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ABSTRACT Sensitive and selective detection for cancer biomarkers are critical in cancer clinical diagnostics.
Here we developed a microfluidic protein chip for an ultrasensitive and multiplexed assay of cancer biomarkers.
Aqueous-phase-synthesized CdTe/CdS quantum dots (aqQDs) were employed as fluorescent signal amplifiers to
improve the detection sensitivity. Secondary antibodies (goat anti-mouse IgG) were conjugated to luminescent
(dTe/CdS QDs to realize a versatile fluorescent probe that could be used for multiplexed detection in both sandwich
and reverse phase immunoassays. We found that our microfluidic protein chip not only possessed ultrahigh
femtomolar sensitivity for cancer biomarkers, but was selective enough to be directly used in serum. This protein
chip thus combines the high-throughput capabilities of a microfluidic network with the high sensitivity and
multicolor imaging ability offered by highly fluorescent QDs, which can become a promising diagnostic tool in
clinical applications.
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emiconductor quantum dots (QDs)

have attracted intensive attention

during the last two decades. Particu-
larly, the QDs are regarded as promising
fluorescent probes due to their unique
properties (e.g., size-tunable emission,
broad absorption, narrow and symmetric
photoluminescence spectra, strong lumi-
nescence, and robust photostability)." 7
The QDs, which are synthesized in organic
phase, often possess a high photolumines-
cent quantum yield (PLQY ~60—85%) and
narrow size distribution. They, nevertheless,
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been readily achieved through several strat-
egies (e.g., hydrothermal method, micro-
wave irradiation (MWI)-based strategy).'>"?
Particularly, the CdTe agQDs'*"® and
core—shell agQDs"® with PLQY of 60—80%,
were successfully prepared in our recent
studies. However, widespread biological ap-
plications (e.g., bioimaging and biodetec-
tion) of agQDs are still hampered by the dif-
ficulty in developing a robust and versatile
method for conjugating agQDs with bio-
molecules (e.g., proteins,>®17~1°
peptides,”®?' and DNA?%23), We herein re-
port the synthesis of antibody-conjugated
agqQDs with strong photoluminescence and
robust stability and an agQD-based micro-
fluidic protein chip for ultrahigh sensitive,
selective, and multiplex detection of cancer
biomarkers.

The QD-based bioconjugates were al-
ready applied into ELISA,?*?*> Western blot-
ting,?® and microarray?” for protein as-
says.”® However, all of these techniques
are based on a static solid/liquid interface
reaction. In such systems, QDs are less ac-
tive than a small molecular dye because of
steric hindrance and are prone to deposit
on surfaces. To address this challenge, mi-
crofluidic chips based on the manipulation
of a continuous liquid flow through micro-
fabricated channels are introduced into our
work (Figure 1a). Microfluidic chips do not
require expensive automated spotting ro-
bots and strict reaction conditions such as
humidity and temperature.?>3° They have
the ability to screen for and detect multiple
samples with minimal sample processing
and handling.?" Microfluidic biochips are
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promising platforms to achieve rapid, sensitive, and
high-throughput bioassay of DNA,32 34
proteins,®>3>737 bacteria,*®*° and virals.***' More im-
portant, the ambulatory fluid accelerates the reaction
between QD probes and targets, and prevents QDs
from nonspecific deposition at surfaces. From this point
of view, microfluidic biochips are better platforms to ex-
hibit the advantages of QDs. We have previously dem-
onstrated that agQDs can be integrated within the mi-
crofluidic system, leading to high-sensitivity protein
detection.*? In this study, we designed a versatile fluo-
rescent probe by conjugating secondary antibodies
(goat anti-mouse IgG), agQDs, and found that the
agQD-based protein chip could rapidly detect carci-
noma embryonic antigen (CEA) and a-fetoprotein (AFP)
with high sensitivity and selectivity, even in human se-
rum and in the format of both sandwich immunoassay
and reverse phase immunoassay (Figure 1b). Multicolor
imaging and multiplexed bioassay using QDs with dif-
ferent emission wavelengths were also developed.

