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Wash-free magnetic immunoassay of the PSA
cancer marker using SERS and droplet
microfluidics†

Rongke Gao,‡ab Ziyi Cheng,‡a Andrew J. deMelloc and Jaebum Choo*a

We report a novel wash-free magnetic immunoassay technique for prostate-specific antigen (PSA) that

uses a surface-enhanced Raman scattering (SERS)-based microdroplet sensor. The magnetic bar embed-

ded in a droplet-based microfluidic system segregates the free and bound SERS tags by splitting the drop-

lets into two smaller parts. The presence of PSA targets leads more SERS tags to immunocomplex in one

droplet so that fewer SERS tags remain in another supernatant solution droplet. Thus, SERS signal measure-

ment enables the quantitative evaluation of PSA markers. This approach can provide a rapid and sensitive

assay that is applicable for PSA cancer markers in serum without any washing. Specifically, SERS signals

were measured at 174 droplets per minute and averaged for quantitative evaluation of PSA. The limit of de-

tection (LOD) determined by our SERS-based microdroplet sensor was estimated to be below 0.1 ng mL−1,

which is significantly below the clinical cut-off value for the diagnosis of prostate cancer. In addition, be-

cause the entire assay can be carried out automatically, only a minimal amount of sample is needed. Ac-

cordingly, the approach is expected to be useful as a potential clinical tool for the early diagnosis of pros-

tate cancer.

Introduction

Immunoassays are well-established biochemical tests that are
based on specific interactions between antigens and anti-
bodies.1,2 Similarly, immunoassays are important analytical
tools for quantifying the levels of specific antigens in solution.
Conventional approaches for measuring antigens in solution
include electrochemical methods,3,4 surface plasmon reso-
nance,5,6 fluorescence,7,8 chemiluminescence9,10 and enzyme-
linked immunosorbent assay (ELISA).11 However, immuno-
assays exhibit drawbacks, including poor limits of detection
(LOD), extended analysis times, tedious washing steps and the
need for large sample volumes, all of which decrease the at-
tractiveness of current systems. Accordingly, a new sensing
method for rapid and sensitive immunoassays is still needed.

Recently, surface-enhanced Raman scattering (SERS)-
based assays have become a promising alternative to

immunoassays due to their rapid and sensitive analytical ca-
pabilities. SERS possesses intrinsic advantages over fluores-
cence including minimal photo-bleaching effects, wide excita-
tion wavelength ranges and capacity for multiplexed
detection.12–20 However, the application of SERS in quantita-
tive analysis of biomolecular systems is problematic due to
the difficulties associated with reproducing SERS enhance-
ments. This variability stems primarily from a lack of control
over factors such as the degree of aggregation, particle size
and the inhomogeneous distribution of analytes on the sur-
face.21,22 To address these critical issues, integration of SERS
with microfluidic techniques has revealed several useful ben-
efits over conventional macroscale environments.23–32 For in-
stance, the capability to operate within a continuous flow re-
gime and generate homogeneous mixing conditions within
microfluidic networks has been shown to afford quantitative
SERS-based analysis. Furthermore, the combination of SERS
and microfluidic devices provides an ideal mechanism for
achieving sensitive detection, reproducible measurements
and spatially defined detection areas. An additional benefit
of such integrated systems for bio-analytics is the ability to
take measurements using minimal sample volumes and low
analyte concentrations.

We previously reported a SERS-based magnetic solenoid
sensor in a continuous flow channel for a sensitive immuno-
assay.33 Herein, the magnetic sandwich immunocomplexes
were successfully trapped by multiple solenoids embedded in
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the chip, and all the assay conditions could be automatically
controlled inside the sophisticated microfluidic channel. De-
spite the highly sensitive detection capability of SERS-based
microfluidics in a continuous flow regime, this methodology
suffers from difficulties in washing unbound reagents within
a microfluidic channel. This phenomenon is observed due to
the problems associated with removing unbound reagents from
the immunocomplexes in an immobilization substrate inside
the channel. In addition, it requires a complicated solenoid
fabrication procedure as well as precise control of the magnetic
field to efficiently trap the magnetic immunocomplexes.

