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Amplification-Free Digital Immunoassay down to the Attomolar
Level by Synergistic Sedimentation of Brownian Motion

Suppression and Dehydration Transfer

Qingquan Zhang,” Wenwen Chai,’ Xiaoyan Pan, and Hongwei Gai*

EI! Thisaz Anal Chern 2024, 56, J054-3061

E Resd Online

ACCESS | il Metrics & Mare | Adticle Recommendations | @ Supparting Infarmation
ARSTRACT: ification-free digital immunoassays (DLAs)
cally utilize optical nanoparticles to enhance single mmu i Elution

molecule detection. The efficiency and uniformity of transferring the
nanoparticles from a bulk solution to a solid surface determine the limit
of detection [LOD) and the accuracy of DIAs. Previous methads suffer
from issues like low effcency, nonuniform distnbstion, and partin:t-:
jon. H we present a novel technique named i
mm E:;' Brmn\mp ian motion mpﬂun and &Tm
transfer [SynSed) for nanopartides nsing water-soluble polymers.
The efficiency of transferring quantum dots (D=} was increased from
107 to 91.4%, and the vanation in QD distribution was restricted to

=
¥

Imaging J:l,v SynSed

8.8%. By incorporating

SynSed into DIAs, we achieved a remarkable
reduction in the LOD {down to 39 aM) for carcinoembryonic antigen

C  epm—

ded the dyramic range to cover 3 arders of magnitede in concentration, ramgms::l’mm 001 to 10 M. D1As enhanced with
'ijn5:3 55 ultrahigh sensitivity, advanced accuracy, and spedficity, offering a great premise in early disease diagnostics, risk

stratibication, a.'n.d treatment respanse mnuﬁ't-nr.irl;.

1. INTRODUCTION

Proteins whose dysregulation is related to serous disease
ahways serve as drug targets or biomarkers. Detection and

ntikication af protein biomarkers in clinical samples are
beneficial for disease progression monitoring and early
diagnosis” The concentrations of a portion of biomarkers
may be down to subpicomolar or even subfemtomolar in the
early stages of disease.” For example, the p2d capsid antigen in
the serum of early HIV-infected individisaks is in the range of
50 aM to 15 L7 P Taul;‘ll in the serum nd'n.cu.mdegmeﬂmz
disorders is 1.81 pg/mL," and ORF Ip in carcinomas and high
risk precursors doring carcinogenssis is 1077 M. Conven
tianal techniques, i.m:hding ELI5A." Western blot,” and mass
spectrometry, are not able to quantify these rare biomarkers.
A digital immuonoassay (DIA) i a type of immunoassay known

for its ultrahigh sensitivity and specificity.” In DIAs, proteins
are guantified by counting individual signals comelated with

the target protein rather than detecting the signal mtensity
generated by groups of target proteins. DlAs can be
cat ized into two types: si amplification detection and
dhz:nunplﬂiuﬁm-fm?ﬂ:beﬁ F-nF:' :i!;na] i.mpliﬂuti-uﬂ. a
single target protein has to be conjugated to an ereyme of a
DNA fragment after the immunoreaction'” The enzyme
catalyres !.'u]:l:u'a.'he: in microspaces to generate fuorescent
mnpuund.i * or d.qmnl: fheorescent substances um.l.nd the
immunocomplex using tyramide signal unp]l.ﬁ:al:nn. The

€ 24 American Chamicsl Society

w ACS Publications

21

number of microspaces ar Immuncoomplexes with activated
fluorescence is used to quantify the target protein. Addition.
ally, DMA can be extended into concatemers via ralling cirde
amplification (RCA) and hybridized with floorescently hbeled
probes to achieve signal amplification.’™ A typical single.
enryme rTeaction takes approwimately 20 min,'"" while RCA
requires over | ' These amplification techniques require
mare reaction ime and a larger amount -u{'mgmt-: increasing
the risk of generating false-positive signals.'*

Amplification-free DA 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-/
ni.nnp.l.rbd:s \n‘lﬁ strong npl:lca]. ::3:\.1-]5-. su:h as noble metal
mm:-p.'l.'rh:le:. quantum dots (QDs)," or upcomversion
ni.m:q:u'br]:s are used to label Ln'u'uunu-mmqﬂ.m Target
proteins are wsually quantified through massive imaging and
counting of individual particles or particle aggregates in

hcation-free DIAs, abservation of single nano-
particles is ready to be realized whether in a solution or cn a
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solid surface'® using tethmq'u:—.: like Buorescence,’ nuﬁcz
enhanced Raman spectrosco or dark-field microsco,
However, it is still 2 great :ﬂl:n;e to simualtanecwsly |an&3=
miassive partickes with Brownian motion in solution. Therefore,
nanotags mast be transferred from the reacting medivm to the
solid substrate before imaging. The efficiency and aniformity of
this particle transfer directly and signibcantly affect the
::msitiv:il:g.r and accuracy of DIAs. To echance the particle
etficiency, 2 combination of electrostatic attraction
and hq'u:d%:y:r compression & emplu}!d.”""m Substrates are
modified with opposite charges to pasticles through ionic
polymer assembly or the slylation reaction. The migration of
nanoparticles toward the sabstrate s accelerated by electro.
static attraction. Meanwhile, coverslips are pressed above the
substrates to control the higuid thickness and shorten the
diffusion distarwce. Even so, the sedimentation efficiency of
nanoparticles is still low, leading to LODs at the 6 level' ™
far from LODs achieved with amplification methods. "™
Comparizons of typical DIAs are listed in Table 51. Generally,
the LODs of amplification DLAs are lower by 2—3 orders of
magnitade than those of the amplification-free methods
labeled with nanctags. This is because those immunocomplex
molecules [abeled with nanotags cannot be completely
sedimented and coonted. When the dehydration-driven
transfer was adopted to sediment microspheres labeled
immunocomplex molecules, a sedimentation efficiency of
100% and lowering the LOTY to the ab level were achieved.™'
However, dehydration-driven transfer is effective only for
microspheres. When E::d to manoparticles, it induces
aggregation and noneni distribation, which is fatal for
resolving single manopartides and accumately counting them.
Tao date, the highly efficient and uniform transfer of ale

antigenn (CEA} were purchazed from Shanghai Linc-Bio
Science Co., Led (China). Carboxyl magnetic beads
{Dymabeads M-270), SoperBlock {PBES) buffer, carbrod QD=
{Qdotd S5TTETM), :ns coverslips were porchased from
Therme Fisher Scentific (USA). Carboxyl polystyrene (P5)
spheres {0198 pm diameter) were provided by Bangs
Laboratores {USA). Glass slides were obtained from Jiangsu
ShiTai Experimental Equipment Ca.,, Ltd {China}. NaH,CO,,
Na, HUO,, NaCl NaOH, and NaHC O, were purchased from
Sinopharm Chemical Reagent Ca., Ltd. (China). Ultrafilters
{H:iﬂ'ta]Sl:l kD'a molecular weight cutoff were from Millipore
LISA ).

An inverted fucrescence microscope (IN71) equipped with
an electran- mu]hpipng;hup-:m;phd device (EMOCD ) and
100 3/ 140 cbjective lens (UplanSApo) was purchased from
the Clympus company (Japan). HPLC {1200 Series) was
obtained frn-rn Agilent Technologies (USA). A magnetic

atar TM-2), a low-temperature, high-speed
;mmh:iﬁlsz {Igzt“ni':ﬁasla!ﬂt&] Micro lTﬂfﬂiml a Ed:ﬁ:ﬂ
vortex mixer { Hulamizer) were obtained from Thermo Fisher
Scientific [USA). A Huorescence hotometer (FL-
E300) was purchazed from PerkinElmer (USA) Aromic
force microsc {[¥imension Icom ) was from Broker (L75A).

2.3, QD and Flugrescent P5S Nanosphere Sedimenta-
tlom. 2.2.7. POMS Microwel Surfoce Treatment. PDMS
pieces were perforated through holes and adhered reversibly to
a covership to create PDMS microwelks. The diameter of the
microwells was adusted within the range of 2.5—4 mm. A 10%
{v/v}) mPEG-silane solution was prepared by mixing 10 mg of
mPEG-silane with 100 uL. of DMS 0. Subsequently, the PDMS
microwells were filled with the 10% (w/'v) mPE(-silane

pasticles to solid sarfaces is still 2 great challenge and urgently
needs to be solved for lowering the LOD and improving the
accuracy of amplfication-free DLAs.

Here, we present a highly efbcient and uniform naneparticle
sedimentation miethod named synergistic sedimentation of
Brownian metion suppression and dehydration transfer
[SymSed). Using SynSed, the QD sedimentation efficiency
ewceeds 90%, and the wniformity is ahle to that of
electrostatic attraction. This highly efficient, uniform, and low-
cost particle transfer method enables a remarkable decreass in
the LOD of amplification-free DIAs down to several ab levels,
which is the lowest LOD of DIA to date, showing great

ntial in disease ression monitoring and ea
ey e " T
2. EXPERIMENTAL SECTIOMN

2.1. Materials and Instruments. The Sylgard 184
polydimethylsiloxans (PDMS) ofigomer and curing agent
were frem Dow Corning (Midland, MI). mPEG-silane (3 kDa)
was from the Deltabic Company {China). Dextran {DEX, 40,
108, and 300 kDa), polyethylene ghyeol (PEG, 8, 8, and 20
kDa), 2-(N-mosphelingjethanesulfonic acid (MES), dimethyl
sulfoxide [DAMS0), and tween 20 were from the J&K Scientific
Company (China). Axygen Maxymuem Recovery Pipet Tips
(10 and 200 ul) were purchased from Coming. Protein
LoBinding Tubes (05 and 1.5 mL) were provided by
Eppendart Corporate.  1-Ethyd-3-(3. | dimethylamine )propyl)-
carbodiimide (EDC) and poly{dillyldimethylammonium
chloride) solution [average Mw 40,000—50,000) wers from
Sigma-Aldrich [USA). Monoclonal capture antibody, mono-
conal detection antibody, and human carcinoembryonic
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lution and incobated at room temperature for 15—25 min
Then, the residual solution was removed by a vacoum pump.

222 SynSed. A 0.1% (w/v) DEX solation was prepared by
dizsalving 3.6 mg of DEX in 36 mL of detonized (D) water.
To create a 1 pM QD solution for sedimentation, | gL of 1.0
oM QD solotion was mized with 993 gl of the 0.1% {w/v)
DEX solution. 1 gL of the QD 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 microwell The QD were
forcibly transferred and immebilized on the substrate surfice.
Subsequently, the PDMS piece was peeled off The covenlip
with QDs was then sealed onto a ghss slide by using

transparen For Syn&ed of PS5 nanosphe 10wl of
00002 mp"mlﬁ'-'s nanspheres suspended :|.|3|Pil:llI IT[WF\':IFDEK
solution was used.

223 Heclrostatle Aftraction Sedimentation. Glass slides
were soaked in a chromic acid solution for 12 h and rinsed
with DI water three times. To prepare 2 1.0% [v/'v) cationic
pobymer solution, 1.0 mL of poly 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 wltrasonication, and left to
incubate for 12 b Subsequently; the glass slides were removed
and dred in an oven at 80 “C. This process resulted in the
formation of a positively charged layer on the surface of the
ghss slides. 2 yiL of a 50 pM D solution was pipetted onto a
ghss slide with a positive charge. A deaned coverslip was
carefully pliced over the b layer, and tweezers were used
to gently compress it. The edges of the coverslip were sealed
with nail polish. Duee to electrostatic attraction, the QD=

e dolong F 100 Us o s nadicha Jadr el
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(A)

Dehydration
isfer

Subsirote

A0 pm

Figore 1. (A) Schematic of QD sedimentation via SymSed and debydration-deiven transfer. (B.C) Flusrescence images of Qs at the edge of the
microwell shown in (AL (C,D] Atomic force microscopy Imiges of pure DEX pembeane (D) and O in the DEX filea (E). Scale bars: 8 gm.

gradually settled on the glss slide over a 20 min period.
Subﬂquenr}y. the sedimented (D= were ':mas:d by using an
inverted microscope (IX71) equipped with a 1000 objective
and an EMCCD. The images were processed wsing Image],
and the number of QD= E::: determined I:hrnug m:ng:fl
counting. For the sedimentation of PS5 n:.rmp}lm'u. we
repliced the QD solution with 3 pL of a 0.0002 mg/mL PS
nanu:;!h:ne salation. The remaining ]mocedur:: were identical
to those used for the QD sedimentation.

2.3, DIAs of CEA. 2.3.1. Capture Beads' Preparation. A 23
pL partion af magnetic bead suspension (2% 10° beads /mlL)
was mixed with 25 pLe of 0.01 M NaDH i a bow adsarpl:iuu
tube. After magnetic separation and removal of the super.
natant, the remaining magnetic beads were then incubated
with 25 gL of 001 M MaOH for 10 min Sulm:q’u:m]f. the
beads were washed three times with 25 pL of DI water. Next,
we added 50 pL of a freshly prepared EDC solation with a
concentration of 15 mp’ijn the tube and incubated i for 30
min. After this incubation, we upeuted the wuh'mg step twice:
once with cold water and once with 50 mM MES buffer at pH
0L

Fulkrwing_ this, we added 20 gL af capture antibodies for
CEA with a concentration of 1.7 mg/mL and 30 uL of MES
butfer at p]'l 5.0 to the tube, incubating it for 1 h to form
capture beads. Any unbound capture m!i{adic: were remaved
through magnetic separation. The capture beads were then
wazhed four times with PRS cnmz:ininﬁ: 005% ['l.'."":l Tween 20
[E‘EFI 1. Finaﬂ}.'. the capturs beads were r\:—.nnptrsd.ﬂl m 250
uL of PEST and were ready for use. The effective modification
of capture antibodies on magnetic beads was evidenced by the
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wariation in the zeta patential at the bead surfice. The zeta
Pnbu“:i:] of unmadified masnﬂiu: beads was —69.35 mY. After
the capture antibody modification, the zeta potential of the
capture beads decreased to —23.44 mV [Figure 57A).

232 Detection Q0= Praparation. 3.0 ul of 8.0 uM QD
solution was mized with 6.0 gL of 1 mg,/mL EDC solution and
21 wL of cold NaHCO, solution with a pH of 9.0. The 1 mg/
ml EDC solation was .'l'!ﬂ]‘l.h' ]me?:med u:ing cold 50 mM
MaHCOy ae pH 9.0 and the appropeiate amount of EDC. This
mixture was incubated at room temperature for 25 min. 8.0 yL
af 4 meg/mL detection antibody solution for CEA was mixed
with 13435 i of the EDC-activated on smp-:nsiﬂn and
incubated for 5 b, resulting in the formation of detection QDs
This mixture was then centrifieged for 5 min at 14,000g. The
supernatant, which contained detection QDs and onboand
detection antibodies, was separated wsing an HPLC system
equipped with 2 homemade column. This process allowed us
5] Punl]' and collect the detection Ds in a |mr-=dsarptinn
tube Ifi=i5u:: STEL

233 Immunoassay. We mived the detection-0D salation
with .\:u.pzth:u:k buffer in a volume ratio of 30:1 and incobated
it in the dark for 30 min. At the same time, we Pcrepued a 10%
{%/v} superblocking solution by mixing 0.4 mL of SuperBlock
zolution, 3.6 mL of PBES, and 2 pL of Tween 20. We then
mrpﬂ\dcd B00,000 capture beads in 100 pL of the 10% {v/v)
superblocking solution and incebated them for 30 min. This
step effectively blocked nnnypzciﬁ: :d;arpl:inn sites on bath
the capture beads and the detection (D5 After magnetic
separation and remaoval of the supematant, we combined the
blocked capture beads with the blocked detection- QD solution

ek ey 00T M it JoYS06S
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and CEA in precise quantities. We added PES to make the final
volume 130 yL and maintained the concentration of detection
QD= at 100 pM. The midture was then incubated for 2 b
Following incubation, magnetic separation was used to remove
the supernatant. The remaining materials were washed three
timies with 200 pL. of PRST, effectively remioving any unbound
CEA and detection QDs.

To elate the detection QD within the im ampl
we added 10 gL of an alkaline solution (pH = 10.9) :m'l.i:.nurag
1L0% (w/v) DEX. Becansz pH simultancously affects density
and distribwtion of surface charge, the d:p'e-end"mll:.pse-nl’
protein structure, and the interaction nl’esralzln mabecules, ™
the elution Function is primarily governed by the pH of the
solution, with DEX s as an additive for the subsequent
SynSed process of the eluted detection (QDs. After anather
round of ma separation, the supematant containing the
eluted detection QDs was collected in a low-adsorption tube.
Subsequently, we transferned and immobilized the collected
detection QDs anto a coverslip by using SynSed for imaging
and counting.

2.4, Measurement of CEA In Serum. 300 pl of serum
was pipetted into an ualtrabiter with 2 molecebr cutoff of 30
kD2 to remove CEA from the serum. The resulting CEA-free
serum was then dilisted by 4, 10, 6000, and &0000 folds,
respectively. These CEA free serums underwent the same DIA
procedures as those mentioned earlier to evaluate the matrix
effect.