RESULTS AND DISCUSSION

QDs conjugated with antibodies (Abs) are often em-
ployed for biological labeling and staining.** We
coupled aqQDs with secondary Abs (goat anti-mouse
1gG) as a versatile probe that could recognize any pri-
mary Abs from a mouse. Covalent QD conjugation is
most commonly based on cross-linking reactions be-
tween amine and carboxylic acid groups, between
amine and sulfhydryl groups, or between aldehyde
and hydrazide functions. An advantage of the
amine—carboxylic acid cross-linking method is that
most proteins contain primary amine and carboxylic
acid groups and do not need chemical modifications
before QD conjugation.*® However, this technique may
bring about instability of the QD when chemically
modifying its stabilizer cap and the cross-reaction of
the QD-COOH groups with multiple amines on biomol-
ecules.** To overcome this problem, we studied the
key factors influencing the chemical stability of QDs
and demonstrated an elaborate aqQD-based bioconju-
gating strategy.

Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed to confirm QD-
IgG conjugates, determining relative sizes and molecu-
lar weights of QD conjugates. The mobility of the
proteins in SDS-PAGE is determined by the mass/charge
ratio of denatured protein chains carrying SDS, which
imparts negative charge to them.?® After running gels
loaded with QDs (lane 1 in Figure S1), QD-IgG conju-
gates (lanes 2—7 in Figure S1), and goat anti-mouse IgG
(lane 8 in Figure S1), differences of relative molecular
weights were apparent. In lane 1 (QDs) of panel a, we
could observe one fluorescent band at 15 kD under UV
illumination. In lane 8 (IgG) of panel b, after the gel
was stained by Coommassie Blue, there was a promi-
nent band at 150 kD and several bands at upper posi-
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Figure 1. (a) Schematic illustration of the microchannel network. (1)
First, a PDMS piece was placed in a silyated slide; (2) The solutions
were flowed through the channels, and the first layer of protein was
immobilized; (3) The first PDMS piece was removed; (4) The other
PDMS piece was placed on the substrate with channels perpendicular
to the first PDMS piece; (5) Other solutions were flowed; (6) A two-
dimensional array was formed above the chip. (b) Schematic illustra-
tion of a sandwich immunoassay and reverse phase immunoassay
based on QD-IgG fluorescent probes and microfluidic protein chip.

tions, which indicated that there are dimers and poly-
mers in the commercial goat anti-mouse IgG, whose
monomer molecular weight should be 150 kD. After
conjugation with IgG, the fluorescent band of the QDs
shifted from 15 to 150 kD and upper positions. After
stained by Coomassie blue, we could observe that the
bands of QD-IgG conjugates coincided with the bands

CEA — 25nM 2.5nM 250pM 25pM 2.5pM 250fM 25fM control (0)

QDs-IgG

Cy3-1gG

QDs-IgG

Cy3-1gG

Figure 2. Comparison of the brightness of QD-IgG and Cy3-IgG as sig-
nal probes: (a) illuminated by UV (365 nm) and (b) illuminated by green
light (546 nm). The fluorescent images of the microchannel network
arrays were captured using QD-IgG and Cy3-IgG with the target pro-
teins (CEA) concentration rang from 25 nM to 25 fM.
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Figure 3. (a) Dose—response calibration curves for CEA and AFP based on the QD-IgG and microfluidic protein chip. CEA
was also detected by Cy3-IgG as a comparison. The fluorescent images of parallel detection of CEA and AFP samples (con-
centrations of CEA and AFP ranged from 25 fM to 25 nM) in five parallel microchannels were captured (Figure S4). The stan-
dard curves were fitted by a logistic model. (b) The dose—response calibration curve for CEA in human serum based on the
QD-IgG probes and microfluidic network chip. The fluorescent images of parallel detection of CEA samples (concentrations of
CEA ranged from 25 fM to 250 nM) in five parallel microfluidic channels were captured (figure not shown). The standard

curve was fitted by a logistic model.

of free IgG. The increase of mass due to the addition of
QDs to IgG is compensated by the increase of the over-
all charge density of the conjugate. These results vali-
dated the successful covalent conjugation of QDs and
IgG.

