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A B S T R A C T   

Surface-enhanced Raman scattering (SERS)-based assays have been recently developed to overcome the low 
detection sensitivity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SERS-based assays using 
magnetic beads in microtubes slightly improved the limit of detection (LoD) for SARS-CoV-2. However, the 
sensitivity and reproducibility of the method are still insufficient for reliable SARS-CoV-2 detection. In this study, 
we developed a SERS-based microdroplet sensor to dramatically improve the LoD and reproducibility of SARS- 
CoV-2 detection. Raman signals were measured for SERS nanotags in 140 droplets passing through a laser focal 
volume fixed at the center of the channel for 15 s. A comparison of the Raman signals of SERS nanotags measured 
in a microtube with those measured for multiple droplets in the microfluidic channel revealed that the LoD and 
coefficient of variation significantly improved from 36 to 0.22 PFU/mL and 21.2% to 1.79%, respectively. This 
improvement resulted from the ensemble average effects because the signals were measured for SERS nanotags in 
multiple droplets. Moreover, the total assay time decreased from 30 to 10 min. A clinical test was performed on 
patient samples to evaluate the clinical efficacy of the SERS-based microdroplet sensor. The assay results agreed 
well with those measured by the reverse transcription-polymerase chain reaction (RT-PCR) method. The pro
posed SERS-based microdroplet sensor is expected to be used as a new point-of-care diagnostic platform for quick 
and accurate detection of SARS-CoV-2 in the field.   

1. Introduction 

The worldwide spread of coronavirus disease 2019 (COVID-19) 
pandemic, a disease caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has resulted in enormous economic, social, 
and cultural losses over the past two years [1–4]. The reverse 
transcription-polymerase chain reaction (RT-PCR) method, which ex
tracts and amplifies viral ribonucleic acid (RNA) and subsequently de
tects it using the fluorescence analysis, has been accepted as a standard 
method for SARS-CoV-2 detection. RT-PCR exhibits a reasonable sensi
tivity and specificity; however, it requires 3–4 h for sample pre- 
treatment, amplification, and detection [5–7]. Therefore, many studies 
have been conducted to reduce the diagnosis time using modern tech
nologies, such as isothermal PCR [8,9], genome editing [10,11], and 
photonic PCR [12,13]. Nevertheless, achieving a significant diagnosis 
time reduction using molecular diagnostic technologies is challenging. 

The lateral flow assay (LFA) strip that enables self-diagnosis based on 
immunoassays has been commercialized [14–16]; however, this point- 
of-care (POC) test is not considered a reliable diagnostic tool owing to 
its low sensitivity. Currently, the limit of detection (LoD) of an LFA strip 
is in the range of 300–500 PFU/mL (left, Scheme 1a), leading to false- 
negative results for early-stage patients with low virus concentrations 
or asymptomatic infected patients [17,18]. An enzyme-linked immu
nosorbent assay (ELISA) is another immunoassay method used for SARS- 
CoV-2 testing. Although the LoD of an ELISA kit is approximately 80 
PFU/mL (right, Scheme 1a), the proportion of false-negative diagnosis 
of this method remains high [19,20]. Consequently, the critical issue in 
immunoassays for SARS-CoV-2 is the improvement of sensitivity. 

Many studies have recently demonstrated that the surface-enhanced 
Raman scattering (SERS) technique can be used for high-sensitivity 
biomedical detection of SARS-CoV-2 based on localized surface plas
mon effects [21–23]. Raman signals are amplified using the 
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electromagnetic enhancement when Raman reporter molecules present 
in the hot spot are exposed to a focal volume of an excitation laser beam. 
This amplification can resolve the low sensitivity issue inherent in 
absorbance or fluorescence detection, extensively used in immunoassays 
[24–26]. Hence, a magnetic bead-based SERS assay platform in a 
microtube for SARS-CoV-2 detection was developed [27–29]. In this 
assay, magnetic beads and SERS nanotags are used as capture substrates 
and detection probes, respectively. Then, sandwich immunocomplexes 
for the target SARS-CoV-2 antigen are formed on the surface of magnetic 
beads. Finally, the sandwich immunocomplexes are separated using a 
magnetic bar. Subsequently, the decrease in signal intensity from SERS 
nanotags in the supernatant solution is measured for quantitative 
analysis (Scheme 1b). The magnetic bead-based SERS assay platform in 
a microtube could successfully detect SARS-CoV-2; however, there is 
room for improvement because of i) insufficient sensitivity due to the 
limited number of SERS nanotags in a focal volume, ii) poor reproduc
ibility owing to fluctuation of the number of SERS nanotags in repeated 
measurements, and iii) difficulty of high throughput and POC diagnosis 
owing to large reagent consumption and labor-required experimental 
processes. 