For serum no. 1, it was dilated with PBS (pH 74) to the

rapriate ee and dipensed into fve low-adsorption
‘?Eu Tprc-:i:s;_uamm hpslm tubes, we added 0, I.E 2.4,
3.6, and 4.8 wL of a 5 M CEA solution. After the addition of
the Blocked capture beads and detection QDs for CEA, PES
was added to each tube to ensure a final reaction volume of
150 pL. The finally achieved dilation factor af serum no. 1 was
60,000, These CEA- d serom were subseque
anabyzed by Enﬂnw:h:;&-'l;le- DA Fu'-n-nadnﬂmphrﬂ. The r:eqi.n:is
numbers of detection QDs were plotted against the
concentrations of spiked CEA, resulting in a standard addition
curve. Wi used the equation of this curve to caleunlate the CEA
concentration in the dileted serum sample. To determine the
CEA concentration in the initial seram no. 1, we restored it by
mzltiplying the measored valee with the dilution factor. Serum
na. 2 was diluted wsing the same method, with a final dibation
factor of 000-fold and spiked CEA concentrabions of G, 1.0,
2.0, 3.0, and 4.0 M. The ent steps for serum no. 3
weﬂrr:id.e:nhul' tnﬂmﬁnr::::n@nnl. i

3. RESULTS AND DISCUSSION

3.1. SynSed of Manoscale Partides. SymSed processes
are shawn in Figure 514 The mined salution of Qs and DEX
is pipetted into a PDMS microwell that was pretreated with
mPECG-silane. As the aquecws 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 (D5 and effectively
prevents QD aggregation. Simultaneously, the thinning of the
biquid layer in the microwell forces the ODs to move toward
the coverslip. After 20 min, when the dehydration process is

the DEX precipi and forms a film, embedding
all QD within it. Carefully, the PDMS piece is removed from
the coverslip, and the coverslip is sealed with a glass slide using

transparent tape, allowing bor imaging under fuorescence
micrascopy. Figure LA schematically dlostrates the difference
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betwesn QD sedimentation wsing SynSed and debydration:
driven transfer. In dehydration-driven transfer, (s are
transferred onto the sobstrate, bat the distribotion of QDs is
nonuniform. (0% tend to accumuolate at the edges of the
microwell, while comversely, in the central region of the
microwell, the II:.thI: spots of Dz are nearly absent
Farthermore, particle aggregation is substantial, and a single
QD within the aggregates cannot be resolved by the
microscope {Figure 1B). In SynSed, QD= are undormly
distributed across the entire substrate, extending from the edge
to the center, and they remain as single particles without
significant tiom, as shown in Figure 10 The atomic
l'n;p:cﬁmicr;gp?i.lmgzs reveal that mlircﬂp:htcd DEX film
without QDs is uniform and flae (Figare 1D}, and the
ronghness average value is down to 0549 nm when messured
over a2 sampling line of 10 gm. The transferred Qs are
partiably ed in the DEX flm { Figure LE)}. We measured
the viscosity of the polymer solution shown in Figure 51 and
calculated the correspanding diffusion coefficent following the
Stokes—Einstein equation
po AT
Eumar

where [V is the diffusion coefficient, k i Baltzmann'’s constant,
1 is the solution viscosity, r is the particle radius, and T is the
ahsolute temperatare.

‘When the DEX concentration is increased from 0001 to 50%
{wfv}, the viscosity of solution i increased from 0005 wo 157
Pa s (Figure 52), and the diffusion coefficient of QDs is
reduced from 4416 ®x 107" o 1406 x 107" m'/s by
considering the (D size as 10 nm, which demonstrates that
solution variation SynSed can effectively suppress the
Brownian maotion of (QDs. Forthermore, the highest
sedimentation efficiency is achieved through the process of
d:!rgrdral;;??:-daiven transfer, as sap by previous research
findings.” ~ ' The synergistic ct of Brownian motion
suppression and dehydration-driven transter can efficienty
and uniformly sadiment nanoparticles from a bulk sobation to
solid substrates while preventing particle aggregation, which
holds promise for addressing the challenges associated with the
transfer ethciency and distibution uniformity.

In SynSed, the microwell serves the function of controlling
the sedimentation area with its diameter anging from 1.5 to
4.0 mm. Precise regulation of the microwell’s area is crucial for
effectively mﬂmﬂinﬁ the density of nanopartices in the plane.
When dealing with high-concentration samples, enlarging the
microwell ensares that adjacent particles can be resabved by the
microseope. Comversely, for ultralow-concentration samples,
shrinking the microwell can enhance the imaging efficiency. To
prevent the adsorption of the PDMS wall to proteins, the
microwell reguires et with mPEG-silane (5 kDa
ﬂueﬂ:aqumm is shawn in Figure 53 FLuUuwmg' 2
the Synied process, images of 2 10 pL detection-QD solution
at a concentration of 600 M show bright fluorescence spots
when the microwell is treated with mPEG-silane. In contrast,
with no mPEG-silane treatment, there are nearly no observable
light spots, wiu:'h are caused by the adsorption of the PDMS
wall ta pn:l::l.n:. * Thess obeervations confirm the effectiveness
of mPEG silane treatment in preventing nonspecific adsarption
af the PDMS wall.

3.2, Optimization and Performance of SynSed. The
properties of the polymer added in the QDs solution are
important for the successhul SynSed and must meet spedific
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requirements: (1) water solubility, {2} high biocompatibiity,
(3} appropriate viscasity, and {4} low impact on the emissian
of (0= As DEX and PEG are commonly nsed watersoluble
palymers in biochemical analysis,™* we have examined DEX
and PEG with different molecular weights in our study from
floorescence intensity and distribution.

For the assessment of Auorescence intensity, (s are
sedimented from the solution onto the substrate by three
methods: dehydration-driven transfer, SynSed with PEC, and
SynSed with DEX. The emision of (D= is found to be
minimal when they are dred in the air using debydrati

WHSJ’I}'EC m
N x
M,  MeX T pug
SE= = = M MV o TN
N Mira Mo 2 8¢ [t

where N, represents the counted number of QDs. Ny 5.5
and %y represent the average number of (JDs in each frame
image, the sedimentation area, and the area of the single frame
image, respectiveky.

Faor 1 pL of 1 pM QD solution, the flnorescence image of
(D via SynSed reveals that QDs are in a single-particle state
and distribated pniformly on the sabstrate (Figare 2A). N, as

driven transter. The presence of PEG and DEX hlms
intensified the emission of QDs significantly (Figure 3445}
5o, PEG with molecular weights of 6, 8, and 20 kDa, as well as
DEX with maolecular weights of 40, 100, and 500 kDa, i
further screened to find the best sedimentation effects.

In the investigation of distribution, a solution of 1 pM Q0=
is mixed with two polymers: 40 ks DEX and 8 kD PEG. The
final concentration af these two polymers is 0.1% (w/v). After
the SynSed and imagng, 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 ot 40 kDa DEX, the average number of (Ds (N5, ) in
a single-frame image displays minimal differences among the
central region, peripheral region, and combined region. The
standard deviation of the {0} count under each condition is
abso quite bow, as shown in Figure 540 These findings indicate
2 uniform distribution of Qs within the 40 kDo DEX flm. In
contrast, when using B kDa PEG, it standard deviation is
noticeably larger than that observed with 40 kDDa DEX. The
variance in distribation between 40 kDo DEX and & kDa PEG
may be attributed to the higher viscosities of PEG soletions
with concentrations exceeding 10% {w/v) (Figuse 51}. In the
subzequent SynSed procedures, 40 kDa DEX was employed at
a concentration of 0.1% (w/v} unless otherwise specified.

Accurately quantifying the sedimentation efficiency requines
the real concentration of (Ds used in the experiment.
Although the sapplier provided a nominal concentration
caloulated from the mass and molar mass, it may not be
exact becaumse the molar mass of Q0s cannot be accurately
measured due to the shell dadding and surface modification of
functional molecules. To determine the actual number of (s
in a given volume, we employ a dehydration-driven transger
method to ensare that all (JDs sediment on the substrate. To
minimize the aggregation of (D=, we redoced the quantity of
QDs by diluting their concentration and sampling the
minimum volume. Simultansouwsly, we & the sedimen-
tation area by allowing the QDs to spread freely withoat being
contined to microwells. These strategies enable all QDs to be
individually resolved by the mi e. Subsequently, we
capture images of all the QD= within the entire sedimented
area using sequential mudtifnme mmaging technigues and
manmually count them to determine their tree number. For 0.1
uL of QD solution, the counted number of (Ds has a good
linear relationship with the nominal concentrations ranging
from 0.25 to 1 pM (Figure 53). However, the connted mumber
of QDs i un]]; 8.0% of that calculated from the nominal
coacentration. The discrepancy may come from the clcalation
of mass and molar mass versus single-particle counting. The
number of QD% calibrated fram this carve is referred to as the
“tree value® in this report, denoted as N, The sediment
efficency (SE] is then calculated wsing N, and eg 1 provided.
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Figare 2. Comparson of SynSed (A) amd electrostatic artraction
sedimentation (B). The concentrations and volumes of {J0Ds solution
are 10 pM and 1 pl for SynSed, as well as 50 pM and 2 pL for
electrostatic artraction sedimentation. Fluctustion in the nomber of
Qs in 20 frames of mmages obtined from SpnSed (C) and
electrostatic attraction sedimentation (D). SEs of QDs (E) and P8
manospheres {F) throogh SynSed and elecmostatic sttraction
sedimentation Scale bars: 10 pm

determined by eq 1, is 37568, N, is calculated as 41093 using
the established calibration curve. The 5E of QDs wia SynSed
reaches 91.4%. Under the same conditions, i.m:|u|:'|i.ng um])[e
voleme, I} concentration, and microwell, electrostatic
attraction sadimentation does not yield any bright and blinking
spots. When the concentration and volume of QDs are
increased ta 50 pM and 2 pl, blinking spots reappear in the
images {Figure IB). The calculated SE for electrostatic
attraction i 10.7% [(Figare IE}, which is mach lower than
that of S5ynSed. The lower SE in electrostatic attraction can be
attriboted to three factors: (1) a ::ign':ﬁc.mt portion of (}Ds
remaining in the bulk sabation; {2) QD= adsorbed on both the
glu:- shide and cm:r:]:ip; and [3-_:I loss of Qs a]:ncng the
coverslip's edge. Furthermore, the distribution of QDs is
assessed by coonting (QDs in 20 frames of images. The
fluctuation in the number of (JDs in each frame is shown in
Figure 20 The relative standard deviations [RSDs) of the
Ds" numbers are B.8% for 5ynSed and 11.0% for electrostatic
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attraction, indicating that QDs are distributed uniformly on the
substrate through SynSed.

The SE difference between the SynSed and electrostatic
attraction methods depends on the partide size. Smaller
pasticles result in 2 more substantial improvement i SE,
whereas la particles lead to a lower SE ratio between these
two m:rJ'n:-E:'.ﬁ.: an example, for 1 gL of Q0002 mg/ml PS5
nanosphere {198 nm diameter) soluetion, N, is 19656 via
SynSed, which & 42.3% af the valoe provided by the supplier
[#6440). The 5Es are 97.5% for SynSed and B0.7% for
electrostatic attraction (Figure 2F ). Notably, when the particle
size is larger, the SE tends to be higher, but the gap in SE
between these two methods becomes smaller. SymSed exhibits
a distinct advantage in transferning nanoparticles with altra
small sizes, such as (D=, noble metal dusters, and carbon dots.

3.3, Amplification-Free DlAs Using QD Labeling and
SynSed. The processes of DIAs of CEA are shown in Figure
iA. CEA, capture beads, and detection QDs are mized

Figure 1. [(A) Procedure of DLAs imcorporating SynSed. (B)
Flsorescence images of the detection (% gemerated by DlAs at
different CEA comcentrations. (C) Plots of My, agaiest the CEA
concentration aoguired from images (D) Dynamic cwree for the
measurement of CEA in DA< Scale baes: 10 um

together, and immunocomplexes are geperated by one-step
incebation. Unbound CEA and QDs were removed by
miagnietic separation and washing. ODs in mmunocompleres
are eluted by an alkaline sobation I:'F]] = 1.9} containing 1.0%
[wiv] DEX and collected in tubes via magnetic separation.
The number of sheted Qs is linked to the CEA concentration.
Then, the collectzd (D elnent i pipetted into the microwell,
and QDs are transferred onto the coverslip oniformly and
efficently via SynSed. After tape sealing, the immobilized QD=
were imaged and coonted accurately. The performance of
MAs is mainly affected by the efficency of mmunocapture,
pasticle transferring, and imaging. To increase the efficiency of
immunocaptre, the incebation time, the concentration of
detection (D=, the quantity of capture beads, and elation
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times are optimized by using 0.7 £ CEA as a positive control
and PBS as a blank (Figure 56). The optimal conditions for
immunoreaction are as follows: 100 pil QDs, BODGOD capture
beads, 2 h incubation, and 1 round ehstion. In the fnal
fleorescence images, the brght spots representing detection
(0 are increased gradually with the CEA concentration in the
range of 0—10 EM {Figure 3B).

The guantitative plots, depicted in Figure 3C, are generated
by summing the number of QDs in 10 frames of images. The
standard deviations are chtained through triple measurements.
The dynamic curve can be divided into two distinct stages. In
the initial stage (with concentrations ranging from 10 to 500
aMl], the number of QDs s linearly increased with the CEA
concentration, and the carve has an exceptionally steep slope,
which represents an extremely high detection sensitivity.
Within this range, the nomber of both the capture beads and
the QDs significantly surpasses the number of CEA molecules
present, which ensures effective immumocapture and highly
efficient formation of sandwich immunocomplezes. With the
amistance of SynSed, the (Ds from immumocomplexes are
transferred on the substrate with remarkable efficiency and
controllability. The detection sensitivity and precision of D1As
are both enhanced, a fact underscored by the consistently low
standard deviation observed at each data point. In the second
stage, spanming from 0.5 to 10 M concentrations, the
correlation between the number of detected (Ds and the
concentration remains lear. However, the slope of this
relationship becomes less steep, and the standard deviations at
each data point are noticeably higher compared to those of the
first stage. This phenomenon counld be attributed to a decrease
in the efficiency of immunocapture. As the CEA concentration
rises, the number of target protein molecules increases mpidly,
and there may not be a sufficent number of capture beads
available to guarantee effective immuenocaptore. As a
demonstration, we calculated the number mtio of CEA and
capture beads, which were 28.1, 14006, and 281.3% for 1, 5,
and 10 fM CEA sclutions, respectively, with a foed volome of
150 L. Half snmunocomplexes, ke CEA with detection (}Ds
and CEA with capture beads, appear and become more
prominent within the high concentration range. The entire
range of CEA measurement spanned from Q.01 to 10 £,
encompassing a remarkable 3 orders of magnitude in
concentration. The LOD for the CEA assay, calculated osing
the blank value plus three standard deviations, was pushed
down to an impressively low value of 19 aM. However, once
the CEA concentration excesded 10 B4, the Auorescence spots
exhibited only minimal increases. This phenomenon can be
attributed to what is commonly referred to as the “hook effec”.
Even at a concentration as }u.sh as 10 ML, there are still some
unocoupied spaces amidst the Buorescence spots, suggesting
that there is moom for further augmentation of the density of
detection (}0s. This, in turn, opens wp possibilities for
achi:-‘ri.n.g high:r concentration detection by improving the
immuncreaction efficiency or for the development of multiplex
DIAs in the future. To evaluate the repeatability of the
established method, we used the capture beads and detection
(D= Ghbricated in the same batch o measare 0075 A CEA
on different days. The intrabatch variability of the signals is
4.4%. Subsequently, we counted the signals using 1 8 CEA,
employing capture beads and detection (D= fabricated in
differsnt batches. The interbatch variability of the signals is
10.1%. These results prove that the repeatability and stability
of cur methed are acceptable.
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3.4, Serurn Measurement. Serum is a complex matrix
contaiming a maltitude of proteins spanning a broad
concentration range, from nanomalar (nM) to subkemtomolar
{sub-fM) levels. To evaluate the impact of the complex matrix,
we diluted serem samples without CEA with varying degrees of
dilution, ranging from @ to §0000-fold. Subsequently, these
diluted CEA-free serum samples were analyzed by following
the DIA procedure. When the dilution factor increased from 0
to 4-fold, the number of (D {Nyy,, ) decreased significantly.
However, as the dilution factor continued to increase beyond
d-fold, Ny, showed only a marginal reduction (Figure 44},

”' Y 200 (H)
S0 150
J,:-’I-'-u : ;_“"l
=
L1 . ' . . £ :'I s ula Bn En
il
B L,
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Figure 4. (A) DlAs of CEA-free serum with different dilution factors.
[B) Specificity evaluation of the CEA measurement. The comcen-
tration of all fowr proteies s 0.7 (L

indicating that the matrix effect of the serum was minimized
when the dilution factor excesded 4. In the measurement of
chinical serum, it i imperative to dilote serum by 2 factor
greater than 4, which is essential for obtaining accurate assay
results.

Spedhcity 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, P3A,
and BSA, as interfering proteins fo assess the specificity of our
miethad. T ensure consistency, we set the concentration of all
four proteins at (0.7 €M, thos eliminating the infleence of the
concentration deviations. Among these protzins, CEA
exhihited the highest signal, while the other interfering proteins
produced signals that were comparable to the Blank sample
[Figure 4B). This cuicome demonstrates that our method
exhibits a remarkable level of specificity when it comes ta the
CEA assay.