SDS-PAGE was also used to test different conjuga-
tion conditions. Through comparison of QD-IgG conju-
gates’ fluorescent intensity in electrophoresis bands un-
der different conjugation conditions, we could deduce
the optimal conjugation condition. Among the various
influence factors, the molar ratio between QDs and
cross-linkers was most critical. To ensure sufficient reac-
tion of IgG with QDs, excessive QDs were added. The
molar ratio between QDs and IgG was maintained to
be 2:1. Then we changed the molar ratio between
QDs, N-(3-dimethylaminopropyl)-N-
ethylcarbodiimde hydrochloride (EDC), and
N-hydroxysuccinimide (NHS). The molar ratio be-
tween QDs and EDC was first examined (Figure S1).
The fluorescent intensity of the conjugate band was
enhanced along with the accretion of the molar ra-
tio of EDC (lanes 2—7 in Figure S1). When the molar
ratio between QDs and EDC reached 1:800 (lane 6 in
Figure S1), the bands of the conjugates were the
brightest. But under the molar ratio of 1:1200, slight
precipitation was observed after the QD-1gG conju-
gate was stored at 4 °C overnight. Based on such re-
sults, we maintained the molar ratio (QDs/EDC) at
1:800.

In addition, we tested combining EDC and NHS as
cross-linking reagents and examined the conjugates
with SDS-PAGE (Figure S2). EDC reacts with a carboxyl
to form an amine-reactive O-acylisourea intermediate.
However, the intermediate is also susceptible to hydrol-
ysis, making it unstable and short-lived in aqueous so-
lution. The addition of NHS stabilizes the amine-reactive
intermediate by converting it to an amine-reactive
NHS ester, thus, increasing the efficiency of EDC-
mediated coupling reactions.*>*° The amine-reactive
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NHS ester intermediate has sufficient stability to per-
mit two-step cross-linking procedures, which allow the
carboxyl groups on protein to remain unaltered and
avoid cross-linking of 1gG. As expected, efficiency of
EDC-mediated coupling is increased in the presence of
NHS. When the ratio of QDs, EDC, and NHS reach 1:800:
1600, efficiency of conjugation as well as the stability
of conjugates was best. Under this optimal conjuga-
tion condition, there was a slight decrease in PLQY
(less than 20%) and stability of QDs (Figure S3). The
QD-IgG conjugates were highly stable and could be
stored for at least 3 months without apparent
aggregation.

The as-prepared QD-IgG was used as a versatile fluo-
rescent probe for the detection of cancer biomarkers
(e.g., CEA and AFP) in the microfluidic protein chip.
Given that QDs exhibit significantly higher PLQY and
photostability than organic dyes, we expect that the in-
tegration of QDs in microfluidic protein chips, could sig-
nificantly improve the detection sensitivity. Figure 2
compared the signal brightness of protein chip using
Cy3-lgG and red-colored emitting QD-IgG as probes, re-
spectively. In both systems, the protein chip was chal-
lenged with target proteins (CEA) in the concentration
range from 25 fM to 25 nM, covering 6 orders of mag-
nitude. Indeed, QD probes showed high brightness and
a concentration-dependent intensity gradient, leading
to a limit of detection (LOD) of 250 fM and a broad dy-
namic range of 5 orders of magnitude; while signal of
Cy3 probes was only visible at higher target concentra-
tion (>250 pM). More significantly, the signal of Cy3
could be visualized only under its optimum excitation
wavelength (~546 nm), while the fluorescent signal of
QDs could be detected under both green light (546 nm)
and UV light (365 nm) illumination. This is due to the
characteristic broad absorption of QDs, that is, QDs can
be excited by any wavelength from UV to red light,
whereas organic dyes are restricted by their narrow ex-
citation spectra,® which significantly reduces the cost
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for additional excitation sources in multiplexed
detection.

Large background and high false-positive rate are
serious problems for most protein chips.?*#”%® We
then adopted a combination of methods to reduce the
background. The QD-IgG conjugate was blocked with
bovine serum albumin (BSA, 5%), and Tween-20 was
added into the washing buffer to minimize nonspecific
adsorption. Moreover, the fluorescent signal of QDs was
stabilized with the use of reduced L-glutathione, which
possibly avoided oxidation of QDs in air.2>** We found
that such steps significantly enhanced the signal-to-
noise ratio (S/B). In control experiments without such
steps, the background was so significant that it was al-
most comparable to the target concentration of 2.5 nM.

