our approach worked well in distinguishing immunecomplexes
fom free and nonspecifically bound probes. The successful
quantification of the three targets in five human plsma

samples verified the reliability of our method in dinical
applications.
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