To resolve these problems, we designed and implemented
a droplet-based microfluidic system embedded with a rectan-
gular magnetic bar. There has been considerable interest to-
wards droplet-based microfluidic systems as an alternative to
continuous flow-based microfluidic systems.34–36 Our system
is composed of four distinct compartments with functions of
generating microdroplets, separating the immunocomplexes
and supernatant solution, isolating magnetic
immunocomplex droplets and collecting unbound SERS
nanotag droplets for SERS detection. Using this system, a
wash-free immunoassay could be realized by splitting a pri-
mary droplet into two parts: one incorporating magnetic
immunocomplexes and the other incorporating unbound
SERS nanotags in the supernatant solution as shown in the
schematic illustrations in Fig. 1 and 2. The Raman signals of
the remaining SERS nanotags in the large droplet can be
used for quantitative evaluation of specific biomarkers. Im-
portantly, this approach affords a convenient immunoassay
involving a specific biomarker without the need for washing.

To confirm the assay feasibility, we selected prostate-
specific antigen (PSA) as a model biomarker. Prostate cancer
is the second leading cause of cancer-related deaths of adult
males in the United States, and PSA is known as an impor-
tant biomarker in the diagnosis of prostate cancer.37–40 Indu-
bitably, there has been a controversy over the use of serum
PSA as a screening biomarker due to its lack of high specific-
ity for prostate cancer.41,42 In many cases, PSA levels are also
elevated in benign prostatic hyperplasia (BPH). Consequently,
it is difficult to distinguish between BPH and prostate cancer,
causing clinical doctors to confront diagnostic dilemmas.
However, it has been recently reported that multiplex immu-
noassays, using β2M, PGA3 and MUC3 protein biomarkers in
conjunction with PSA, have the potential to significantly en-
hance the capability to discriminate between BPH and pros-
tate cancer.43 As a result, it is still important to precisely de-
termine the PSA level in a clinical aspect. PSA exists in blood
plasma as a 33 kDa glycoprotein, and its diagnostic gray zone
ranges from 4 to 10 ng mL−1.44 Herein, we report a novel inte-
grated SERS-based microdroplet sensor composed of com-
partments for mixing, splitting and detection. We believe that
this approach has strong potential to become a valuable tool
for the early diagnosis of prostate cancer.

Experimental
Materials

GoldĲIII) chloride trihydrate (>99.9%), sodium citrate dihy-
drate (99%), bovine serum albumin (BSA), ethanolamine,
1H,1H,2H,2H-perfluorooctanol (PFO, 97%), trichloro-

Fig. 1 Schematic illustration of the SERS-based microdroplet sensor for wash-free magnetic immunoassay. The sensor is composed of five com-
partments with the following functions: (i) droplet generation and reagent mixing, (ii) formation of magnetic immunocomplexes, (iii) magnetic bar-
mediated isolation of immunocomplexes, (iv) generation of larger droplets containing the supernatant for SERS detection and (v) generation of
smaller droplets containing magnetic immunocomplexes.
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Ĳ1H,1H,2H,2H-perfluorooctyl)silane (97%), dihydrolipoic acid
(DHLA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) were purchased from
Sigma-Aldrich (MO, USA) and used without further purifica-
tion. Absolute ethanol (99.9%) was purchased from Merck
(NJ, USA). Anti-human PSA monoclonal antibody matched
pairs (10-P20E and 10-P20D) and purified native human PSA
proteins were purchased from Fitzgerald Industries Interna-
tional (MA, USA). Carboxylate magnetic beads and malachite
green isothiocyanate (MGITC) were purchased from
Invitrogen Corporation (OR, USA). The average diameter of
the magnetic beads was estimated to be 1 μm. SeraSub® syn-
thetic human serum was purchased from CST Technologies
(NY, USA). Phosphate-buffered saline (PBS) solutions
containing 0.05% Tween-20 (v/v) at pH 7.4 were prepared
through standard protocols. Polydimethylsiloxane (PDMS,
Sylgard 184 Silicone Elastomer Kit) was purchased from Dow
Corning (MI, USA). FC-40 (a mixture of perfluoro-tri-n-
butylamine and perfluoro-di-n-butylmethylamine) and FC-70
(perfluorotripentylamine) were purchased from 3M (MN,
USA). Deionized water was purified using a Milli-Q water pu-
rification system (MA, USA).