In addition to dilution, another commonly employed
method to mitigate the matrix effect in complex matrices is
standard addition analysis. In our stady, we quantified the
diluted serum samples using the standard addition analysis
approach. Considering the two-stage curve observed in the
buffer, two serum samples containing CEA were diluted 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. I, a dilation factor of G0,000 was

1k 141 I AL (H)
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- 15 = : e
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Saiked CEA docerdration (abd) Sk CEA commaamiinmiin (Il

Figure 5 (A) Calibration cwrve of standard addidon apalysis for
serumn no 1 with a daton factor of @0,000. The measured valoe of

CEA is S8.86 abL (B) Calibration curve of stamdard addition analysis
for serum nou 2 with o dilution factor of 8000 The measured CEA

valoe & 8817 BV
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applied, bringing the final CEA concentration into the range
cormesponding to stage 1| of the calibration curve. The

measured CEA concentration was found to be 5886 ahl
equivalent to an initial CEA concentration of 1.34 ng/mL in
the serum. The provided CEA value was 070 ng/ml. The
messured valoe of CEA is essentially consistent with that
provided by the hospital. Far sample no. 2, a dilubion factor of
6000 was used, placing the final CEA concentration within the
range corresponding to stage 2 of the calibration curve. The
Eﬁfmcmmtiunim d.e:g!'lmd to be 6817 B The initial
CEA concentration in the serum was calculated by mudtiplying
the measured wvalue by the dilotion facror, yielding a
concentration of .16 ng/ml. The hospital provided value
for CEA was 1.71 ng/ml. There iz indeed a discrepancy
between the measured values and those provided by the
hospital. This deviation could be attributed to three factors:
{1} different sources of antibodies, {2} variations in the purity
and bisactiwity of the standard CEA, and (3) a suhstantial
dilution factor (6000), which has the potential to amplify
measuring errors during the recovery from the dilated sample
to the initial serum. The successfil measurement of CEA in
serum at adl levels demonstrates that the established method
exhibits exceptional sensitivity, specificity, accuracy, and
rabustress, which holds great promise as 2 potential technique
for quantifying rare proteins in complex clinical samples sach
as MFL and F-tau 12].

4. CONCLUSIONS

We have developed a novel technique that enables the efficient
and uniform transter of nanopartickss from a solution to 2
solid-phase surfice wvia the ergistic effect of Brownian
mation sappression and dehydration transfer. Alter optimizing
the types, concentrations, and molecular weights of polymers,
the highest achieved SEs reach 91.7% for (JDs and 97.5% for
P nanospheres when wtilizing the SynSed method These S5E
values are markedly superiar to those attained through the
electrostatic attraction method, which yielded 5Es of only
10.7% for QDs and 80.7% for PS5 nanospheres. Furthermare,
the distribution of nanoparticles on the substrate via SynSed is
comparable or slightly more uniform to that via electrostatic
attraction. Using CEA as a madel, DIAs for CEA are camied
out through a single-step incubation of capture beads, CEA,
and detection QD%; subsequent elution of the boond detection
(Ds; and highly efficient SynSed The incorporation of
SymnSed in DIAs addresses the shortcomings related to
sampling efbciency, effectively reducing the LOD 1o 3.9 aM
and expanding the dy ic range to cover 3 orders of
magnitude in concentration, ranging from 000 to 10 £y Based
an the established method, the CEA values measured in serom
using standard addition analysis match those provided by the
hospital acress the entire dymamic range. This method
possesses high sensitivity, specificity, accuracy, and precision,
highlighting its significant potential in the eady screening of
biomarkers and diszase progression monitoring.
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ARSTRACT: Protein counting analysis obtains the quantita-
tive results of specific protein through counting the sumber of
target signals and displays a great value in disease diagnosis.
Current protein counting technigues just stochastically count
a small portion of the target signal, which causes a
considerable nformation loss and limits the accurcy and
precisicn of the protein assay at oltralow concentration. Here,
we present a nonstochastic and wltrasensitive protein counting
method th multiroand ion-indwced
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enhanced high-resolution signals. Using carcinoembryonic antigen (CEA) as Ii1.-e model, the dynamic range was

from 5 x 107"

M {aM) to § x 107"* M, and the limit of detection was 4.9 aM. For CEA

plasma detection, the relative

standard deviation and the relative error of CEA concentrations were both lower than 8.0%, and the recoveries reached 92_5%
and 98.8% for 3.0 aM and 40.0 aM CEA respectively. Two clinical plasma samples were measured by the standard addition
method, and the results showed little deviatson with the values provided by the hospital. The established approach suppresses
Poisson noise of the stochastic counting, cifers uhtrahigh sensitivity, and features a remarkable potential in early disease

SCTEETIN.

he onset, progression, and recurrence of diseases are

associated with the ahnncm:ll] expression of prateins or

ssion of unigue such as cancer protein
;E:lrhﬂ's. Mm:d.:gcﬂr';-;r biomarkers,” and fpenﬁc
cytokines.’ Accurate quantitative anabysis of disease-relevant
proteins is weful in disease sz\':nunn ln:l control, early
cancer screening, and predsion di

Clinically, the SDM standard methad fm ipcn:l.ﬁc protein
measarement is immune assay, incloding enzyme-linked
immunosochent assays {ELISAs), and its vamants. 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-

d and sensitive to ambient environments, the typical limit
af detection (LOD) of ELISAs is at the picomolar level®
Yarious ipprﬂ.:h::- are d:re{-uped to amplify the signal, such as
PUR reaction, enryme reaction, and Functional nanoprobes
{e.g. quantum dots, An manoparticles, etc.).'' However, the
fluctuation of signal intensity is inevitable and may be
exaceshated by the bias effect in some signal amplification
methads," which restricts the lowering of LOD and the
improvement af reproducibility.

The protein counting assay i an ultrasensitive ﬁmhe-m
quantification technigue d in recent years. The
quantitative results are extracted from the namber of generated
targeted signals, not requiring the intensity of each target
:ﬂ:ﬂ. The yes/no measorement model overcomes the
influenice of intensity fluctuation and presents an cutstanding

- ACS Publications — © 2599 Ameicen Chemical Socisty
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potential in low-abundant protein measarement.”’ To date,
protein counting asay techniques are developed into three
categaries: d.iE'l.‘aE ELISA, & n'n.gl.: pﬂ.r!id: |:|:|m11'i11.§,"_"" anad
single-Buorescent-molecube fow |:|:||.u:||:ir||5.2"l In digital ELISA
and singhe-particle counting, target signals coexist with massive:
blank signals. Under limited detection throughpat, blank
signals oocupy a3 majority of detection sites, and only a small
portion of target signals are counted ! The stochastic counting
of a small part of the signals leads to 2 sgnificant Paisson noise
at altralow concentration (10-"*—10-" M) and small sample:
valume {107 L). In order to prevent the oocupation of blank
lisnﬂs. lbt;gl:-ﬂuﬂrcmnt-nﬂmk flow counting ahlzes a
separation and enrich strategy and achieves a detection of
Huorescent molecules one by one throwgh capilliry electro-
pl'but\:ii:. However, the fluorescence of a sing]: malecule is s
weak 25 to require a very tiny detection volome (107°* L
lewel )22 A large number of fluorescent molecules bypass the
laser spot, causing an intolerable ngnll loss. When the
fuorescent malecules are less than 3000, the counting date
is mot reproducible.” Therefore, the omission of the target
signal during the counting process is becoming the bottleneck
of protein counting I:|:|:I'|.|'.\|i|:||.|e=='I It is essential to develop a

Recelved: Ooiober 21, 2009

Accepted: December 1, 2019
Published: December ML, 2019

54 DOk 531031 s i, RROSER
Anal Chew J000,

B, A-atl



Analytical Chemistry

n.ﬁ counting approach to achieve 100% counting of target
signal.

Hersin, we present a nonstochastic and inexpensive protein
coumnting method for low-abundant protein anahsu. Lisi
carcinoermbryonic antigen [CEA) as a model, the LODs r:::f
4.2 107" M (aM) in a buffer and 6.1 aM in a 10-fold diluted
plasma.

B EXPERIMENTAL SECTIOM

CEA I Procedure. Here, 300 ul aof capture-
antibedy-modiked magnetic bead (capture bead) solution (2 x
e* beads/mL) was transferred into a ||:rw-l|‘li-nrptim tube.
The sopernatant was removed by magnetic ssparation. Then,
100 gL of CEA standards [concentration could be vanied ) was
added into the tube and incubated for | h at room temperature
with slow tilt and rotation. After the remeval of the
!upu'n:hut, 300 pl of a 104old dihsted SoperBlock (PES)
Ellnrkms [contzining 0.1% tween 20) was added to

C :.d.n:lrphun for 0.5 h. Then, 100 pL of detection:
:nhhnl‘h'\-mled polystyrene sphere (DPS sphere] salation was
added and incobated for 1 b After magnetic separation, the
unboand DPS spheres were remaoved by three times washing
with a PES buffer containing 0.1% Tween 20. Immuno-
cumplﬂr‘: and unc:uplnd. capture beads were left in the tube

Next, 100 plL of citrate buffer (pH 3.1} was added in the
tube and mixed for 2 min The bound DPS spheres were

iped from immuno-complexes. Based on magnetic separa.
ﬂﬂt supernatant contining eluted DPS :rl:dlﬂ':spuu
transferred into a new tube. After three times elution, all the
ehuted DPS spheres were collected with 3 volume of ~300 L.
Then, the DPS sphere solution was centrifuged for 5 min
{6000 r/min], and ~2%) kL of sapernatant was removed. The
final obtained target DPS suspension was =10 pL.

We pipetbed 4 gL of enriched DPS imto
the m.lcrm'cP -5 I :mlpm the hqnl&lrgl:':mpﬂ.m
By repeating the above processes for three or four roands, all
the ehted DPS h:rﬂwm'pu'l:npua.lrﬂ in a microwell of 2
counting Jﬂ'ic:T Frgure 51). Then, we Pup:l:rnd 3 pl of D1
water and placed a coverslip. The immobilized DPS spheres
were recorded by an inverted micrescope equipped with 2 #0x
objective [numerical riure of the 40 objective was DLA)
and an EMCCD frame by frame and counted by saftware. The
total i ¥ procedure needed abowt 3.0 b

Matrix Effect and Specificity investigation. Here, 0.3
mL of human plisma was added in an wlirafilter with a 100
kD2 maolecular weight cutalf and centrifaged for 5 min {12,000
r/min) bo obtain CEA-free a. Then, a of CEA-
free Pl.i.'ll:ru was diluted 4=, 10:, 100, 1000, and 100000-fold,
respectively, by a PBS buffer and detected. To evaluate the
l])tciﬁcitp_ we :puk:d proper volumes of the CEA standards
into 100 yl of 10% CEA-fres ma with final concentrations
of 0.0, 200, and 40.0 a¥l, respectively. After iInmuncreaction,
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 meazured by a standard addition method.

W RESULTS AND DISCUSSION

Principle of Protein Counting Analysis. Figure | shows
the protein counting processes based on sandwich immuno-
assay. Capture buug. target proteins, and DPS spheres were
incobated in sequence. Since the ratio of antigen to capture
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Figure 2. Measurement of CEA in buffer. [ A=D1} Distribution of DPS
sphoeres by using O aM (A), 15 aM (B), 50 ah{ (C), and 100 aM (D}
CEA solution. (E} Plots of caloulated f against CEA comcentration.
Inset: plots in 0—1% ab. [F) Lincar dose curve of [ and CEA
concenitration. leset: curve in $—1% abl Broken line represents the
LOH. Eevor bars: sd. over three replicates. Scale bars: 8 pm.
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dilations. (B} Resudis of specificity test. The final concentration of
spiked CEA in 10% CEAfree plasma was 4000 abd

bead was typically smaller than 1:10, each immuonc-complex
was just compesed of cne capture bead, one antigen molecle,
and one DIPS .Tl'b:r:. The onbound DPS l-phu:ru- were
removed by washing. Then, the bound DPS spheres were
mﬂ off from the immbunmmph:‘n:-: by elotion and
e ed in a tube I:Fig'ur\e LA). Thrnlu.;!i several rounds of
suspension pipetting and a liquid evaporation process, the
elated DPS were immobilized in a microwell, imaged
framie by frame under the help of locating grids, and coanted
by a custom-built software {Figure 1B). To calibrate the

DD 721 D01 Jae i raic e R0
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Table 1. Accuracy, Precision, and Recovery for Measurement of CEA spiked into 100% CEA-Free Plasma (r = 3)

CEA pLiti] IR 13 75 7.0 ¥ £ &5
LCEA Bl S 1 LS L3 41 HHE = 44
1H ™ b 1B} b time. Far the binding of DPS spheres to captured antigens, the
i T % & best parameters were as follows: 340,000 DPS spheres, 1 b of
G P LB ' DPS sphere incubation, and 118 pg of detection antibodies
e o el 0 |4 Fisf i R The concentration of antibodies was considerably higher
s B o] [ than that of am.ﬁs,eus.. :|.|'|1.F|:r.|.rls that the u.phlrﬂl :.nl:igﬂ'l. was

A i
* w2 ([1] i (£1] 0 MY o =¥ 0 {1} n o
Spakal CEA ciniess

bpikad CEA ooncemiratian | el i it o [l |

Figure 4. Calibratton corves of standard additien asadysis.
Experimental conditions: S00000 beads, .72 uyg of caphure antibady,
1.5 h of antgen incobation, (0.5 b of bloding, 1.0 b of DPS spheee
incubation, 340000 DPS spheres (300 um), 118 gy of detection
antibody, three times washing ard clution. (A) #1 plasma and (1) w2z
plasma.

protein concentration, we mkrodieced a ratio coefficient (f). f
was calculated as

f= Nors o 100
Ney {1k

where Npp and Npy represent the number of target DPS

eres and ca reads, rz:pech'l.dy
qﬁlln eq 1, hﬂ;udﬁd the capture efficiency of the farget
protein. Ny was determined by the protein concentration
Under the optimal value of N, the f value was mainly affected
by the protein concentration and should have a lmear
relationship with the concentration. As the original rtio of
Nes and Ny was too small, we added an amplification factor
of 100 to display the resales dearly.

To achieve cm'upi:t: coanting of all target :i;nlh. we
improved the counting efficency from three aspects: (1)
Micromieter-scale DPS spheres were used to enhance signal
resolution, preventing the information loss caused by :lg.ruk
overlapping in particle clasters. (2] Multiple rounds nf
evaporation-induced sedimentation ensured that all
DPS spheres were immobilized in a limited area with a ]u;gl'l
density. (3} Grid-assisted multiffame imaging enabled the
immobilized DPS spheres to be imaged without cmission and

Therefare, we could count all target DPS spheres
exactly, suppress the Poisson noise resulting from stochastic
counting of a portion Dd"ﬁ:leu.rgetugml and improve the
Perfmuan:: af the ein countin

Optimization of Experimenta P'a’ametem The basis
af the protein counting assay is the formation of immune-

J'Eﬁ!ﬂ. By using 5 aM CEA molecules, 400,000 capture
be and 340,000 DPS spheres, we observed asymmetric
complexes formed with one capture bead {smaller bead) and
ane DP5 sphere prior to elation (Figere 32A). Meanwhile,
almest no complex appeared in the blank expenment {Figure
51B). These results demonstrated the possibility of protein
counting prelminarily.

To obtain as many as possible immune-complexes, some
u.perhneul:ﬂ parameters were ng:tiruu:d by using a 5 aM CEA
solution as the positive control and PBS buffer as the negative
cantrol | %1). For the ant , the optimal
mn:liriui:-'gwcm‘m |fr|:]H},EI]|:I capture f,:rk 15 h of Eﬂgﬂl
inmbation, 0.72 ug of capture antibodies, and 0.5 b of blocking
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surraunded by numerows unoccupied antibodies. The antigen
dissociated from an antibody could rebind to the surface with a
high pu'obﬂhiﬁty.:" which ensured the highly efficient binding
of target proteins to antibodies and allowed the washing of
i.n'u'nm.n-n:n-mplﬂ.l:s. In this case, we washed the immuno
complexes with different times (Figare 530}, Durng the st
magnetic separaticn {washing times was zero), a large number
of free DPS spheres existed in the solution. Some free DPS
spheres might co-sediment with capture beads, resulting in a
relatively high valee of | In the first washing, the co-sediment
phenomena were reduced greatly. Thus, the f valoe lowered
more than 30%. The optimal signal-to-noise mtio was obtained
by wazhing three times.

The elstion process is to separate the DFS spheres and
preclude interference of capture beads during counting. In this
study, a citrate busfer (pH 3.1} was wsed as the elation busfer.
We have carried out the elution experiment more than three
times to improve the elution efficiency. By counting the DPS
spheres (4.5 pm) left in the captore beads (Figare LA, step 4],
we discovered that the number of noneluted DPS spheres
{20—30) was negligible after three times elution (Figure 53H)
Thus, the immuno-complexes were clsted three tGimes in
subsequent experiments.

Carrent nanoparticle-based protein counting techniques fail
in counting all target signals becanse of two reasons: (1) The
sedimentation efficiency is difficult to reach 100% even under
electrostatic attraction. (2) The signals overlip in particle
clusters. In this stedy, we developed an evaporation-induced
particle sedimentation method to enmsare that all DPS spheres
were immobilized onto the substrate surface. It was noted that
evaporation-indoced  precipitation led to obvious particle
aggregatian, limiting its application in nancparticle sedimenta-
tian becanse 2 single nanoparticle was not rescived in dusters.
To enhance the resclution nl':i.ng!: [:m'til:]u\. we used 2.0 and
3.0 pm DPS spheres to carry out immune reactions and found
that 3.0 pm DPS spheres could be distinguished i clusters
cleadly {Figure 54}). Thus, 3.0 pm DPS spheres were used in
the immune assay.