In principle, the versatile fluorescent probe prepared
in this experiment could be applied to detect all targets
with appropriate concentrations since the goat anti-
mouse IgG conjugated with the QDs could react with
any Abs originated from mouse. As a proof-of-concept,
CEA and AFP were used as model targets in our study. Fig-
ure 3a demonstrated a typical dose—response result for
CEA and AFP at a wide concentration ranging from 25
fM to 25 nM. The LOD is estimated to be 250 fM for both
CEA and AFP (S/N>3). The entire statistic is based on five
independent experiments to make sure the reliability of
this assay. As a comparison, the LOD for CEA using Cy3-
IgG as probes is 2.5 nM in the same chip, which is 4 orders
of magnitude higher than that for QD-IgG. Therefore, the
detection system using QD-IgG as a fluorescent probe
provided ultrahigh sensitivity could exert more potential
in early phase detection of cancers.

It is critically important to evaluate the performance
of our microfluidic protein chip in complicated samples
(e.g., sera) for real-world applications. We then tried to
detect CEA in human serum, with a concentration
ranged of 25 fM~250 nM. Figure 3b displayed a typi-
cal dose—response result for CEA. The LOD was esti-
mated to be 2.5 pM, 10-fold higher as compared with
the detection in PBS buffer. The possibility is that a large
amount of serum albumin present in the serum dis-
turbed the immunoreaction between antigens (Ags)
and Abs to a certain degree, and they might block un-
occupied sites of the chip. Despite that, the sensitivity is
still comparable to the commercial CEA ELISA KIT (e.g.,
the LODs for CEA and AFP in ELISA KITs (Lico-Bio,
Shanghai) were 5 pM and 7 pM, respectively). Of note,
our data were collected with a fluorescent microscope,
while higher sensitivity could be achieved via the use of
better equipment (e.g., our preliminary study using a
laser-illuminated fluorescent scanner showed improved
sensitivity of at least an order of magnitude).

Due to the contribution of broad absorption with
narrow photoluminescence spectra of QDs, the multi-
colored QDs with the different sizes could be illumi-
nated synchronously by a single excitation wavelength.
In contrast, organic dyes with the different maximal
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Figure 4. (a) Multicolored imaging by green-, orange-, and red-colored
QD-IgG probes based on microfluidic protein chip. (b) Multiplexed la-
beling for CEA and AFP by red and green-colored emitting QD-IgG
probes based on reverse phase immunoassay and microfluidic pro-
tein chip. First, CEA, AFP, and the mixture solution of CEA and AFP
were immobilization on the silyated slide along the horizontal micro-
channels side by side. The concentration of each antigen was 25 pM.
Then the mixture solution of anti-CEA Abs and anti-AFP Abs was
flowed along the perpendicular microchannels. After that, the micro-
channels 1—3 were filled with red-colored QD-IgG and the microchan-
nels 4—6 were filled with green-colored emitting QD-IgG.

emission wavelengths must be illuminated by the dif-
ferent optimal excitation wavelengths. For example, the
optimal excitation wavelengths of FITC and Cy3 are
495 and 552 nm, respectively. For imaging of both FITC
and Cy3, we must change the optical filters within the
microscope. To demonstrate this advantage of QDs, the
proof-of-concept experiment was explored. Three types
of QDs with different emission wavelengths were em-
ployed in the same chip for detection of CEA simulta-
neously (the concentration of CEA is 25 pM). Under the
UV illumination, as shown in Figure 4a, fluorescent sig-
nals with three colors were observed. This advantage
is clearly useful in multiplexed detection.