Preparation of PSA detection antibody-conjugated gold nano-
particles (AuNPs)

AuNPs were synthesized using the citrate-reduction method
reported by Frens.45 In brief, 100 mL of 0.01% gold chloride
trihydrate solution was heated to boiling, and then 1.0 mL of

1% trisodium citrate dihydrate solution was added under vig-
orous stirring. Within a few seconds, the color of the solution
changed from a faintly blue to brilliant red color, indicating
the formation of AuNPs. After the mixture was boiled for 20
minutes, heat was removed and the solution was stirred for 1
hour. To prepare SERS-active nanotags, 0.5 μL of 0.1 mM
MGITC was added to 1.0 mL of 0.1 nM AuNPs and the
resulting mixture was reacted for 15 minutes under stirring.
Next, 2.5 μL of 0.1 mM DHLA was added to 1 mL of the AuNP
solution. After incubation for 1 h, 2.5 μL of 0.1 mM EDC and
NHS were added and allowed to react with the activated
–COOH terminal groups of the DHLA molecules for 15 mi-
nutes. Finally, 1.0 μL of 1 mg mL−1 PSA antibody (10-P20E)
was added to the NHS-activated AuNPs and reacted for 1 h.
The unreacted NHS groups on the surface of the AuNPs were
deactivated by adding 2.5 μL of 0.1 mM ethanolamine for 20
minutes. Nonspecific binding chemicals were removed
through centrifugation, and the remaining nanotags were
washed three times with PBS.

Preparation of PSA capture antibody-conjugated magnetic
beads

For the activation of –COOH terminal groups on the mag-
netic beads, 3 μL of 0.1 M NHS and 3 μL of 0.1 M EDC were
added to 1.0 mL of 0.5 mg mL−1 magnetic beads and allowed
to react for 15 minutes. Subsequently, 3.0 μL of 1 mg mL−1

monoclonal PSA antibody (10-P20D) was added to NHS-
activated magnetic beads and the resulting mixture was

Fig. 2 (a) Optical image of the entire microdroplet channel filled with red ink. (b) Sequential droplet splitting mechanism for the wash-free mag-
netic immunoassay of PSA cancer markers: (i) mixing of reagents, (ii) formation of immunocomplexes, (iii) isolation of magnetic immunocomplexes,
(iv) supernatant including unbound SERS nanotags and (v) separated magnetic immunocomplexes.
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stirred for 1 hour at room temperature. After incubation, the
reaction tube was placed on a magnet for 4 minutes and the
supernatant solution was removed. Finally, the PSA antibody-
conjugated magnetic beads were washed three times with
PBS buffer and dissolved in 1 mL of PBS.

Microfluidic device fabrication

A positive SU-8 50–100 photoresist (MicroChem Corp.) mold
was fabricated by standard soft lithography. Subsequently,
the PDMS pre-polymer and curing agent (Sylgard 184, Dow
Corning) were mixed in a ratio of 10 : 1 (w/w), degassed and
decanted onto the positive mold. A nickel-coated neodymium
N45 magnet (5 × 2 × 1 mm3, LG magnet, Seoul, Korea) was
positioned on the SU-8 mold. After the resulting structure
was cured at 70 °C for 2 hours in an oven, the structured
layer was demolded. Next, inlet and outlet holes for fluidic
access were formed, and the structured PDMS substrate was
bonded to a glass slide using oxygen plasma. For hydropho-
bic treatments of the interior channel surface, the inside of
the channel was filled with 2% (v/v) trichloroĲ1H,1H,2H,2H-
perfluorooctyl)silane in an FC-40 solution, immediately after
which the entire device was placed in a desiccator for 1 hour.
The channel was then washed with ethanol and dried at 70
°C for 1 hour to remove any remaining ethanol. The main
channel and the two branch channels were 200, 140 and 70
μm wide, respectively. The depth of all channels was 100 μm.
A 10 : 20 : 3 (v/v) mixture of FC-40, FC-70 and 1H,1H,2H,2H-
perfluorooctanol (PFO) was used as the carrier oil.