Onice the DPS spheres wers immiobilized, multiframe beight.
field photos were captured in sequence under the help of
locating grids. Then, all photos were assembled together, and a
combined image of the circular microwell was recoversd
(Figure 53A), demanstrating that all immobilized DP5 spheres
were imaged without omission and overlap. The DPS spheres
in each frame were clear and sharp (Figures 338 and C). To
accelerate the coanting :peed. a F:.l:t'u:le- counting software was
established. The counting accuracy was tested by comparing
the results abtained by the software and the operator {Table
51). For 14 random frames, the counted DPS spheres

displayed a high level of consistency between the operator
and software.

GOt ¥ 105 1/ e araick

e
#inal Cham 0D 00, &38-—250



Analytical Chemistry

Performance of CEA Standards Measurement. To
evaluate the p:lfmmm::. CEA standards were analyzed under
aptimal conditions. The demsity of DPS spheres steadily
increased with CEA concentration (Figure 2A—D). The
quantitative results were obtained by plotting the calcualaged §
values against the CEA concentrations (Figure 2E). The plots
of the calculated f vaboes exhibited a linear dose curve from 5
to 500 aM | Figure 2F ). The relative standard deviation {RSD,
r = 3] varied E::lm 2.2% to 7.7%, which was l:ne‘pt:hh for =
protein assay. In the d"ﬂll:l'lil: range, RS0 and the relative error
{RE, n = 3} floctuated randomly, displaying no clear tendency.
When the CEA concentration exceeded 300 a}d',fd.m'irtﬂl
from a linear curve, which might be cused by two reasons: {1)
More than one capture bead were bound to the same DPS
sphere. (1] The effective colliion for an antigen-boand
capture bead was decreased with an increase in antigen-boand
nphn!bﬂad.:.Th! 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
Drs q:ﬁ:n:—s. snppcrumd Poisson naise, and :i.mprmrl:d the
LOD.

Specificity, Accuracy, and Precision. Clinical samples
typically contain tens of thowsands of protein species, which
interfere with the detection of target proteins. To investigate
the matrix effects, CEAfree phn‘n.uwm analyzed at different
difution folds. The background noise dedined within a 0—10-
fold dilution. When the dilotion fold was more than 10, the
background noise vared slightly {Figure 3A). In the 10-fold-
diluted CEAfree plasma, the blank valee was 0027 + 0.005,
and a LOD af ~6.1 aM was obtained, which was equivalent to
a LOD of ~61 aM in the whole This detection
sensitirity was at least ~5-fold lower than that of rliFiu'I
ELISA™ and 1-3 m'rl-er:--nl'm:gnitud_eﬁnuw than that of the
single-nanoparticle counting analysis."” For the ificity test,
the great gap between CEA-free plasma CEA-spiked
plasma revealed that CEA measarements were not interfered
with by nontarget proteins {Fegure 3B}, In addition, R5D and
RE of CEA concentrations were lower than B0%, and the
recoveries reached 92 5% + 6.5% and 98.8% + 4.0% for 200
and 4000 aM CEA spiked l:.n'n:.rﬁpamv' ely [Table 1). These
results ensured tl'zléainslqr and Fr:cisin,|-1[ of h?.l::: target
protein detection.

Clinkcal Sample Detection. The CEA concentration in
the whole Pﬂm of normal les is *-.SE:s.l'm]'.. I
the dynamic range of our me %0, we performed a 10%-fol
difution to the plasmas before analysis. To eliminate the matric
effect, the standard addition method was applied to calibrate
concentration. We measured the f valoes of two dilated
plasmas and cabculated the original CEA concentration in the
whale plasma on the basis of the standard addition curves
{Figure 4). The Bnal obtzined CEA concentrations were 053
and 046 ng/mL respectively. These data showed a little
difference with those pravided by the hospital (054 and 078
ng/mL). This might be attributed to the different sources of
the proteins and antibodies becawse the sources of proteins
usmally affected the activities and purity of the proteins.

B CONCLUSION

In conclusion, we present 3 nomstochastic protein counting
method for the gquantification 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 ab, and the LODs were 4.9 aM
in buffer and 6.1 aM in 10-fold diluted plasma. For spiked-CEA
detection in 10% CEA-free plisma, the accuracy (RE < 8.0%),
precision (RSD < 7.0%), and recoveries were acceptable.
Faollowing the established procedure, two clinical plasmas were
quantified by the standard addition method and showed
comparable vahoes with those ided by the hospital The
proposed method suppressed Poisson noise of the stochastic
counting, improved the LOD and acruracy of the low
abundant protein assay, and considerable pnhﬂ'l.lli.ﬂ n
rare biomarker detection and early disease screening.
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Digital Duplex Homogeneous Immunoassay by Counting
Immunocomplex Labeled with Quantum Dots
Xiaojun Lin," Yuanyuan Sun,’ Xinyi Lin, Xiaoyan Pan, Zhangjian Wu, and Hongwei Gai*

CI‘E This: Armal. Cherr. 2021, 93, 30853065 Aead Online

ACCESS | il Metrics & More | Articie Recormmendations | @ Suwponting information
ABSTRACT: D.l.pla! mu]‘h hnmnn_ i ALEAY is mppm:f] to have the Idmh.gu

of high sensitivity, high a.ruhn:u] throaghput, small nmpllng errors, and low consumption. We M 0
Fremtanpemlmpngbu:ﬂnﬁqﬂu,hm:, l:-:r ¥ :-:.ndwu:b -_I-:'

structured immun 5 in the form of quantam dot (D) a ItEﬁ. As :.Imual'ufcmwerl..

the method was utilized to detect two mumor biomarkers: car:i.nﬂq‘nulc antigen (CEA] and

wr-fetoprotein {AFP). The immunacomplex induced by CEA contaimed QD 655 and QD 385 and

were rmngmmudbyﬂm spectral pattern of dual-color QD aggregates under a transmission-grating: (&4 Freles [
based spectral i ng microscope. Immun induced by AFP were kibeled with the QD
385 aggregate an ; were ld.enh:ﬁ.ed by the spectral blue-shift pattemn of same-color (D aggregates. Limits of detection for AFP and

CEA were calculated to be 0.02 and 0.10 pM at a signal-to-noise ratic of 3, respectively. Further saccessol quantification of the
madel p ins in h L d rated the accuracy and relisbility of cur approach.

ingle-malecule counting (digital detection] is at the fiuid obtained throogh lumbar punctare. Therefore, maoltiples

forefrant of immunoassays becanse it meets the require- immunoassays with the desired sensitivity and specificity are
ments of eardy diagnosis,'™" quantifying hiomarkers in the urgently needed for dinical applications.
range of sub-f% to aM. In theory, digital immuoncassay has the T recognize immunocomplexes in heterogensons multiplex

potential to detect a2 single moleculs of a biomarker by immunoassays, researchers oually use two strategies. One is
“visnalizing” 2 taglsbeled antibody or 2 sandwich-structured the spatial position, where the signal s detected, '~

:rnmlunnmnplu :nrlturnng:a.f least two tag- labeled antihodies. 5 e i ol T A e with destined
e M‘D h:l;‘""" d'!-"‘“'"_“'""";"h i d‘:‘;’u'lﬁ antibodies, and thus, immunocomplexes can be easily
classes, rogeneows’ and homogeneouws.

SR SRR & : ek el o identified by the signal location. Typical examples are various
nocompleses can be distinguiched from the free taghbeled ~ Based immunoassays, mch as electrode amays,” nano-
antibodies, without any separation steps. Therefore, :I!p'ta.'l wire Tq'"‘ microdluidic channel arrays, P ST
ba e e e A R and dot :.rr:}s of surface-enhanced R.a.rnar: scattering
due to easy operation, cost-eflectiveness, and minimal artificial “‘EM} substrates.” . An::th:r W d?lb;‘_'f‘fz tag-labeled
interference. To count sandwich-structured immunocom. antibody for a f‘_F"‘:"ﬁ‘: mmncl?mph' & N"T"“Fh’
lexes, various detection sl:rah.-ﬁes were developed, sach as monic particles,”  SERS “E’:ni‘_ electrochemical t%_lf'
Sumuc:nc: and scattering light cross-correlation spectrum QDs, ™ organic floorescent dyes,” and magnetic beads™
from a compound of 2 silver nanoparticle and organic dye,'" were exploited for these assays. By removing the amalyte
quenchin q of upconversion nanoparticles by gold nano- unbound to the sensar and the tag-labeled antibody unbownd
particles,’ Fiirster resanance energy transfer (FRET ) between to the analyte, limits of detection (LODs) of multiplexed
arganic dyes, """ asynchronows spectral shift of :Eq;reg:beﬂ heterogeneos mmunoassays were in the range of sub-nM to
quantum ‘!I?“ {QDs) in the same color (same-color 6. However, multiple cycles of incubation and washing were
EWTiﬂ dual-color flucrescent dyes or QD “‘;D":ﬂ"“ needed during measurement. Each cycle increased the risk of
tion, """ and ijx G et me:rqgr transfer (P’RF_T] cumulative error, cost time, and labor. Therefore, muhi;pln..

between QD and gold nanoparticles.'’ However, such tin e Tooum 3 desiabl
strategies were only used to detect single protein biomarkers. gk i

A panel of protein bicmarkers provides maore comprehensive ! 5
information on pathelogical processes than a single biomarker Beceived: Seprember 23, 2000
and remarkably improves d'u.gnnsis and Pcm;gn-nsi:.'_ }'[l.l]rh]ﬂu Accepted:  January 17, 2021
immuncassays offer significant advantages over a serbes of Publiched: February 4, 2021
single-plex assays, including decreased ing, errors and
reduction in labor, time, sample, and reagent.” Low sa
consamption i crucial for rare samples such as cerebrozpimal
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The key of multiplex homogeneous immuancassays is how to
distinguish signals of each sandwich-structured immunocom.
plu mrhm.l.l m:-l:l:mg: the immunocomplex, which makes

enpus immunoazsays 2 challenge. To the
be:tnd"m.l.rbm e, mare studies achieved multiplexed,
homogeneous immuonoassays at the cost of sensitivity." "™ In
their studies, signal enh:ru:ﬂ'ngnt between the SERS tag and
noble metal n:rmpa.rhdes, " localized surface plasmon
resonance shift of gold nanorods cansed by analytes,” time-
resplved FRET between dyes,” and flucrescent intensity of
anline-captured micrebeads” ™™ were used for simultanecus
quantitative analysis of proteins. The aforementioned studies
were performed at the ensemble level and could not achieve
the ultimate detection sensitivity of chemical assays, to coant
the number of single molecules without any further chemical
amplification or entichment steps. This study developed a2
spectral imaging-based multiples bomogenous immunoassay
by counting sandwich-structured immunocompleses i the
form of QD aggregates. As a proof of concept, carcino
embryonic antigen (CEA) and edfetoprotein (AFP) were
selected as model targets, and QD 385 and T 655 were used
as fluorescent tags. As shown in Scheme 1, 2 tumar marker

Scheme 1. QDI Aggregates Induced by CEA and AFP
... anlCEA A0 655 xnﬂ‘\ﬂf-\-ﬂﬂm - CEs
y‘: Al AFF ILA-CHEF 58S o AFP

& =

u' i A DA SR

“ﬁmsmlm In plasma

protein and its two corresponding antibodies immobilized onto
their own (}0s formed 2 sandwich-structured immunocom:
plex. An immuenocomplex induced by AFP and CEA was
considered 2= 2 same-color QD aggregate (QD 583s) and a2
two-color QD aggregate (QD 585 and QD 633 ], respectively.
Observed under 2 ransmission-grating-based singhe-particle
spectral imaging microscope, the spectrum of the two-color
QD aggregate showed a zeroth-order dot and two frst-order
streaks, while the a of the remainin: cies, i i
the dispersed Q_];]:ﬂ:'ld the HJB!-:DIEI.':ED agmdlmpcplﬂ,
originally exhibited one zeroth-order dot and one frst-order
streak. Therefore, the immunoco induced by CEA was
identified by the spectral pattern of two first-arder streaks and
then counted. In our previows studies, we foand that the Frst-
order streak of same-color QD tes split before
bleaching, whereas that of :q—d.l.'q::g;!;iq_ﬂ E mot A0
Theretore, the mmenocomplex induced by AFP was
recognized by the criterion, the frst-order streak splitting
under continoous irradiation, and then was counted. The
LODs in sohstion for AFP and CEA were calculated to be 0102
and 010 pM at a signal-to-noise ratio of 3, respectively. The
successtul quantification of the model targets in human plasma
demanstrated the reliability of ocur approach in clinical
applications.
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B EXPERIMENTAL SECTHON

Chemicals and Materials. AFP, AFP antibody
{CA), AFP detection antibady (DA}, CEA, CEA CA, and CEA
DA were ordered from Shanghai Linc-Bio Science Co. Led
(Shanghai, China). Bovine serum albumin, chicken egg
albumin, trypsin inhibitor, buman serem albumin, phytohe.
magglutinin, transferrin, i { diallyldmethylam-
moniam chloride ), and N-(3-{dimethylamino jpropp }-N-eth-
ylarbodiimide hydrochloride (EDC) were p'l.uﬂmcd from
Scig;rm-&hl::il:h {5t. Lowis, MO ). A total of 4.0 mM plmsphah:-
buffered saline (PBS, pH 72) containing 1352 mM MaCL
carboarylic QD 635 | Cat. Mo, Q21321MP), carbeoylic QD 585
{Cat. No. Q21311MP), a blocking reagent (Cat. No. 37580),
positively charged glass shides (Car. Mo 4951plusd), and
coverslips were obtained from Thermo Scientific (Waltham,
MA}J. The chromatographic matrix, Superase 6, was purchased
from GE Healthcare Life Science (Pittsburgh, PA). A
transmission grating with 70 lines/mm was porchased from
Edmund Scientific {Barrington, NJ .

Instruments. A Cary Eclipse fluorescence =
eter and 1260 Infinity liguid chromatography Aplent
Technologies) were used to measure the QD fluorescence
intensity and to purify QDs coated with antibodies,
respectively. Single-particle spectral images were taken by an
Olympus IX71 microscope equipped with an Evolve 512
electron-multiplied charge coupled device (EMCCD) {Photo-
metrics, Tucson ).

Q0= Modified with Antibody. QDs were modified with 2
destined antibody a:murdi:'l.g to the Pu'-uccdn.n: E:lm'vid:d by the
manufacturer. Ta}.ing an ﬂamph of QD 635 madihed with
CEA CA (antiCEA CA-QD 6355), 5.0 pl of QD 855 was
activated with 1000 L of freshly prepared L0 mg/mL ED(C.
The solution was Gltered in a centrifegal ultrafltration tube of
50 kDa cutoff moelecular weight to get rd of excesskive EDC,
and then 12.0 pL of CEA CA was added into this QD 655
solation. The reaction lasted for 4 bin the dartk. AntCEA CA.
QI 635 was purified with size exclosion chromatography
{details in the Supporting Information and Figare 51). Figure
51 shows that antiCEA CAQD 835 was s= from the
excessive CEA CA and QD 655, AntiCEA CA-QD 655 was
collected and stered in a 4 “C refrigerator. The AntiCEA CA-
QD 635 concentration was determined according to the
fuorescence intensity of QD 635, QI 5835 modified with CEA
DA (antiCEA DA-QD 383), QD 585 modifed with AFP DA
{anHAFP DA-QD 583), and QD 385 modified with AFP CA
{antHAFP CA-QD 583) were annred. fnﬂnwi.ng the above
Fm-l:-nd.m The w-nci:ms; curves bor D 655 and QD 585 were
¥ = 84L.7x — 3602 | correlation coefhcient of (.997) and y =
79 — &12.5 I:mﬂ:]ltinn coethcient of 0.999), respec:
tively.