The sandwich immunoassay is usually employed to
quantitatively detect targets, while the reverse phase
immunoassay is prevalent for qualitative assay of
protein—protein interactions in proteome studies. As a
versatile fluorescent probe, QD-IgG also has the poten-
tial in this field. We used mixture solution of CEA and
AFP as the model (Figure 4b). In this experiment, CEA,
AFP, and the mixture solution of CEA and AFP were im-
mobilized on the silyated slide along the horizontal mi-
crochannels side by side. Then the mixture solution of
anti-CEA Abs and anti-AFP Abs was flowed through the
perpendicular microchannels. After that, the perpen-
dicular microchannels 1—3 were filled with red-color
emitting QD-IgG and the perpendicular microchannels
4—6 were filled with green-color emitting QD-IgG.
Based on the immunoreaction between Ags and Abs,
CEA could bind to anti-CEA Abs while AFP to anti-AFP
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Abs. As a result, the mixture solution of CEA and AFP
could be distinguished by anti-CEA Abs as well as anti-
AFP Abs via red and green colors detected in the hori-
zontal channels. As shown in Figure 4b, while minimal
cross-talk was observed, we could reliably identify posi-
tive signals for both CEA and AFP via their individual
colors, which implies the applicability of this approach
to proteomic studies.

CONCLUSIONS
In summary, the present study has successfully con-
jugated QDs with a secondary antibody. This bionano-

METHODS

Materials and Reagents. Silylated slides (aldehyde activated)
were obtained from CEL Associates (Pearland, U.S.A.). Sylgard184
was purchased from Dow Corning Co. Ltd. (Shanghai, China).
All antigens (target proteins, Ags) were purchased from Indus-
tries International (Concord, U.S.A.). Monoclonal antibodies
(mAbs) and polyclonal antibodies (pAbs) were purchased from
USBIO. Goat anti-mouse IgG-Cy3, bovine serum albumin (BSA),
N-(3-dimethylaminopropyl)-N-ethylcarbodiimde hydrochloride
(EDC), N-hydroxysuccinimide (NHS), and other chemical reagents
were purchased from Sigma-Aldrich (St. Louis, MO). Tween-20
was purchased from Fluka. Silicon patterns were fabricated by
Shanghai Institute of Microsystem and Information Technology
(SIMIT), Chinese Academy of Sciences. Syringe pump was pur-
chased from Zhejiang University (Hangzhou, China).

Nearly monodispersed CdTe/CdS core—shell QDs capped
with mercaptopropionic acid (MPA) were obtained via micro-
wave irradiation as described in our previous work.*® Three types
of QDs with different sizes were used. The maximum emission
wavelengths were 530 (green), 564 (orange), and 595 nm (red),
respectively. These QDs are very stable in PBS buffer (150 mM,
pH 7.3) at 4 °C. No significant changes in the photoluminescence
were detected during several months.

Preparation of QD-IgG Conjugates. Carbodiimine chemistry was ap-
plied for conjugation using EDC and NHS as zero-length
cross-linkers.?>** Carboxylic acid groups of MPA displayed on
the QDs surface bound with the amine groups of proteins.

We tested different reaction conditions, including reaction
time, concentrations, and cross-linkers. The following is the opti-
mal protocol developed in the course of this study. First, water-
dispersed QDs (in 150 mM PBS, pH 7.3) were activated with EDC/
NHS. To 60 p.L of QDs (12 wM), add 17.25 pL of EDC (33.4 mM
in H,0) and 16.25 p.L of NHS (70.9 mM in H,0). The reaction so-
lution was incubated at 25 °C for 15 min with gentle shaking.
EDC is easily hydrolytic and should be dissolved in water imme-
diately before use. Then 27 pL of goat anti-mouse IgG (13.3 wM)
in PBS buffer was added to the activated QDs. The molar ratio
of QD/EDC/NHS/IgG was calculated as 1:800:1600:0.5.

The mixture was incubated at 25 °C for 2 h under shaking in
a dark and then kept overnight at 4 °C. No obvious precipita-
tion occurred after this conjugation reaction. Both the free non-
conjugated QDs and byproduct isourea were removed by ultra-
filtration using 100 K Nanosep centrifugal devices by
centrifugation at 5000 rmp for 15 min. The lower phase, contain-
ing free QDs and isourea, were discarded. To wash the conju-
gate and reduce the impuirities, the upper phase, containing QD-
IgG, was diluted by 300 p.L PBS buffer, and additionally subjected
to centrifugation at 5000 rmp for 15 min. This washing step
was repeated twice. The conjugate was recovered by 100 pL of
PBS and transferred to a new Eppendorf tube and then stored at
4 °Cin a dark until use.