On-chip SERS detection

An Olympus IX71 inverted fluorescence microscope (Olym-
pus, Japan) equipped with a high-speed camera (PCO AG,
Germany) was employed for recording the droplet generation
and splitting. Precision syringe pumps (PHD 2000, Harvard
Apparatus, USA), 1 mL Norm-Ject plastic syringes (Henke-Sass
Wolf GmbH, Germany), a 32 mm 22 G needle (KOVAX-NEEDLE®,
Korea Vaccine Co., Ltd., Seoul, Korea) and Tygon microbore
tubing (ID = 0.02 IN, Saint-Gobain PPL Corp.) were used to
inject samples into the microdroplet sensor.

Microdroplet SERS signals were collected using a
Renishaw inVia Raman microscope system. The system
consisted of a Renishaw RL633 He–Ne laser operating at λ =
632.8 nm with a power of 5 mW and a charge-coupled device
(CCD) camera with a spectral resolution of 1 cm−1. A 20× ob-
jective lens (numerical aperture of 0.4) was used to focus the
laser. The Rayleigh line was removed from the Raman scatter-
ing using a holographic notch filter in the collection path.
The integration time was 10 s and the laser spot size was
1.93 μm. Fig. S1a† displays the experimental setup for the
SERS measurements in the microdroplet channel. The flow
rates were controlled simultaneously using two micro-syringe
pumps. Fig. S1b† shows the optical arrangement for focusing
the laser on the capture area of the channel.

Results and discussion
Design and fabrication of the microdroplet sensor

Fig. 1 shows the schematic design of the microdroplet sensor
used in the current work. The channel consisted of five com-
partments. The first part included a flow-focusing module for
generating microdroplets and a winding channel for efficient
reagent mixing. The second part was used to facilitate the
formation of immunocomplexes by antibody–antigen reac-
tion. The third part consisted of a rectangular magnetic bar
for the isolation of magnetic immunocomplexes. After the
separation of magnetic beads using the magnetic bar, the
parent droplet was split into two smaller droplets within the
triangular region. Subsequently, the large droplets containing
unbound SERS nanotags (supernatant solution) entered the
compartment for SERS detection after passing through the
winding channel. Smaller droplets containing magnetic
immunocomplexes and a (trivial) portion of the supernatant
solution entered the last compartment, which were collected
in a separate reservoir.

In the first compartment (i), the microfluidic channel was
designed to ensure highly effective mixing and to capture
magnetic beads and SERS nanotags. A pentagonal-shaped
microdroplet channel was designed to control the aqueous
droplet size in the oil stream. Specifically, a continuous oil
phase was supplied from opposing sides of the orifice, and
aqueous solutions, including magnetic beads, SERS nanotags
and PSA targets, were supplied from three central inlets. In-
jection of the aqueous stream perpendicular to the continu-
ous oil stream allowed the efficient formation of the droplets
used for immunoreactions of PSA markers. The shear force at
the interface between the oil and aqueous phases induced
aqueous droplet formation. After droplet formation, samples
in each droplet were efficiently mixed by transport through
the winding channels in the second compartment (ii). The
antigen–antibody binding reactions proceeded inside each
droplet, where they formed sandwich immunocomplexes. In
this way, aqueous droplets were completely separated by an
immiscible oil phase, which allowed for easy isolation of re-
actants from the surrounding environment and prevented
contamination.