Immunoreaction in PBS Buffer. All of the probes were
blocked with a 5.0% (v /v} blocking reagent for 3000 min prior
to use. A total of 9.5 gL of 843 nM antiCEA CA-QD 6353, 8.4
sl of 255 nM antiCEA DAQD 385 85 wL of 240 nM
anbAFP DA-QD 3835 7.3 sl of 1100 nM antiAFP CAQD
585, and 4.0 uL of protein in PBS buffer were mixed. The
mixtare was filled op to 80.0 L with PES buffer, and the 800
L solution was referred to as the immonoreaction sohetion.
The reaction lasted for 05 h 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

Brip :lr.hum.lu 230y anakchemn ScOaOGE
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informed consents. Blank plisma was wsed a5 a matrix whose
background and recovery were suppased to be matched with
plasma. The blank plasma was prepared by removing AFP and
CEA through Kltering the plasma in 2 centrifugal witrabitration
tube of 30 kDa cutoff malecular weight. The immunoreaction
was conducted acmrdi.ngto the above 'Fu'nln:ul. except that 4.0
#L af protein in PBES buffer was replaced with 100 ul of
protein in the blank plasma or 100 4L of the plasma sample or
10U0 wl. of the plsma sample spiked with CEA and AFP (the
concentration of the spiked CEA and AFP was 160.0 pM).
CEA and AFP in the plasma samples were measured with an
electrochemiluminescence immunoassay analyzer, Cobas
5000," by Xuzhou Center Hospi
Specimen for Single-Particle Spectral Imaging. Each
antibody-modifeed QD in the immunoreaction solubion was
difuted to 0025 nM with PBS buffer, and this diloted solubon
was referred to as the test solution. A total of 1.5 gL of the test
solution was dropped anto a pesitively charged glass slide from
Thermio Scientific, covered with a covership, and sealed with
nail p-nf:i:hi.ng oil. The commercial !]m slide was coated with
poby-L-ysine and wsed without amy treatment. It was :uE:aed
that the immunocomplex was adsorbed onto this shide through
the binding of its negatively charged, acidic amino acids to the
positively charged poly-L-bysine. Only QDs adsarbed onto 2
%:5 slide could be imaged. Compared to a normal glass slide
b was n-e;ltl'n:l'p :ha:_p,ed, this pnilhr:l}' d\lrp:d glu: slide
made adhesion of the negatively charged (Dx faster and easier
doe to electrostatic a.ﬂﬂ..:h.an. The specimen was ready for
simgle-particle spectral imaging.
rmsnlsih:n—ﬁla'rh\g—ﬂased Simgle-Particle Spectral
Imaging. Scheme 51 shows the principle of 2 transmissian:
grating-based spectral imaging. A I:nrl.nmmm'l. Eranng was
imzerted before EMOCD. The transmixsion gra sphit Light
from one emitter into two beams: a zeroth- nrd:r Eﬂ.m im the
ﬂu.penfa.dut and a first-order beam in ﬂushipcnl'l streak.
The rerath-arder beam and the first-order beam were refemed
to as the zeroth-order dot and the first-order streak,
respectively. The wavelength (1) conformed to the formola 4
= L ® /5 where 5 d, and L are the distance between the
transmission grating and the EMUCCD, the grating constant,
and the distance between the reroth-order dot and the
mrrespmdi.ng first-order streak, rupe-:tird}'. In our setup, the
value af d/5 was measured to be 2.95 nm/ pixel using QD 633
as the standard
To ensure single-particle spectral imaging, the total
concentration of (s in the test solotion ald be below
040 nM. For esach specimen, 13 locations were randomly
imaged. For each location, images were automatically taken
mto a sn:lu]n:-n with a 300 ms interval unbl (D 585 was bleached
alysis. The images were opened with Image J.
Figure 52 shows a typical single-particle spectral image. The
first step was to make a pair of the zeroth-order dot l:n.-d. the
first-arder streak from the same emitter by their positions. As
shown in Figare 51, when the graph drawn by connecting the
dots was similar to that h}r'ﬂush‘ﬂh. 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 the frst-order streak that could mot make
a pair were not counted in the subsequent analysis. Totally, 10
mmages 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 identify the (D color by the
distance between the zeroth-order dot and the Arst-order
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streak, which could be done by the naked eve becamse the
distance diference between {0 635 and QD 585 was obvious
{Figure 53). The QD with a large distance was identified as
QD 655 The rest of the (JDs were identified as QD 583, The
third step was to count the (I} 653, the (Ds with one dot and
two streaks, and the QD 5835 whose frst-order streak |.p|.it

before bleaching,

B RESULTS AND DISCUSSION

Proposed Principle. The core of the mul‘ﬁpl::l.ed
homiogenous immunoagsay is to dstngoich the signal of
each ':mmnnn-nnlq:h I'E'm'u that of the rest of the substances
without separation.” ™" Single-particle detection can directly
obserre sin cles and discover particle heterogene
hidden in =$£d=:mm * For example, :uﬂbgmg
tmum.i:ﬁnn.-gnting-himd q:ﬂ:hﬂ imaging is capﬂ]:ﬂt of
distinguishi F&em-mhrﬂ_ﬂwhmﬂu
QD by its spectral blue-chift The first-order streak
of the same-color QD aggregate splits before bleaching,
whiereas that of the dispersed (JD does not. This characteristic

was exploited far a ::Lnjlt plex homogencus immunoassay with
femtomolar LOD.'® Based on these stodies, we believe that

single-particle d.utedlnn might have great potential in maltiple
homicgeneows Immunoassays.

As a concept, a duplex homogenous 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 (s formed 2 sandwich-stractured immumoco
when they met. The immunocompler induced by CEA and
AFP could be regarded as the two.colar QD aggregate {QD
585 and QD 6535) and the same-color QD aggregate {JD
583}, respectively. When obzerved under an optical micro-
scope, the aggregated QD in an nmunocomplex could mot be
observed as multichjects but as one because the distnce
between the QDs was less than the optical diffraction
limitation.""* When observed under a :n'l.p;l!-?.lrhdz trans.
mission-grating based spectral microscape, it & 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 (D aggregate shaws two
first-order streaks becawse the streaks of the aggregated QD
655 and QD 585 cannot m-erl:p [Figure- 51); and {3} the rest
of the (Ds (the same-color QD aggregates and the dispersad
QDs) exhibit ane frst-order streak at the beginning of imaging.
Therefore, the immunocomplex indoced by CEA can be
rcmplu.cd the unique spectral em of the bwo-color QD
aggregate, n!:':: -|‘].-m‘.I'.I:.I.|'|.'§ﬂl:|':zlln:l sh'ﬂhpii"j.'ﬁ: aggregate of [u] ] %5
is supposed to be identified by the criterion, the first-order
streak i before bleaching, as mentioned previoushy.

To Eﬂh::z hypathesis, w:g.mmpa.red the r:F:g)nnn:- of the
two pairs of probes in the presence of CEA and AFP to that in
the absence of CEA and AFP. Videos 51—54 show the I.‘g,rpl.ﬂl
sl:h:ctn] ch.l.ns:: with time. For convenient rﬂ.dmg, the videos
were edited into a series of frames and are shown in Figure
IA—=D. As expected, in the absence of the targets, the spectram
patterns of all of the probes were the ame, a dot and a streak
at the beginning of imaging, and the streaks did nat split with
irmdiation time mcreasing {Fa.gu.rt 14,B). By contrast, in the
presence of 11:3!!:5. the ’Em patterns of a dot and two
streaks appeared ab the of imaging (Figure 1C).
Some streaks sphit bebore bl.:ad'nl.ng [Figare 1DY). Thess

LR :ldﬂnnll! 317 dcn an sy Sol 00
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Figare 1. Typical spectmal change with time. (A) Ancibody-modified
QD 385 and (B} antbody-modified QD 655 in the absence of CEA
and AFPF; (C) two-color QD afgregate (QD 385 and QI 455} and
() same-color QI aggregate {3 385) in the presence of CEA and
AFP. The concentration of each antibedy-modified QI was 0028
M, and the concentration of both CEA and AFP was (L33 nAd

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

The multiplexed capacity of cur approach might be further
increased. Theoretically, each two-(JD aggregate represents
one biomarker, and thus the number of hwo- QD tes is
equal to that of biomarkers that can be swnﬁﬁnuﬁy
quantified by cur approach. The number of two-QD aggregates
is the sum of the two-color QI aggregates and the same-color
Q¥ aggregates. The nomber of two-color (D aggregates is
Clm, 2) = n!/[2%n — 2)°] = n{m — 1)/2, and the number of
same-color (D aggregates is r. Therefore, n{n + 1)/2 kinds of
biomarkers can be simultaneowsly detected wsing n kinds of
(Ds. For uampl:. for two QDs in different colors, three
biomarkers can be detected.

Cross-Reactivity and Selectivity. Multiplex immuno-
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 responses of a
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 to PES
buffer {Figure 2). Since (1Ds were randomly absoched onto a
slide through elsctrostatic attraction, the number of adsorbed
sandwich-structured immunocomplexes was normalized by the
adsarbed QD 6533 according to the following equation:

B antiAFT prabes
i anitEA prebes

E

¥z

Sormuliced mmber af
immenecumples %)
=

CEA=AFF AFF CEA CEA AFF PES

Figare 2. Cross-neactivity between targets. The concentration of baoth
CEA and AFF is 0,005 nbi
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| ticle |
BN s = Mo Nop sco where 0N ey Nioree and
Ngp sss represent the normalized nomber of nedirhed]
sandwich-structured mmunucm'nplc::—.: the number of
adsarbed sandwich-stmactured immunocomplexes, and the
oumber of adsorbed QI 633, respectively. For each pair of
pmh-:s. we draw the ﬁ:lbm-:ing condusions from Figure 2. (1)
The 0N . valoe of the matched target alone was close to
that of all of the wmrgets (1) The nN ... valee of the
nonmatched target was close to that of the PBS baffer. (3} The
0N e Value of the matched target was mach higher than
that of the PBS buffer. These results indicated there was no
crosstalking between the targets.

Good selectivity i cmocial to accurately quantify targets
when dealing with clinical samples. To assess selectivity, we
comipared the response of the probes to the targets (1.8 nM]
with that to some species {138 nM) existing in plasma in
Figure 3 The nN, .., valoes of those species were almaost

M it FF prolics
W anid EA probos

£ 8 5

ra
=

Ngrminliced numsbor e
ImmEsornmples {75
]

-
=

YN ERFL
FEErRy

Figare 3. Selectiviry. Proteins: haman serum albemin, fbrnogen,
transferrin, epidenmal growth factor, comcamavalim A, trypiin inhdhitor,
lectin, amd oval albamin. Amino acids: glycne, alamsine, valine,
soleucine, leucine, prolime, phenylilanine, wyprophan, methiomine,
tyrosime,  sering, cysteine, threonine, ssparagine, sspartic acid,
glutamine, glitamic acid, lysice, arginiee, and h.lsl‘.l-d.l.n: Anions:

17, S04, amd OO, Catvons= K, Ma®, Mg, Ca®, Fe™, and Cu.
The hl.anl plasmna was pecpared through filbering Hu plasma with a
ceprifisgal ultrafiltration tebe with 30 kD cutedf malecular weight

equal to that of the PBS buaffer and much lower than that of the
ta.rgc!:.Toﬁn'ﬂu:ﬂuJLu.tesd:cﬁﬁtp.th: == of the
probes to the targets was comparsd with that of blank plasma
(Figure 3). The nMymen, valus of the blank ma were a
litthe bigger than that of the PBS baffer and by far smaller than
that af the targets. The results demonstrated the good
selectivity of our duplex homogenous immunoassay.
Detection in PBS Buffer. The PE'EDIITIM af the duplex
homegeneows immumoassay was evaloated in PBS  buffer.
Figure 4 shows the relationship between the nN, ... value
and the target concentration. For each targee, the nN, ..
value was in positive proportion to the logarithm of the target
concentration at low concentration and in megative proporticn
to the logarithm of the target concentration at hi
concentration. The w'n-rking curve in the shape of an mverted
*V* had been mTorhed in studies on single-plex homogensous
immunoassays." " reasons for the inverted V' working
curve were as follows. {I] When the probes were excessive, all
of the immunocomplexes existed in the form of 2 sandwich
stractured complex that contained (D aggregates. Therebore,
the N, ... valee increased with target concentration. (2]
‘When the target was excessive, the immunocomplex existed in
two forms: the sandwich-structured immunccomplex and the

g dol o110 ] Usce anusichsruSe a0 50
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Figure 4. Plot of drzed ber of § | against

the bogarithe of target comcentration bn PRS buffer.

target-antibody immobilized onto 2 QD. With the target
concentration increasing, less (D aggregate immunocom:
plﬂ.ﬂ formed and, mnupmﬂmg!y maore one-)0 immuno-
camplexes formed. Therefore, the oM., valee decreased
with target concentration. To use the inverted V working curve
mnmh,hsmxpﬁe:nd&eun@espihdﬁlhasm:ﬂ
amouant of standard target are required to be measared. If the
AN, ¥alze of the sample is bigger, then the negative slope
will be used Otherwise, the pasitive slup: will be wsed. The
LODs for CEA and AFP were estimated to be 010 and 002

M at 2 sE -to-mioise ratio of 3, r i . The LOD values
E:ru\: mﬁabb to those of h.!;?:&";?l multiplexed, and
heterogensons imm Y21 Tha limits of quantifica-
tion (LOM)s) for CEA and AFP were calculated to be 0U3 and
0.1 pM at a signal-to-noise ratio of 10, respectively. The high
sensitivity of our immunoassay might be attributed to the
excellent resolution of each immumocomples.

Stability. Stability was reflected by the response of the
probes from the same batch to the same sample every 2 days
and the response of the probes from different batches to the
same The nN, valoes in the two groops are gui
rta.H;Tﬂlm mh?llg‘;.u:\e 3AB. The I‘ﬂi’! e stan:!::;
deviations (RSDY) of the oW, valies were in the range
af 0.6—3.9%, imlic:l'iu!; that our aﬁn’nlch ha= Bo-m‘!
reprodudbility.

Detection in Plasma. Duplex homogenecus immuno-
assays were suhsequently performed in blank plsma. The

| B EE U B

L]

Sonrailieed somber of
bmivnac ok (Y|
¥R

=

1 T |rl.‘|:r'|

E

| Rt | LT

4
A

immnscemples (%
5 2

Nomrmodined sumber of

Pigare 5. Stability. (A} Resporse of the probes from the same batch
and (B) response of the probes from diferent batches to the same

samuphe.
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blank plasma was prepared by Bltering the plasma i a
:!nl:ri.ﬁlsﬂ ultrafiltation tube of 30 kDo cutoff maolecular
weight to remove CEA and AFP. The oN ..., valoes of the
blank ph:m: 1 with different amounts of CEA and AFP
were measured following the aforementioned  procedures.
Figure & presents the standard calibration curves in blank

£

Immnscomples %)

Summuliosd mamber of

| xgarkben af ergsh comcemiratioa by
Figere &. Plot of the normalized nueber of mmuocompleses
against the bogarithm of targer concentration In blank plasena

plasma. The curves were highly similar to those in PBES bufer.
The LODs in blank plasma for CEA and AFP were estimated
to be 0.02 and 0.10 pM, respectively. The LOQs for both CEA
and AFP lppu.'l.'ne:l to be 0_30 pAL The wvalues basically
with those in PBS buffer, indicating that the blank
worked well

Hmau:npbﬂmnspihﬂludﬂlﬂ?md CEA, and the
concentration of both spiked AFP and CEA was 160 The
0N e, values of the plasma samples and the spiked plasma
samples were determined and used to quantify AFP and CEA
according to the standard calibration carve in blank plasma
Table | summarizes our AFF and CEA concentration values in

Table 1. Comparison between Values Measured by Us and

e i ()

L CEA X0 ITII 204 1014 = 06 135+ 18
AFP A9+ 05 BEF =02 113E = 07 SL5+ 14

1 CEA 69+ 0l 1721 = Lo 1033 = 1.1 @5 &+ 10
AFP TIE+ 0 XTI =03 01E = 05 e+ 13

3 CEA 452x06 173 =08 W76 = 1.2 #5118
AFP B4+ L0 1307 =08 #51= 18 A+ 16

4 CEA B3Iz 04 1824 =03 il =0y 0+ 17
AFP Fo+0E I9E =209 10&0 = 1.5 BT+ 13

the plasme and the spiked plasma and the plasma valoes
measured by the hospital. Ouwr values were dlose to those by
the hospital. The recoveries ranged from 93.2 to 113.8%, as
shown in Table I. The results verified the relbility of our
approach in clinical tests.

B CONMCLUSIONS

A duplex homogenous immunoassay was conducted by
counting each immunocompley. Immunocomplexes indosd
by CEA and AFP were identified by the unique spectral pattern
of a two-color (JD aggregate and the anique blue-shift

of the same-color QD a ate, respectively. The LODs are

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

e dol.ong” 10 ] e ko e Solei]
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ications, as verified by the successful quantification of the
:ff-::l targets in human plasma

B ASSOCIATED COMNTENT

o Supporting Information

The 51.|.|:| ng Information i available free of charge at
bttps:// Flul:u in::.n:u.'g;r "dod/ 10,102 1 /acsanalchem Dc0 40200

Antibody-modified QD purification, transmission-gra-
ting-bazed fmaging microscope, erimental
condition optimization, dinical sample test by standard
addition, and fraction of the immunocomplexes imaged
(PDF)

Spectral changes of an antibody-medified QD 635 with
time in the absence of CEA and AFP (Video S1) [AVI)
Spectral changes of an antibody-modified QD 385 with
time in the abzence of CEA and AFP (Video 52) [AVI)
Spectral changes of an aggregate of (I 585 and QD 653
induced by CEA with time in the presence of CEA and
AFP {Wideo 53) [AVI)

Spectral changes of an aggregate of QD 385 and QD 385
induced by AFP with time in the presence of CEA and
AFP (Video 54) (AVI)
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ABSTRACT: Quantom dot (QD)-based digi.l:] immunoassays play an important role in oltrasensitive biomarker detection
However, the requirement of an objective with a high numerical aperture (MA) limits the application of this immunoassay. Here,
high-quality imaging of massive single-(J% was achieved by the combination of an air ohjective {200/0.4 NA) and liguid-immersed
microspheses {150 pm, r = 21). The signal-to-noise ratio was comparable to that of 2 10014 NA oil objective. Digital analysis of
prostate-specific antigen {PSA) was performed within the dynamic range of 0—50 ng/mL and a lmit of detection of 0,17 ng/ml.
The measured serum data from the PSA were cose to the values provided by a hospital. Using a low-magnification and low-NA
objective may reduce the barrier of microscopy miniaturization and is beneficial to popularize biomolecular digital analysis.