Characterization of QD-IgG Conjugates by Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE). The formation of IgG-
conjugated QDs was confirmed by SDS-PAGE. Different conju-
gated conditions, mainly the mole ratio between QDs, EDC, NHS
and IgG were also examined by SDS-PAGE. A total of 8% resolv-

hybrid exhibits excellent performance as a fluorescent
probe in protein assays. The QD-IgG conjugate, com-
bined with a microfluidic protein chip, improved the de-
tection limits of cancer biomarkers up to 250 fM, which
represents a sensitivity improvement up to 4 orders of
magnitude as compared to organic dyes (e.g., commer-
cially available Cy3-Abs conjugates). Besides, multicol-
ored imaging was realized and potentially useful for
multiplexed detection in proteomic studies. This study
thus opens a new path for practical clinical and pro-
teomic applications of protein chips.

ing gel and 4% stocking gel were used. Acrylamide/bisacryl-
amide monomer, DI water, gel buffer, and SDS were mixed with
fresh ammonium persulfate and TEMED for the resolving gel,
loaded into sealed gel caster, overlaid with DI water to exclude
oxygen and allowed to polymerize. After polymerization, the DI
water was decanted and the stacking gel was made and layered
on top of the polymerized resolving gel. Plastic 10-well combs
were inserted into the stacking gel and polymerization allowed
to occur (~30 min). The combs were then removed, gels as-
sembled into electrophoresis units. Then wells were thoroughly
washed with water to remove acrylamide and excess radicals.
Samples were diluted in sample buffer (62.5 mM Tris, 2% SDS,
10% glycerol, 0.2% BMB) for 15 min, loaded into the gels, and run
for 90 min at 120 V. Tank buffer was 250 mM Gly, 192 mM Tris
with 0.1% SDS (pH8.3). Finally, the gel was stained for protein
with Coomassie brilliant blue.

Fabrication of Microfluidic Channels. Master molds for the micro-
channels were fabricated using standard photolithographic
methods with SU-8 epoxy based negative resists. A 10:1 v/v mix-
ture of polydimethylsiloxane (PDMS) prepolymer and curing
agent was prepared, degassed, and poured on the patterned
glass flat. The PDMS was cured at 90 °C for 2 h, removed from
the substrate, and baked overnight at 90 °C to fully cure the chip.
Inlet and outlet holes were drilled in the PDMS using a sharp-
ened needle. PDMS layers containing 22 microchannels. Diam-
eter of the microchannels: width = 150 um; gap between the
channels = 150 pum; height = 30 pm.

Detection of Cancer Biomarkers Using Microfluidic Protein Chip. The
PDMS piece was sealed against the silyated slides to form en-
closed channels (Figure 1a). Conformal contact is achieved spon-
taneously through van der Waals interactions between the ma-
terials. After the channels were formed, solutions were pulled
through the microfluidic channels using a syringe pump. After
incubated at 30 °C overnight, the microchannels were rinsed
with washing buffer (PBS, containing 0.1% Tween-20) and then
removed the first PDMS piece. Then the unoccupied sites were
blocking with blocking buffer (150 mM PBS, pH 7.4, 5% BSA) for
1 h. After the immobilization of the first layer, the other PDMS
piece, with the direction of its channels perpendicular to the ear-
lier case, was then placed over the patterned area. Other solu-
tions were then flowed through the channels, creating a two-
dimensional array of interaction spots. After incubation at 37 °C
for 1 h and repeated the rinsing step, the third and fourth layers
were immobilized in the same way. Removing the second PDMS
piece, chips were imaged with a fluorescent microscope (Ax-
ioSkop, ZEISS) equipped with optical filters and a charge-coupled
camera (AxioCam MRC5, ZEISS).

In sandwich immunoassay, mAbs (3 wM) were first pat-
terned as capture probes. Then targets and pAbs (3 wM) were im-
mobilized orderly in the perpendicular microchannels. At last,
QD-IgG (1 uM) and Cy3-IgG (1 wM) were spotted as fluorescent
probes. In reverse phase immunoassay, samples were first immo-
bilized, and then mAbs (3 M) and QD-IgG (1 nM) were placed.
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