In the third compartment (iii), the magnetic bar was em-
bedded inside the PDMS channel. When droplets containing
magnetic immunocomplexes flowed near the rectangular
magnetic bar, they aligned to the bottom surface of the drop-
let. On the other hand, unbound SERS nanotags in the super-
natant solution remained primarily on the opposite side of
the droplet. The parent droplets were then split into two
smaller parts at the Y-shaped channel bifurcation controlled
by the flow resistance of each channel: one being a small
droplet incorporating magnetic immunocomplexes in the
bottom side and the other being a large droplet incorporating
unbound SERS nanotags in the upper side, as shown in
Fig. 1. An enlarged image of the droplet fission process,
which is essential to the wash-free immunoassay, is displayed
in Fig. 2. Specifically, the ability to perform a wash-free
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immunoassay of PSA biomarkers is due to the fact that un-
bound PSA markers and SERS nanotags (in the large superna-
tant droplet) are separated from the magnetic
immunocomplexes (in the small droplet) via droplet fission.
After droplet fission, both samples in the large droplet (iv)
and the small droplet (v) are re-dispersed by passing them
through separate winding channels. Finally, the Raman sig-
nals of unbound SERS nanotags in the large droplet are mea-
sured and analyzed.

A photograph of the whole microdroplet channel filled
with red ink is shown in Fig. 2a. Here, magnetic
immunocomplexes and unbound SERS nanotags begin to
separate near the magnetic bar as shown in Fig. 2b. When
the droplet passes through the middle part of the magnetic
bar, the magnetic immunocomplexes are completely isolated
from unreacted species. Fig. 2b also shows the isolated mag-
netic immunocomplexes before and after fission of the origi-
nal droplet into two smaller parts. In this way, unbound PSA
markers and SERS nanotags are efficiently separated without
the need for washing. Movies S1a and S1b† show the isola-
tion of the magnetic immunocomplexes and the droplet fis-
sion process, respectively. In addition, these movies demon-
strate real-time tracking of individual droplets before and
after droplet fission.

Fig. 3 demonstrates the TEM images of sandwich PSA
complexes for two different concentrations of PSA. When PSA
antigens are absent, SERS nanotags are not bound on the
surface of the magnetic beads as shown in Fig. 3a. In the
presence of PSA antigens, however, they are bound onto the
surface of the magnetic beads, and sandwich
immunocomplexes are formed through the interaction be-
tween two antibodies (Fig. 3b).

SERS measurements using the microdroplet sensor

To confirm the separation of magnetic immunocomplexes
and unbound reagents after the application of a magnetic
field, SERS spectra were recorded at two different channel po-
sitions before and after magnetic separation. Specifically, a
laser spot was focused on the central point of each droplet
(marked by red stars), as shown in Fig. 4a. The correspond-
ing Raman spectra at the channel positions are displayed in
Fig. 4b. After injection of magnetic beads, PSA (200 ng mL−1)

and SERS nanotags, the reagents were efficiently mixed and
reacted by transport through the winding channel. When
sandwich magnetic immunocomplexes were formed via anti-
body–antigen reactions (after passing through the winding
channels), strong SERS signals were observed from the chan-
nel (top portions of Fig. 4a and b). Conversely, in the mag-
netic isolation compartment of the fluidic channel (bottom
portion of Fig. 4a), weak SERS signals (bottom portion of
Fig. 4b) could be observed. In this case, SERS signals for
small unbound nanotags were observed since most of the
SERS tags were captured by the magnetic beads through im-
mune reactions and subsequently separated by the magnetic
bar.

To identify the optimal SERS detection conditions, the
droplet frequency was varied by adjusting the ratio of flow
rates between the aqueous and oil phases (Qratio = Rwater/Roil).
Here, Roil was fixed at 3 μL min−1 and Rwater was varied from
1.05 to 10.5 μL min−1 (Table S1†). As shown in Fig. S2,† the
droplet generation frequency was increased along the Qratio

value. Fig. S3a† illustrates the SERS spectra originating from
supernatant droplets (concentration of PSA marker = 1 ng
mL−1) for different Qratio values at the positions indicated in
the images.

The characteristic Raman peak of the SERS nanotags at
1612 cm−1 was monitored for different Qratio values, and the
corresponding calibration curve is displayed in Fig. S3b.† It
can be seen that the SERS signal intensity increased concomi-
tantly with increasing Qratio, since more droplets including
SERS nanotags passed through the detection point per unit
time. The optimum Qratio was determined to be 1.7 (Condi-
tion E in Table S1†), which was attributed to the undesirable
merging of multiple droplets at higher Qratio values. Conse-
quently, optimal flow rates for the aqueous and oil streams
were determined to be 5.1 and 3.0 μL min−1, respectively.