Quarmun dots [QDs} are excellent Hunl\emenl tags for Table 1. Review of Objectives Used in Single-0QD Imaging

labeling biomuolecules, viruses, and cells. ~ Single-QD s -
imaging technology has been proven to be effective for the i S B ¥ g

high- x:nmtwtt:f detection of biomarkers by a counting apscl propestss ad L 14 28
process. Cdﬂnpnud with conventional intensity-determined : ’ v ot 142 g
measurements, single-molecule analysis exhibits ultn.'l'ngh single malicule tacking il S 1.4% Jﬁ.
sensitivity and is not affected ir]. fluctuations in mll:'rmt)r ud o 13 f"
Various bluuwlecu|s including chN.ﬁ, protein biomarkers,” g e S : :;l::-c ::: ;.I;
and guz]-‘m.es, ]'n\rl:u'bzcn measured am:ﬁl:l-} bu oounting et wsrgle-panticle countzy . - o 4
sngle-QD emigions, colocaltration of QD dimers,  or Sogle- X 3 <
ml:ﬁﬂ:i FRET 5i!lu]s." To the best u?::ur h:uwl:ulg:, mﬂl colocalization. ef dirsers : o 13 a3
if not all, single-QI counting procedures are ﬁ!:rﬁsu'm:d using a : . leeiy 14 Lf
total internal reflection ﬂm:s:n:m:z (T'RF] or a wide-field e AT : o 14 35
epifluorescence mLi:I'D!CDPE " equipped with an ofl-immersion EPIT = ;:;':c“ ;'-:'-" L]

ubF:h\'L T‘.'F aAximize t}ﬂ cﬂll.ﬂ.t!l'l r.:l.ﬂ'! 1|:||:|. ‘L'h.!vﬂ E“ﬂ‘lﬂl
ru::ium Hie l:luj g [NA‘ of i n|]-n'|1:!1=rn|:|n role in the detection of single-molecule fuorescence. The
objective should be higher than 1.2 (Table 1). These high-NA fluorescence enhancing effect of DCs, which is also known as

objectives are nsive and complex, which increses the 5 i e T
u]::rimenl mle:uq:i sets a high 'hanl?ier for application eutsde thie “photoalc sunget” eflect; " ie-apdied 06 the.formed
research laboratories.”” In addition, hest conduction of oil &
quick, causing a sustained observation at high temperature
ible."" Therefore, acquiring single-0QD images by using a
low-NA and oil-free objective i indispensable and challenging.
Dielectric colloids ([MCs) are clasic micro-optics ele-
ments'' due to their high focusing ability, lage commercial
availability, and low cost. These elements play an important
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excitation intensity and the improved collection efficiency.’™
Single-molecule  fluorescence-correlation spectroscopy  has
been mexsured by using a confocal Buorescence microsco
with a 40x/1.2 NA n'l:ie:l'n-: P]u.: 20—54) pm latex s]:!'l::r-u.'u
The small confocal volume of colloids and the precise
:i:isnmenl limit the aFFL'il::.Iiuns. Schwartz et al. obtained the
images of single Cy3-labeled streptavidin or dsDNA by using a
TIRF rru:rm:nr-e with a 203,/0.5 NA air objective plus 2.0 gm
Tily, :plu:n:s.l The field of view (FOV) of a 2 gm sphere is
too small to quantify massive molecubes. The direct solution &
u.':ing q:r]'hern- with a r diameter. However, the E!hntum'n:
nanojet efect decays drastically with the increasing particle
gize. From the theoretical G]I:LI].JIJ-DD&,;E the proper sire range
of spheres i 2—9 pm to obtain adequate intensity and
resofution. To increase the detection throughpot, 2 micro-
device integrated with a large number of DCs has been
Bbricated to detect gobd nanopartides i flow either by
ha.dmcall.ﬂ'i:ls or fluorescence.”™ The mimimom detectable size
is 0 nm (backscattering] or 20 nm (fuorescence), which i
not nﬂncl'lntz for a !i.I'I.ElE-D'bDI.BCIJ]E or a :i.ng]c-ﬂ_]:l'. The
complex microfabrication and elaborate partiche assembly are
abso isswes for practical application. Te date, single-maolecule
quantification by using a populady applied wide-field micro-
scope and a low-NA objective (NA < 0.5) remains a
challenge.™’

Here, high-quality imaging of a single-(D was achieved by
using a wide-feld micro e with ].iquid.—immed. barium
titanate glass microspheres (BTGMs, n = 2.2} and a 20:/0.4
MA air objective. Given their large size and high refraction
index, the liquid-immerssd BTGMs increased the efficiency of
detecting fuorescence, improved the resolution, and offered 2
relatively |1:is}| FON (1w j.r.m.]'. which were suitable for
massive single-0QD imaging. Taking prostate-specific antigen
{PSA) as an example, the digital assay of a protein biemarker
was realized wsing a low-cost and simple operation. The
propesed method avoided the use of a high-NA objective {NA
= 1.2), bowered the threshold of !i.I'I.SlE-QD imaging, and was
beneficial to popularize single-molecule research.

B EXPERIMENTAL SECTION

Materials and Instruments. BTGMs with diferent sizes
(5-22, 30-100, and 143—150 ym) were purchased from
Ensphﬂ'ic. Pnl}':t:fnm I::PEJ mi:mp]'lms (20 ;.l:rrl.]'. N-
hydroxyseccinimide (MHS), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide h}'ﬂmch]m'i.d.-e {EDC), and E-mhmpmﬂ'{-
triethooysilane (APTES) were purchased from Sigma-Aldrich.
Capture antibody (CAb), detection antibody DAb), and
prostate cancer antigen (PSA) were purchased from Shanghai
Line-Bio Science Co,, Ltd. (China). Carboxyl-terminated QDs
ﬂ_n:m.inim. 855 r|.111.:l, Supernlm:l: I:‘F’BSJ Hu:l‘.i.na buifer, E]:ss
slides with positive charge, and coverslips were purchased from
Thermo Fisher Scentific. S'ylgan] 184 PDMS |:||igucr|1.|=r and
curing agent were from Dow Corning. Bovine serum albumin
(BSA), glutaraldehyde, Tween 20, MaHCO,, and acetone wene
from J&K Scientific Ltd. (Beijing, China). Ultrafilters with a 3
kDa molecular weight cotoff (Amicon ultra-0.5 ml centrifugal
filters} were from Millipore. Glass slides without a surface
charge were obfained from Citotest Scientiic Co., Ltd.
{China).

A 4 . single-sided Lthography machine (H%4-25C) was
purchased fom Sichnan Nanguang Vacuum Technology Co.,
Ltd. The plasma cleaner (PDC-32G-2*) was provided by
Harrick Plaoma. A blade coater {MSK-AFA-ES200) was
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purchased from Shen Zheng Kejing Star Technolegy Co.,
Ltd. An inverted fuorescence microscope (ECLIPSE Ti-U)
was from Niken (Japan), and a CMOS camera |Prime-958)
was from Photometrics. An LWD-CAZ0-PL 20x,/04 NA
objective and UPlan-FLN 10/0.3 NA objective were from
Olympus (Japan). A Plan-Apo-Ve 100/ 1.4 NA il objective
was from Nikon (Japan).

QD Sedimentation and Imaging. A PDMS membrane
with 2 height of 2 mm was fabricated on a blade coater, and a
0.5 cm of dreular hole was Funn:l'l.:ﬂ 'r]'u'nug]\ it. The :re-sull:ing
PDMS membrane was attached to 2 glass slide with a positively
dursed surface to form a reservoir. Then, 20 gl of the QD
solution {50 pMd} with an emisdon of 655 om (QDs,) was
pip:ll.:d into the reservoir and incubated for 30 min. After
being washed thrice with NaHCO, (50 mM, pH 9.0} sohstion,
the PDMS membrane was peeled off from the side. The
BTGM suspension (20 gL) was added to the slide and sealed
by a coverslip. Afterward, the (%, was chierved under 2
10x/03 NA or 20x/0.4 NA objective and imaged by wsing a
CMOS camera For the 100x/1.4 MA objective, 2 gL of
NaHCOy {50 mM, pH 9.0) solution, instead of the BTGM
suspension, was added.

Fabrication of the QD-Labeled DAbs and PSA
Immunoassay. The QDs,., solution (5 pl, 8 gM) was
mixed with 10 gL of NHS (5 mg/mL) and 10 gL of EDC (5
rns."rnL:I solution. The mickures were rescted at 25 °C for 25
min to activate (D4, Then, 20 uL of DAbs (2.2 pg/ml)
were mixed with 9.2 ul of the activated QDs,,, solution and
incobated for 4 h at 23 °C. After centrifugation, a
suPzﬂ:lndshE 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 E'-‘I.'ﬂ dides were immersed in 1% '[\-.-"1.-} APTES
solotion for 30 min and washed thrice by acetone. Then, the
El::s dides were dried in a varuom oven at 80 °C for 30 min
and immersed in 10% {v/v) ghtaraldehyde solution at 37 *C
for 40 min. After several times of 'w::.hirls in; D] water, a
POMS 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 reservoirs were blocked with 2% (w/v) BSA solution for
A0 min.

The PSA solution (20 L) was Pi.]:!el!tnd into one reservoir
and reacted at 25 °C for 1 b After removing the reacting
solution, the reservoir was washed thrice by 0L1% {v,/v) Tween
20 buffer (10 mM PBS, pH 7.4). Then, 20 gL of QD-labeled
DAb: (400 mM) was added and incubated at 25 °C for 1 b
Then, the reservoir was washed several times by 0.1% (v'v)
Tween 20 buffer. The PDMS membrane was Fee]ncl off The
BTGM suspension (20 gL} was added to the substrate and
sealled by a coverslip. Afterward, the immunocomplexes were
imaged by an inverted microscope with a 2004 NA
objective. A circular region with 3 diameter of 815 gm was
chosen at the center of a2 BTGM as the counting region. The
number of immunocomplexes was recorded within the
counting region from five or ten BTGMs.

Serum Analysis. Serum was diluted 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/
ml. Then, the PSA-spiked serum were mexsured by the
established mmunoassay procedure.
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B RESULTS AND DISCUSSION (A 2004 N-"-'-‘Il_'giccll'-c
BTGM-Boosted Fluorescence Imaging of Single QDs. RN BTGH

The setup of BTGM-boosted QI imaging is shown in Figure
LA. QDs were immobilized on the surface of a glas slide with
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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 ar {C]
abzence of BTGM. Scale bars: 11 prme

positively-charged groups through electrostatic  interaction.
BTGMs were distributed above the QD Lyer by natural
sedimentation. After sealing with a coverslip, the QDs were
observed under a 20,04 NA objective and imaged by a
CMOS camera In the presence of BTGMs bright and
randomly distrbuted fluorescence dots were observed clearly
(Figure IB), and most dots showed a typical “blinking”
thnmnm In the absence of BTGMs, the immage was dark
and no fluorescent dots appeared {Figare 1c), indicating that
the BTGMs F]ﬂ}'\ed 1 positive role i QD imaging. The
enhancement effect of BTGMs may be attributed to the
Eulim.\r'm! aspects: ﬁxus‘ius of the excitation lrg_ill from the
mercury lamp, which intensified the QD excitation; directing
the radistion of the emitter, which enhanced the collection
efficiency of rays; and magnification of the virtual image, which
impt\u'.ned the resolution.”™ By asing ]:uinbeﬂ lines with 15 and
30 pm widths to test, we found that the bright-field images of
these lines were magnified about 2-fold in the presence of
BTGMs. So, the scale bars in the region of BTGMs were
calibrated by using a 2-fold magnification.

The most straightforwand signature of fluorescence arising
from a single QD is stepwise Phulu'l'i]u:.s:hi.l'l.g,"" Here, the
Flhula-b]uu:hi.ng curve of (3Ds was :n-.neﬂigzted using a 20 J04
NA air objective combined with BTGMs (Figure 2A). The
intensity of the briE]\t Auorescent dot fluctuated in an
intermittent on—off model at the Arst stage, and the signal
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. JI"I,'}];'J'J-l-ﬁ "

Figare 1. Verification of single !.'J_D emission. (A and I¥) Floorescent
mages of QDs. (B and E) Photobleaching curves of (QDs
comespanding to the dots denoted by the red-dashed box in part A
and . [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 _'-‘H:I. This tendency was sirmilar to that using a 100k 1
1.4 MA oil objective alone {Figure 20,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 is the intensity distribution of single QD. The
measured fluorescence intensity of 100 QD3 digplayed a typical
Gaussian distribution. The peak valoe by using a 20004 NA
objective with BTGMs was uumpanble to that using a 1000/
1.4 MNA oil objective. The results of the photobleaching curve
and intensity distribution demonstrated that the 20/0.4 NA
air objective could resolve the single-QD emission under the
assistance of BTGM. Thas, 2 simple and low-cost method for
single-melecule Auorescence imaging & provided. Compared
with commercially available oil objectives with high NA, the
combination of an air objective (20,04 MA) and |j|.]|.1i.d-
immersed microspheses offers three advantages: low cost, 2
iung \mking distance, and air interface. MI]’HmHﬁ the removal
of abermation-correction compenents from the high NA oil
abectives may reduce the cost, we are aware that the low NA
air abjective is always less expensive than the high NA oil
oljective n:prdhﬁs of aberration correction. In addition, the
long working distance provides a lage space between the
objective and sarnpb: stage and overcomes the limitation of
ultrathin coverslips, both of which are helpful for the
integration of more Rnctional units in 2 microdevice and
coenvendent for operation and detection.

Optimizing the Quality of Single QD Image. The
quality of the Huorescent image is evaluated from two points,
namely, the net Huorescence intensity minus the background
(F.) and the FOV of single BTGM (Figure 3). Two
microspheres with the same sizes but different refraction
mdices were nzed = follows: PS spiu:r! [m= 1.6 20 pm} and
BTGM (n = 22, 20 pm). The calculated average F_. of 10
QDs was ~820 an for the PS s]:v]wr\e and ~1700 au for BTGM
by using the 20x/0.4 NA air objective {Figure 3A). The high

hitpidoioey 101021 wcy sralcham | 11209
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Figure 3. Optimization of single-Q imaging. Comparison of the (A]
F,,. of the PS spheres (20 ym, n = 1.6) and BTGM (30 pm, m = 22].
Influence of the diameter of BTGM on the (B} Suorescence intensity
and I.L'.] FOV. Comparson of Fu, using 1003/ 14 MA abjective,
2004 NA objective with 150 pym BTGMs, and 100003 MA
ohjective with 150 ym BTGMz Parts A, C, and [ are the average data

of 10 QDs.

refraction index led to a krge F... which was in accordance
with previous reports. The FOV of BTGM was ~14 pm,
which was similar to that of the P5 sphere However, the
magnifying Bctor of BTGM was higher than that of the PS
:.P]wm, :Ed.u-.—.ins the effective Emaging anea.

Ancther 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
bac]cgruu.nd showed an u]:r\n.rd I:umlcuq.' with :in.n.-ma:mg
BTGM size [J'LF.IH.' 3B). When the BTGM siee exceeded 160
pm, single-(0 emission was difficult to distinguish using the
20x/0.4 NA air objective. Meanwhile, the FOV wa increased
From ~30 grm to ~110 pim, prnpurl:iunu] t the BTGM size
{ Figure LC). Under the limited density of QDs, the relatively
larger FOV contained moere (JDs 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 gm with an FOV of ~100 pm. Under
the best conditiong, the F, {~6100 au) of a 20004 MNA air
objective was comparable to that (~6200 au) of a 100x/1.4
MA il objective, revealing that the 20x/0.4 NA air objective
with BTGM was adequate for single-QD imaging { Frgure 300).
.".!thuus]\ the 105003 NA air ubiﬂ.‘tivu could ddferentiate
most sngle-0QD 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.

Digital Analysis of Cancer Related Biomarker.
Dietermining the expression level of disease-related biomarkers
is important for cancer screening. Here, a digital immuncassay
of PSA wax p-urﬁ:rrned uging 1 e S04 WA air objective with
BTGM Figure 44 shows the process fow of a (D-hased
IJIEI'L!' immunoassay, 'inc]udin; CAb immobilization, b]udr.ing,
antigen incubation, QD-labeled DAb incubation, and imaging.
Compared with the commeonly applied processes that wse a
hish MNA objective, the pm‘pusﬂl method involved a s:m'p]u
additienal step of BTGM sedimentation by gravity. The
Huorescent images of immunocomplexes under | BTGM were
captured at different PSA concentrations (Figure 4B). The
fluorescent dotx representing a single immunocomples were
differentiated clearly in space and increased with PSA
concentration. The quaniztatnve data of the number of Q_Ds

44
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Flpu.re- i ]'.'Ilg;rlal anatysic of PSA by using a 2004 NA abjective
with 150 pm BETGMs. (A) Immunoassay procedure. { ) Fluorescent
images of single.(D) under | BTGM with the PSA concentration
varied froem O ng;."mL b 3 ng_-'mL {C) Mots of N.LJ_., against PEA
concentration. (D) Standard curve of PEA sexy, The statistical results
were calculated from five BT GMs Scale bars, 5.5 pom

{Nigp) were obtained by counting the fluorescent dots at the
central region of five BTGMSs {Figure 4C). In the range of 0—
50 ng/ml, Ny, displayed a good lnear relationship with PSA
concentration (Figure 4D). Once the PSA concentration
exceeded 50 ngiml, Npp, did ot indaesse proportionally
because the capture antibodies were close to saturation. The
limit of detection (LOD) of the PSA asay was 0,17 ng/mlL as
calculated by using the blank valus phu 3 standard deviations,
and this LOD was well below the clinical cutoff values. The
digital analysis of PSA verified that the combination of ETGM
and the 200/0.4 NA air objective provided a simple alternative
o single-molecule fuorescence semsors, which may lower the
barrier of single-molecule research.

Clinical Serum Measurement. The dirical serum has
complex components, including iens, small molecules,
proteins, and nucleic acids. For specific protein. measurement
in the serum, the b-'_PECH-I.L'it!.' u'l"'imrriunu-l\euugni!:iun i critical
Here, AFP, CEA, SCC, BSA, and NEE were uged ag inl.-_-rEaring
protens to evaluate the specificity. The concentrations of
interfering proteins was set to 1.5 oM, which was 5-fold higher
than the PSA concentration (0.3 nM]. Following the
established procedure, N, obtained from the PSA was
Er\e.aﬂ].' ['l.igh:r than that from the i.|'|.1.-t:rl’eril'l.!!’I proteins, and the
interfering signal was down to the level of the blank value
{ Figure 5A), both of which ensured the high specificity of PSA
recognition.

Serum without any dilutson has a relatively high background
xisnni due to its cump]u. matriz. The Eerseu] method is

Secan TR 1011 e aral them -1707
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Figure % PSA asay in the clinical serum. (A} Specificity evaluation.
(B} Matrix effect investigation. [} Standard sddition corve of PSA in
the serum {data was from 10 BTGMs).

dihating serum with proper folds before analysds. In this shudy,
PSA-free serum was used to determine the proper dilution
Eactor {Pi.:sun: SB)Y. When the PSA-free serum was dilated by 2-
fold, Nyp, decreased by ~30%. Further dilution of the P5SA-
free serum to 10% (v/v) led to no obvious reduction of the
background signal To reduce the background as low as
possble; the sera were diluted 2-fold with PBS before the
ImmonodEssay.

Figure 5C shows the standard addition curve of the PSA
measurement in 0% (v/v) serum. The PSA concentration
calculated from the standard addition curve was 231 rg.-"ml...
which was relatively higher than the walue (123 ng/mL)
Fm'i.d.cd ]3:( a hns];i.l:l 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 i the
range of 93.7—-110.5%, ED!I}I:I'i.‘I'IE the accuracy of PSA
measurement from another aspect.

B CONCLUSION
We demonstrated inusins of :ing]e-Q_D 13:( lHiTIE a X004
MA air nh]:n:tme E!'|.1.|:- |i|:|_|.|.i|] immersed rnj.n'usF'hm: I{IS'EI Hm,
n =211} After optimization, BTGM enabled the 20x/0.4 NA
amr obiatl:ime a }l:ig]'l is;u:]-tn-nuh: raticy, which was mm]unﬂ:
to that of the L0/ 1.4 NA oil objective, and a relatively large
FOV (~100 gm). These characteristics were suitable for
ﬁ.nsl:q]:l based ﬂisital Immundsassay. As an u.:rnple. ﬂigihl
analysis of PSA was performed with a dynamic range of 0—50
ng,.":rnl and a LOD of 0.17 ns,u"ml... The serum measurement
data were cose to the values provided by the hospital In
comparison with 2 high NA oil objective-based digital
immunoxssay, our Pmpmnd method has the pnl'l:ntia] to be
miniaturized and integrated with a portable microscope and
facilitates the QD) counting assay, which may promote the
application of digital immunoassays, especially in low-resource
regions.
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Immunocomplexes together with Dark-Field and Fluorescence
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ABSTRACT: The development of multiplexed immuncasiays is
impeded by the dificulty in distinguishing labeled immunocom-
plexes from free probes and nonspecifically bound probes Here, we
attempted to overcome this #suve by counting core—satellite-
structured immunocomplexes simultaneously wsing dark-field and
fBuorescence microscopy. The tumor biomardkers of carcnoem-
bryonic antigen (CEA), a-fetoprotein (AFF), and prostate-specific
antigen (PSA) were chosen as model targets. Gold nanoparticles
(AuNPs) with diameters of 70 nm were coated with the detection
antibodies of the three targets. Cusantum dot (QD) 525, QD 585, > s W = -

and QD 655 were modifed with the capture antibodies of CEA, Al Qi Tutww Bissmibens NP Soenerig QD Fhoneweno:
AFP, and PSA, respectively. Then, an immunocomples containing

one AuNP and one or several QD5 was formed, wheneas Fee and nonspecifically bound probes had either one AuNP or one QD.
When observed with a transmission grating-based spectral microscope, the immunocompleses kad ovedapping scattering and
Buorescent spectral images and were therefore identified and quantified precisely. The biomarke s inside the immunocomplexes wene
recognized on the basis of the flucrescent first-order sreaks of the QDs. Model biomarkers in buffer and in 126% blank plsma were
quantified for validation. The limits of detection for CEA, PSA, and AFP in buffer were in dozens of femtomolar and werne close to
those in blank ]:l]tlnu_ The results demonsirated that owr a]:lpnudl worked well in Jiiinsuiﬂling im:nunoumnp]ms Fom free and
nonspecifi cally bound probes. The succesful quantification of the theee tangets in five human plasma samples verified the reliabdlity
of our method in clinical applications.

B INTRODUCTION ance, they are restricted by stringent multiple washing steps
. i ’ .y that are needed to remove free probes. These multiple washi
Compared with a si biomarker, a panel of proten s
i, i m':‘:: PR ,..P;m e steps deteriorate antibody —antigen binding and lead to the loss
status’ and is thus more vahable for physician diagnostics of nmnmuuu:!np]ms. 'l.:qm'spm:hgiy, :q:u'udm.i:u]lty b
Mikiplexed niminaeays Rirceams: iaampeaent praceion send, nnnu]:_h\t emor increaseds, and analytical sensitivity i
and reduce sample and ¢ t comsumption, measunement e i) " "
time, and cost ]:u' test. m;m, dnzh]uping mukiplexed bew‘}.:'?ﬁ‘:]]"‘”“"s“d’:“ ’“&:k“’]:': ‘“_“"“"""[:"‘]““
immunoassiys with adequate sensitivity and specificity for S cCEREpe) 0k Ak D S Tt S
clinies] praties it tgently couiosd. distinguishing ::Iunmsucmnp]:.ne: (detection probes bound to
Multiplexed immunoassays can be grouped into heteroge- t}“ hg&'}, irons feee’ prabies (x4 chilleage 'beﬂulc the g
i N 1:1mm.n|u.n=|35 depeadiv an. e m!d!.'ul! ::Iunmuxmn!:hm and the tags a ﬂle unbownd
need for a separation process In heterogeneous multiplexed *mﬁ E‘#‘.a}‘ﬂ:‘fTﬂEd:m};;h—JtﬁmFdhmﬂdb! 2
immunoxsays, two dominant modes have been devel to qu. ok u e h’.t £ S ngls S e
entify multiple target molecules: address encoding™ and  Cpriated 10 distingush multiple bound probes from
RS TET | : 5 prol it s paration: (1) The immunoco mplex
target encoding ™ In address encoding, esch immunocomplex
i preassigned a given zone on a sensor and identified on the .
basie of the postion of the generated dgnal Typical examples ~ Received: December &, 2021
of address encoding are planar microarmay-based immuno- Accepted:  March 24, 2022
asays. In target encoding, each kind of immunocomplex is Published Apnl 5 2022
correspondingy labded with a tag which is wsually either an
optical or electrochemical tag Although heterogeneous
mahtiplexed immuncs says have presented impresdve pedorm-
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i 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 upcomvension manoparticle probes was
trapped onto the detection plane using holographic optical
tweezers, and amincembryonic antigen (CEA) and a-
fetoprotein  (AFP) were quantibed on the basis of the
fuorescence intensity of their respective probes. (2) The tag
characteristic is obviowsly changed by target binding. Some
special phenomena have been adopted for this purpose. These
phenomena inchide SERS enhancement caused by noble metal
manopartide plasmonic CIRIP]:II‘IS,T Forster resomance energy
transfer between fuorescent tags, ™ and the localired murface
plasmon resonance peak shiff of noble metal nanopartides
induced by the change in the surounding matrix’® (3}
Immuno complexes containing the aggregated detection probe
are directly distinguished from = disperied  detection
probes via singlepartice detection.™ In this oesearch, the
immunocomplex induced by CEA contained quantum dot
(QD) 635 and QD 585 and was distinguished on the bass of
the unique spectral patters of dualvolored QD EY
Immunccomplexes induced by AFP contained the QD 385
aggregate and were identified on the basis of the spectral blse
shift pattern of same-colored QD aggregates.

The mndom nonspedific binding of detection probes is
another isue that limits all immuneasays In particular,
sensing performance is greatly damaged when target
abundance is extremely low such that the targets signal is
comparable with background signals or noie. Very recently, a
study reported a kinetic fngerprinting approach for directly
Eh!:l'.i:ll? out norspechic binding for single-plexed immuno-
aisays."” In this approach, a high-affinity antibody and a low-
affinity fluorescent antibody fragment (Fab) were used as the
capture probe and the detection probe, respectively. The
specific binding of the Fab to a single target adsorbed onto a
cover gles slip was transient and reversible, thus yielding a
temporal pattem of repetitive binding—dissodation events. By
contrast, Fab-nonspecific binding resulted in few binding—
dissociation events at the same location. Fab-specific binding
was judged on the basis of the number of bind ing —dissociation
events and the median dwell time in the probe-bound state.
Simdlady, an approach based on single-partide motion
trajectory analysis was 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
magmet, capturing the target—besd compleces on the bottom
of the celk, and monitoring each bead. The spedifically bound
beads showed characterstic Brownan motion, which is distinet
from the motions of the beads in free diffusion and
nonspecifically bound beads.

In our previous research of homogeneous: immuno as<iys, we
found that the nonspecific binding to the probes of 2 two-
colored quantum dots (QDs) damatically dro when
compared to that of two same-colored QD probes™ It might
be that the difference in the two-colored QD surfice resulted
in Fewer proteins that could simulaneously nonspecifically
bind to the QDs Inspired by this knding, we attempted to
further inhibit the nenspecific binding with gold nanoparticles
(AuNPs) and QDs, whose sufaces were hugely different.
AuNPs coated with the detection antibodies of three targets
were iwed as scattering probes, and three QDs each of which
vas modified with the capture antibody of one target were
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wed o fuorescent probes. When targets were present, the
AuNPs bound with the QDx An immunocompler, therefore,
had one scattering probe and one or several fluorescent probes,
wherexs a fee probe and a probe (both were referred to =
unbound probes) that had adsorbed nonspecific interference
had either a scattering probe or a lwerescent probe. When
chierved under a tansmision grating-based spectral micro-
scope, the immunocomplex was distinguwishable from the
unbound probe by its ovedapping scattering and fluorescent
spectral images Meanwhile, the biomarker was identified on
the basis of the frst-order streak of a single QD. As proof of
this concept, CEA, AFP, and prostate-specifi: antigen (PSA) in
FBS buffer and in 12.6% blank were quantified. In PBS
buffer, the limits of detection (LODs) for CIEA, PSA, and AFP
were estimated as 30, 50, and 10 M, respectively. In 12.6%
blank pluima, the LODs for CEA, PSA, and AFP were 100, &0,
and 20 M, respectively. The LOD values irs PBS buffer were
dose to those in blank P]:unq. imlid:ins ithat our aPPIG;r_'}l
worked well for recognizing specifically bound probes. The
sucoesful quantification of CEA, PSA, and AFP in five human
phsma samples demonstrated the reliability of our method in
dinical applications.

W EXPERIMENTAL SECTION

Chemicals and Materials. Fluorescent beads with
diameters of 2.19 ym wemn from Bangs Laboratotes,
Inc. (IN). Concentrated AubPs with diame ters of 70, 85, 80,
and 55 nm were bought from Nanopartz (CO). Carboxylic
QD 525, carboxylic QD 585, catboxylic QI 655, SuperBlodk
buffer, PBS buffer (pH 7.2), positively charged glass slides, and
dass coverslips were purchased from Themo Fisher Scientific
(MA). CEA, AFP, PSA, and their coresponcing detection and
capture antibodies were acquired from Shanghai Line-Bio
Science Co. Ltd (Shanghai, Chima). Single-stranded DNA
sequences were customized by Shanghai Saaygon Bioengineer-
ing Limited Company (Shanghai, China). The moes of
DMA ul and DNA u2 were HOODC—CCGAGC-5H (5 to
3") and GCTTGGOGEG (5 to 3'), redpectively. Bovine serum
albumin (BSA), neuron-specific enclase, and N-(3-
[eimetbyylamsine Jpropyl)-Nee iyl carbodiinmiade hydrochlelde
(EDC) were procured from Sigma-Aldrich (MO) An
ultrafiltration tube with a molecular weight cutoff of 3 kDa
wat purchased from Millipore. A size-exchision column (5/150
SupercseTM 6 Incresie) was obtained from GE Healtheare
Life Sciences (PA). Transmission grating (30 lines/mm) was
purchased from Edmund Scentific (N]}. Otlher materals were
purchased from local vendons.

Instrument. The study involved the following equipment:
a MNiken Ti-U microscope (Japan), a Prime-95B CMOS
cmers from Photometrics Technology ((Canada), a 1260
Infinity HPLC Fom Agilent Technology, an F-4800
fluorescence spectrophotometer from HITACHD (Japan), a
Wortex-5 mixer from Thermo Fisher, and a Sorvall legend
micro 17R centrifuge from Thermo Fisher

Clinical 5ample. The dinical samples were provided by the
Second Affiliated Hospital of Zhejiang Urdversity Hospital.
Each subject signed a written informed consent form. All of the
samples wene treated in accordance with the procedure from
the Institutional Review Board of Jingu Nermal University.

Fluorescent Probe Preparation. The fuorescent probes
induded CEA cpture mtbody-modified QD 515, AFP
captune antbodypmodibed QD 585, and PSA cphire anti-
body-modified QD 835 The detaik of the probe preparton

hEm deiong! 101071/ sauanakhem.) o419
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are a follows with CEA capture antibody-modified QD 525 &
an example. In brief, a 25 pL aliquot of QD 525 was mived
with 50 gL of 5.0 mg/mL EDC (freshly prepared). The
mivture was rotated for 250 min to activate the carboxndic
groups of QD 525 The comunction of the antibody with the
activated QD 525 was finished by rotating the mixture of 10.0
L of QD 525 and 2000 gl of the antibody (2.4 mg/mL) in
the dark for 4 b The probe was purified with a 1260 Infinity
HPLC equipped witha 5/150 SuperoseTM 6 Increase column.
The mobile phase was 30 mM NaHCO; (pH 9.0). The flow
rate, injection volume, and detection wavelength were set 2
03 mL/min, 13 gL, and 224 nm, respectively. As shown
Figure 51, the probes were well separated from the antibodies
and QDs The probes were collected and stored at 4 °C. Prior
to use, the were mived with SuperBlock buffer at a ratio
of 20:1, rotated in the dack for 30 min, and quantified on the
basis of QD 525 fluorescence intensity in accordance with the
equationy = 306.17x + 157.33. The equations used for the QD
585 and QD 655 probes were ¥ = 141732 — 52277 and y =
T0943x — 97024, respectively.

Scattering Probe Prepamation. AuNPs coated with the
detection antibodies of CEA, AFP, and PSA were designed as
the scattering probe. The coating process included two steps:
the modification of AuNPs with dsDNA and the linkage of the
detection antibodies to the immobilized DNA. The AulPs
were modified with SDNA n accondance with the e
described by Liu et al ** In brief, 4475 pL of 2.4 uM DNA ul,
1654 pl. of 6.5 pM DNA w2, and 50 pl of AuNPs were mized
well. After the addition of 25.9 pL of 4.0 M NaCl and 282 L
of PBS, the mixture was immediately placed in a freezer at —20
°C and kept overnight. Afer thawing at room temperature,
excessive BDNA was removed through centrfugation twice at
13000 pm and 18 °C. The dsDMNA-modifed AuNPs were
mived with 2.0 yL of 10 my'mL EDC and rotated for 20 min
at room temperature to activate the carboxdic groups The
AuNPs were then washed and mesmpended with 155 mM
NaCl and subsequently mived with the detection antibodies of
CEA, AFP, PSA, and BSA af the mtios 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 antibody-
modified AuNPs were purified through sequential centrifga-
tion processes: one at 13 000 pm and another at 2500 pm
The AuNP probes were quantified in accordance with the
absorbance intensity (extinction coefficient: 3.64 x 1010 M~
an—!

im::-ﬂmmm, [mmunomeaction says wene conducted
in two media, namely, PBS buffer and blank plasma. The
procedure is detailed below with the immunoresction in PBS
buffer & an example. AFP, CEA, and PSA were dissolved in
PBS buffer separately to prepare a series of standard solutions
with variows concentrations. The three (D probes, the AuNP
probe, 5.0 pL of the AFP standard sohstion, 5.0 pL of the CEA
standand sohstion, and 50 pl of the PSA standard solution
were mized, and the micture was flled up to 500 uL with PBS
buffer. The concentrations of the QD 525, QD 585, QD 655,
and AuNP probes were B0, 600, 800, and 40
respectively. After rotation for 2 h in the dark, the
immunoreaction solution was immediately diuted three
times and wsed to prepare micromcopy specimens. The
immunoreaction in blank was conducted in 2 way
similar to that in PBS buifer except that 6.3 gL of blnk plasma
was added to the immunoresction solstion. Note that the
blank plasma was the plasma faction without AFP, PSA, and
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CEA The blank plasma was obtained by Etering 10 plasma
s;nnpk; with a oentrifugl] ultmafiliration tube with a molecular
weight cutoff of 3.0 kDa. Each immunoreaction was repeated
three times.