Quantitative analysis of PSA using the SERS-based micro-
droplet sensor

Subsequently, we performed a quantitative analysis of the
PSA marker to evaluate the wash-free assay performance of
our SERS-based microdroplet sensor. Various concentrations
of PSA ranging from 0.05 to 200 ng mL−1 were added to the
microdroplet sensor, and their corresponding SERS spectra
were recorded for validation. Fig. 5a illustrates the SERS spec-
tra for different concentrations of PSA markers at the posi-
tion indicated in the photograph. The SERS spectra at this
position were collected for 10 s, with a droplet generation
rate of 174 droplets per minute. It is further noted that the
measured Raman spectra included signals from both the oil
carrier fluid and the aqueous droplets. However, Raman sig-
nals from the oil phase were negligible compared to those
originating from the SERS nanotags inside the aqueous drop-
lets. The SERS peak centered at 1612 cm−1 was used for quan-
titative evaluation of PSA. The corresponding calibration
curve is displayed in Fig. 5b, with an excellent linear re-
sponse in the 0.05 to 200 ng mL−1 range. Importantly, this

Fig. 3 TEM images of sandwich immunocomplexes (a) without PSA
and (b) with PSA having a concentration of 200 ng mL−1.
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range is consistent with requirements demanded in clinical
applications.

A viable PSA sensor should be able to detect PSA at the
clinically relevant threshold of 4 ng mL−1.1 According to our
SERS measurements, the limit of detection (LOD) was esti-
mated to be below 0.1 ng mL−1 based on the standard devia-
tions of five measurements. The concentration of PSA
markers in serum predicts the significant probability of a pa-
tient having prostate cancer. Importantly, our SERS-based im-
munoassay technique using the microdroplet sensor satisfies
this clinical LOD and thus has strong potential for use as a
rapid and sensitive diagnostic method for PSA in serum. Ad-
ditionally, the proposed technique is made even more prom-
ising due to the lack of required washing steps afforded by
the adoption of the droplet fission mechanism for separating
magnetic immunocomplexes from the supernatant.

Conclusions

We have demonstrated a novel magnetic immunoassay tech-
nique using a SERS-based microdroplet sensor. The pro-
posed method provides a rapid and sensitive assay applica-
ble to PSA cancer markers in serum. The sensor used in this
study consisted of four distinct compartments with func-
tions of generating microdroplets, separating the immuno-
complexes and supernatant solution, isolating magnetic
immunocomplex droplets and collecting unbound SERS
nanotag droplets for Raman detection. The technique allows
for a convenient immunoassay of the PSA marker without
any washing, since the magnetic immunocomplexes can be
easily isolated by splitting droplets into two smaller parts via
the application of a magnetic bar. The Raman signals of the
remaining SERS nanotags in the large droplet (supernatant
solution) could then be used for quantitative evaluation of
the PSA marker.

Fig. 4 (a) Two SERS detection points in the microfluidic channel before (top) and after (bottom) the isolation of magnetic immunocomplexes and
(b) their corresponding Raman spectra. SERS signals were measured with a frequency of 174 droplets per minute and an integration time of 10 s.

Fig. 5 (a) Concentration-dependent SERS spectra of PSA in the micro-
fluidic channel. Concentration range from 50 pg mL−1 to 200 ng mL−1.
(b) Variation of the SERS peak intensity at 1612 cm−1 as a function of
PSA concentration. Correlation coefficient, R2 = 0.974. All error bars
indicate the standard deviation of three measurements. SERS signals
were measured with a frequency of 174 droplets min−1 and an integra-
tion time of 10 s.
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The SERS signals for droplet frequencies of 174 droplets
per minute were measured and averaged for the quantitative
evaluation of PSA. The LOD of the SERS-based microdroplet
sensor was estimated to be below 0.1 ng mL−1 for the PSA
cancer marker, which is much lower than the clinical cut-off
value for the diagnosis of prostate cancer. In addition, rapid
analysis with tiny volumes of the sample is possible since the
entire detection process is performed. As a result, this SERS-
based assay technique is expected to be a potential clinical
tool for early diagnosis of prostate cancer.
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