Spectral Scattering Image and Fluorescent Image of
Immunoreaction Solution. An inverted microscope equip-
ped with a dark-field mo del and fluorescent model was used to
take the spectral scattering image and the fluorescent image of
an immunoresction solition. As shown in Scheme 1, the dadk-

Scheme 1 Inverted Single-Partide (Spectral) Microseope
with Switchable Dark-Field and Fluorescent Modes

HL: halogen lump
51 shulker

O pbjective
ML: mercury lamp
BF: band-pass filter

BS: beam splitter .

LF: lang-pass filter " o

Tii: transeaission grafing i
Bs
LF
T

field model and the flucrescent mode] shared ome common
emision optical path and had the respective encitation optical
paths Therefore, the dark-feld model and the fuorescent
maode] could be switchable simply by controlling the excitation
optical path shutter. A detachable trnsmision grating was
inserted before the CMOS camera to capture spectral images.
A beam from an emitter was divided into two by the
transmission grating. One was in the original transmission
direction and referred to a8 a zemth-order dot. Another was
away from the original direction and refemed to as the fist-
order streak. The wavelength of the emitter i determined by
the equation: 4 = d1 X Csfd2, where d2, Cs, and di are the
distance between the transmission grating and the CMOS, the
grating constant, and the distance between the zeroth-order
dot and the cormesponding frst-order srek (dot—streak
distance), respectively.

A microscopy specimen was prepared as follows: 22 ul of
an immunoreaction solstion was dropped onto a positively
charged dide. A dip was placed on the drop immediately, and
the slide and slip were sealed with mail-polishing oil. The
specimen was ready for spectral image soquisition after being
allowed to stand for some time MNote that the partide
concentration was below (.10 nM, a prerequisite for single-
particle spectral imaging. A total of 17 sites of the specimen
were randomly selected and imaged sequentially with the dark-
field amd fluorescent modes.

Image Analysis. Images were amalyzed wsing Image]
software. The scattering and feorescent images of a solution
were coloved in green and in red, respectively, and then
merged. In the spectral image, a reroth-order dot was matched
with its Brst-order streak on the basis of position. In our
previous studies, this approach is a common method for

AN doiorg! 100 021 scanakcham. | <0530
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Figure L [A) Bead sattering image colored in green; (E) bead fluonescent image colared in red; (C) menged image; and (D) center—center

distance distribution of randomdy selected beads

Scheme 1. Schematic of the Proposed Principle of the Multiplexed Immunoassay: (A} Three Plexed, Homogeneous

b o e act iom; [B'l- Possible Probes in the Bnomisnore action l:l-.':} Curn:spundirxs Fluorescent S'Pu:l:r.l] Patterns Colored in
Red; (D) Corresponding Scattering Spectral Patterns Colored in Green; (E) Corresponding Merged Images (C) and (D)
Pictumes; and [l'_} (.‘1Jrr|:spun||in$ Comverted 5'Pe1:tra from the Panel (E)
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judging the origin of the zeroth-onder dot and the frst-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 ofan
immunoareaction solstion, the yellow zeroth-order dots and the
geen zeroth-order dots were counted The QDs inside a
yellow zeroth-order dot were identified on the bais of the
dot—streak distance and counted. The distance distributions of
the three QDs did not overlap with each other (Figure 52).
Note that the seroth-order dot (the fst-order streak} with a
streak (dot) that was not in the saime image was not counted.
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The images of 12 randomly selected sites on each specimen
were procesied through the above method.

Clinical Sample Test. The responses of our probes to five
clinical samples and their aliquots spiked with the three targets
were measured wsing our approach. The immunoreaction
conditions for the samples were similar to those in PBS buffer,
except that the standard sohutions of the targets were replaced

with 625 ul of the cinical samples.

et dnineg! 101 021 so_snakchem 1 42649
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B RESULTS AND DISCUSSION

Overlap between the Scattering and Fluorescent
Images of Single Particles. Fleorescent beads with
scattering sctivity wene used to investigate the ovedap between
the scattering and fluorescent images of single partides. The
beads were sequentially imaged in dadk-feld and fluorescent
modes (Scheme 1) The scattering and Buorescent images
were indicated by green and red colors (Figure 1AB),
respectively, and merged in Figure 1C (subsequent images
mmPruxsﬂlinﬂiehmmy}.T]iebeadm:inﬂuﬂnpeur
a dot and a ring in the fluerescent 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 Buorescent composi-
tions I 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 tapped in the fluorescent
image. The distance between the center of the scattering image
and that of the Auorescent image {center—center distance) was
used to farther asess the ovedap. The center—center distance
was cal culated sing the center coordinates of the fuorescent
and scattering images that were obtained from the combour
map generated by MATLAB software. Figure 1D presents the
center—center distance distribution of randomly selected
beads The median of the distance was messured 2 00535
gm. The small center—center distance implhed that with our
microscopy setup, the fAuorescent image of a partick
overdapped with the scattering image pedectly.

Princple of the Proposed Method. AuNPs with a
diameter of 70 nm and three QDs (QD 525, QD 585, and QD
655) were wied a8 the scattering and fluorescent tags,
respectively. The three QDs were selected because their
florescence spectra did not overlip with each other (Figure
52). As shown in Scheme 2A, the AuNP probes were coxted
with the detection antibodies of the three targets, anda specific
QD probe was modified with the capture antibodies of a
specific target. An immunocomplex induced by tamgets
contained two kinds of tags, whereas unbound probes in
forms of the free probes and the probes coated with
intedference had only one kind of tag. Scheme 2B presents
all of the posible probes in the immunoreaction. Rows 1-4
dn]:l]ay the wnbound Pn.ﬂ:leﬂ_ Rows 5—7 show the immusmo-
compleses that were composed of one AuNP and one QD.
Rows B—10 present the immunocomplexes with one AuNP
and two QDs. Immuno complexes with one AuNP and more
than two QDs and those with one AuNP and two same-
colored QD were not observed inour experiments (see details
in the Supporting Information ). The spectral images of dngle
QD5 or single AuNPs can be obtained wing a transmission
grating-based spectral microscope. Detailed explanations For
the :ped:rz] image have been mpur'hﬂl in our previows
publications. *=** Their corresponding flsorescent spectral
images, which were colored in red, and their scattering spectral
images, which were colored in green, are depicted in Scheme
2C,D, respectively. Images in Scheme 2C,D are merged in 2E
The spectral image of a partide is composed of one zeroth-
order spot and one first-order streak, which can be converted
into its spectrum a8 shown in Scheme 2F The scattering
zeroth-order dot of an immunocomples overbpped with its
fuorescent zeroth-order dot. The reasons are given in the

51

Supporting information. The ovedapping regions of the
feorescent and scattering images turned yellow. Obviously,
the immunocomplexes were distinguishable from the unbound
probes as yellow dots. The luorescent streaks of QD 525 and
QD 585 were packed whole into the left and the rght of the
scatbering streak of the AuNP, mi]:lﬂ.‘l:i\.t]}-_ The Huorescent
streak of QD 635 was adjacent to the nght of the AuNP
scattering streak. Therefore, for an imnlmluuun!:l]ex with QD
525 (QD 585), the red fluorescent streak was “trapped ™ in the
left (dght) part of the green scattering streak, yielding the
wvedapping region in yellow. For an immunocomplex with QD
635, the red Aluonsscent streak was adjacent to the right part of
the green scattering streak. Therefore, the itedors of the
immunocomplexed QD 525 and QD 585 were identified on
the basis of the ywellow sreak’s podition, and QD 6855 was
characterized by the red hsorescent streak adjacent to the rght
of the green scattering streak. In summary, two steps wers
needed to identify targets in the menged image The fnit step
was to distingsish the immunocomp lexes from free probes and
nonspecifically bound probes en the basis of the presence of
yellow dots. The second step was to identify QDs in an
mmlmuu.nnp]u on the batis of the frd-onder streaks If the
scattering streak of an immunocomplex was partially yellow,
the yellow on the left and on the right indicated the presence
of QD 525 and QD 585, respectively; i not, the
immunocomplex fuorescent streak adjscent to its scattering
streak would be observed, ndicating the presence of QD 655

QD 525, QD 585, and QD 653 were coated with the capture
antibodies of CEA, AFF, and PSA, respectively, to demonstrate
the principle of our method. The AuhPs were coated with the
detection antibodies of the three proteins. The emsemble
Buorescence mtensity of the QD probes did not obviously
decrease after immunoreaction (Figure S3), therefore excud-
ing the remarkable quenching of the Borescent probes cased
by the scattering probes i proximity. The merged spectral
pattemns of the immunoreaction sohstion with antigens and the
control solution without antigens are displayed in Figure 2B
The dot and the streak criginating from the same single
particle were paired in accordance with their pusi'tilm:.:o_::
The zeroth-order dot and the fimt-order streak fom an
individual AuNP wene labeled with triangles in the same color.
For example, at the top of Figure 2A, the spot and streak
labeled with yellow trangles were from the same AuNTP. The

Figure 2. Typical spectral images of probes with (A) and without (B)
target ing the satterin in and the fluorescent
image mnﬁ_Tshe zeruh-ude'i} dn:f:d ﬂus,::r-udﬂ streak from an
indrvidual AuNP are bbeled with triangles in the same mlor. The
zerath-order dot and the first-order streak from an mdiidual QD
[QD aggregate) are hbeled with amrows in the same clor. The scale
bar shows wavelength rather than physical size.

sy doioeg! MLIO21Y so_snaich e oA
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zeroth-order dot and the hrst-order streak Fom a QD or QD
aggregate were hbeled with arrows in the ime color. In Figum
1B, a expected, the zeroth-order dots were either green or red
without the targets. The appearance of the yelow xemth-order
dots in the presence of the targets indicated the presence of
immunocomplexes in Figure 24 For immunocomplex #1, the
yellow streak was on the left of the scattering streak, and a
fuorescent streak was adjacent to the rght of the scattering
streak, indicating the presence of CEA and PSA as depicted
above. For immunocomplex #2, the location of the yelow
streak on the right of the scattedng streak implied the pre:

of AFP. The mesults verified that CEA, PSA, and AFP could be
simultaneoudy detected using our method.

Cross-Reactivity and Selectivity. Under the optimized
comditions (Figiure 53), cros-reactivity among the three targets
was evalmated by comparing the response of the probes to the
solutions containing only the single tanget as shown in Figure
3. The response was weighed on the basis of the normalized

A

123 456 7 B9%MWI

B

12 3 456 7 49%1000

C

15

123 4567 8591001
Species

Figure 3. Crosswreactivity and selectivity. (A] Response of the probe
for AFP 1o possible interference, () response of the probe for PSA to
possible interference, and (C) response of the prabe for CEA to
pmsiie interference. 1—11 represent PSA, CEA, AFPF, PES, blank
plasma, proteins, anions, cations, carbohydrates, amino acids, and
DNA sequences, . Proteins: bovine serom albumin and
neuronss enolise; anians: 17, S0, €O, HOO,™, and
S04™; cations: K*, Na®, Ca®™, Fe™, and Cu™; carbohydrates: glicose,
memannose, Defructose, i amino acids: phenplalinine,
threonine, hysine, lencine, u-ppup}un, and valine; DNA sequences:
[A)20CGCCTOG and (A)20CGCCTCGAAGC.

counts of the immunocomplexes. This pomalized immuno-
complex count was calculated in accordance with the equation
MG = Cof Cos where nll,, Coy and Oy, represent the
normalized count of the immunocompleses, the count of the
immunocomplexes, and the count of the AuNDs, respectively.
For the AFP probes (Figure 34), the nC,, value of AFP was
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considerably higher than that of the noncomesponding tangets
at the same concentrabions, amd the nC, valwes of the
noncoresponding targets were cdlose to those of PBS. The
same trends were observed for the probes for CEA and PSA
(Figure 3B,C). The results demomstrated the presence of
negligible interference between the thmee targets, indicating
that AFF, CEA, and PSA could be quantified individually in a
singrle run without intederence from each other. The responses
of our probes to species in blood were tested to further validate
selectivity (Figure 3). The concentmations of the possible
interference were five times the target comcentration Blank
plasma was prepared by removing PSA, CEA, and AFP with an
ultrafiltration tube with a molecular weight cutoff of 3.0 kDa.
The nCyp, values of the species, induding blank plasma, were
dose to those of PBS and smaller than those of the targets,
indicating the good selectivity of our probes.

Sensing Performance. The reiponses of our probes to the
three targets in PBS were measured to asess sensitivity. Figure
4 presents the relationship between the nomalized immuno-

WAFT #TEA &IR4

-2 -1 [} 1 1 3 A
Logarithm of target comcentration {ph)
Figure 4. Plot of the normalized counts of im against
ithe mwmtimlocfﬂl.etusdsin P'BS buffer {A) and in blank plasma
(E).-

complex counts and target concentrations. The curves had an
inverted V shape. These V-shaped working curves have been
fourd in ocur previous bomogensous immuncassays at the
single-partidle level ™™ We have ako elaborated on the
reasons for and how to use the curves. In brief the taget—
probe compounds began to form when the targets were in
amounts that wen excessive for the probes. With the increase
in target concentration, the rmation of the target—probe
compounds increased and that of probe—target—probe
compounds decreased, resulting in the reduction in nC,.
The nC_, vahes of a sample and a sample spiked with the
target were needed to identify the appropriate curve for the
sample. I the nCy, of the spiked sample was large, the curve
with the positive slope was appropdate for the sample.
Otherwite, the curve with the negative slope was used. The
LODs for AFP, CEA, and PSA were estimated to be 10, 30,

hemal doiong! 101821 saanakchem.! cI289
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Table 1. Comparison between Values Measured by Us and by the Hospital

sariple framber Bk b A by nhee: b et | { il ais waboes

pleama () spiced plasena (pM) eavery (%)

1 CEA 154 =10 151 = 38 55+ 105 09+ 11

AFP AT £ 45 188 + 18 549+ 174 6+ 14

A 08 =9 s 08 = 105 107+ 12

3 CEA IS + 1712 2404 = 408 4908 = 158 104+ 9

AFP 407 = 18R I58s + 117 4212 £ 393 F3x9

PEA = 380 = 59 T = 35 !z

3 CEA 3124 + 322 2232 + 9 5257 £ 412 B4z 1

AFP TR i;m Te4 = 149 1687 £ 185 1151 8

PR &0 =6 a1+ 12 150+ 15 100 17

4 CEA s 3 [LES 52l i3
AFP 3571 £203 3218 + 190 a4l £ 353 95 % 165

A 04 £ I8 01 = 50 &5 = 50 101+ 210

5 CEA om+2 [EE Rrd T+ 16

AFP AT 25 6= 14 14+ 13 6= 17

A 1024 = 120 EEE = 110 1ITE = 148 Fis 3

and 30 M ot a ggnalto-noise mtio of 3, respectively. These
values indicated that (1) ouwr approach offered sensithity
comparable to multiplexed heterogencous immunoas-

=2 having the advantages of short measurement time
arld easy operations, and (2) the sensitivity of our approach
was improved by at least 10 bmswn?mdtuﬂie st plexed
]Nﬂll.DsulﬂJl.B mnnunm}s_ - glnx] Perfunmnue of
our immunoassay could be atiributed to the accunate
identi jon of each scomplex.

The responses of our probes to the three targets in 12.6%
blank plasma were determined to fuerther asess sensitivity.
Figure 4 shows the plot of the nC,, values apinst the target
concentration. The working curves in blank plama were
similar to these in FBS. The LODs for AFP, CEA, and PSA
were estimated to be 002, 0.10, and 0.06 pM at a sgnal-to-
noise ratio of 3, respectively. The acellent agreement of these
values with those in PBS implied that our probes worked well
in complex media.

Clinical Sample Test. The values of CEA, AFP, and PSA
i human plasma measured by our b were compared
with these messured by the sngle-plexed ECL immunoassay
wsed in hospitals to demonstrate the fexibiity of our method
in cinical applications As shown in Table 1, our values
asically agreed with these mexsured by the hospital, indicating,
that our probes were reliable in cisdcal practice.

B CONCLUSIONS

A triple-plexed homogenecus digital immunoassay was
established on the basis of distinguishing core—satellite-
structured immunocompleses from unbound and nomspecifi-
unr bound }:u'ulz! Hmlg]l dark-field and fsormescence
T - AuNPs with dameters of 70 om were vsed a5
ﬂu!dtennghg,xul{}_ﬁmﬂpm:dtlbﬁﬁmm
applied a8 the flvorescent tags. The immunocomplexes
contained AuNPs and QDs and were therefore distinguishalble
from unbound and nonspecifically bownd probes based on the
overdap between the scattering zeroth-onder dot and the
Muorescent zeroth-order dot. The ODs inside immunocom-
plexes were further recognized in accordance with first-order
streals to identify biomarkers. Ouwr resulis demonstrated that
our approach worked well in distinguishing immunocomplexes
Fom Free and nemspecifically bound probes. The suecessful
quantification of the three targets in five human plhma

samples verified the reliabdity of cur method in dinical
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