In this study, we developed a SERS-based microdroplet sensor for 
rapid, sensitive, and reproducible SARS-CoV-2 detection [30–32]. There 
have been many reports of a SERS detection method for diagnosing 
SARS-CoV-2 [33–35], but very few papers about high-sensitivity diag
nosis using a SERS-based microfluidic platform. The supernatant solu
tion containing SERS nanotags was divided into multiple droplets of 
equal volume in a microfluidic channel. Subsequently, SERS signals 

were measured for a certain number of droplets (Scheme 1c) to improve 
the detection reproducibility. In particular, the detection sensitivity of 
this sensor significantly improved owing to ensemble average effects 
because the Raman signal was measured for multiple microdroplets 
containing SERS nanotags. We carefully optimized the SERS-based 
microdroplet sensor, and thus succeeded in SARS-CoV-2 detection at a 
low concentration of 0.22 PFU/mL and a coefficient of variation (CV) of 
1.79%. These values are considerably lower than those of LFA strip, 
ELISA kits, and typical magnetic bead-based SERS assay platform in a 
microtube. The improved sensitivity and reproducibility of the sensor 
yield an accurate detection of SARS-CoV-2. A clinical test was performed 
on patient samples to evaluate the clinical efficacy of the SERS-based 
microdroplet sensor. The microdroplet sensor’s assay results were 
compared with those measured by the RT-PCR method. Moreover, the 
sensing performance of the SERS-based microdroplet sensor was eval
uated using a portable Raman system within 10 min. This proves the 
practical applicability of the current technique in the POC detection 
platform for SARS-CoV-2. The proposed SERS-based microdroplet 
sensor is expected to be used as a high-throughput POC diagnostic 
platform for various infectious diseases. Furthermore, this technology 
can be extended to multiple bio targets by changing receptors, multi
plexed by increasing channels, and automated by integrating devices. 

Scheme 1. (a) LFA strips and ELISA using a 96-well plate, (b) magnetic bead-based SERS assay platform in a microtube, and (c) microdroplet SERS sensor for the 
immunodiagnostic test of SARS-CoV-2. In the SERS assay in a microtube, the Raman signal of SERS nanotags in the focal volume is measured after transferring the 
supernatant solution to the capillary tube. The number of particles present in the focal volume varies along the measurement area. Hence, the reproducibility de
creases owing to the signal intensity fluctuations. Reproducibility is significantly improved in the microdroplet sensor owing to the ensemble average effects because 
the Raman signal of SERS nanotags, contained in 140 droplets that continuously pass through the focal volume of the laser, is measured. 
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2. Experimental section 

2.1. Reagent and materials 

Gold(III) chloride trihydrate (HAuCl4⋅3H2O), sodium citrate dihy
drate (99%), bovine serum albumin (BSA), thiol-PEG-COOH (HS-PEG- 
COOH, MW ~3500), cobalt(II) chloride hexahydrate, 1H,1H,2H,2H- 
perfluorooctanol (PFO, 97%), perfluorodecalin (PFD, 95%), trichloro 
(1H,1H,2H,2H-perfluorooctyl)silane (97%), 1-ethyl-3-(3-dimethylami
nopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), and fluo
rescein sodium salt (FSS) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA), and used without further purification. Magic™ mouse anti- 
SARS-CoV-2 nucleoprotein monoclonal antibody (clone 0659, CABT-C 
S075) and Magic™ mouse anti-SARS-CoV-2 nucleoprotein monoclonal 
antibody (clone 0658, CABT-C S076) were purchased from Creative 
Diagnostics (Shirley, NY, USA). SARS-CoV-2 lysates were supplied by 
the Korea Research Institute of Bioscience and Biotechnology (KRIBB). 
Carboxylate magnetic beads, phosphate-buffered saline (PBS; 10X, pH 
7.4), and malachite green isothiocyanate (MGITC) were purchased from 
Invitrogen Corporation (Eugene, OR, USA). The average diameter of 
magnetic beads was 1 μm. PBS solutions containing 0.05% Tween-20 (v/ 
v) at a pH of 7.4 were prepared using standard protocols. Poly
dimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kit) was pur
chased from Dow Corning (Midland, MI, USA). FC-40 (a mixture of 
perfluoro-tri-n-butylamine and perfluoro-di-n-butylmethylamine) and 
FC-70 (perfluorotripentylamine) were purchased from 3M (Maplewood, 
MN, USA). Ultrapure deionized (DI) water was obtained using the Arium 
Comfort Lab Water System (Sartorius, Goettingen, Germany), and used 
in all experiments. A nickel-coated neodymium (ND) magnet (4 × 1.9 ×
0.7 mm3) was purchased from the LG magnet (Seoul, Korea). Gyeong
sang National University College of Medicine provided 6 clinical sam
ples (4 SARS-CoV-2 positives and 2 negatives). The nasopharyngeal 
aspirates samples were collected from patients using flocked nasopha
ryngeal swabs and placed into the virus transport media (Copan Di
agnostics Inc., Murrieta, CA, USA). All samples were stored at − 70 ◦C 
until use. The protocol for this study was reviewed and approved by the 
Institutional Review Board of Gyeongsang National University College 
of Medicine, Jinju, Korea (IRB approval number: 2020-10-002). 

2.2. Preparation of detection antibody-conjugated hollow gold 
nanospheres 

Cobalt nanoparticles (CoNPs) were synthesized based on a previ
ously proposed method [36,37]. During the synthesis of CoNPs, 0.1 M 
sodium citrate solution was deoxygenated using ultrapure N2 gas for 60 
min to guarantee oxygen purging. Subsequently, 140 μL of 1.0 M NaBH4 
and 100 μL of 0.4 M CoCl2 solution were rapidly added while stirring. 
The color of the mixture changed from colorless to dark brown, indi
cating the formation of CoNPs. The mixture was treated with N2 gas flow 
for 60 min to hydrolyze the remaining NaBH4. Subsequently, 50 μL of 
0.1 M HAuCl4 solution was added nine times at intervals of 80 s. The 
flow of N2 gas stopped after the solution was stirred for 10 min. This 
completed the formation of a gold shell and exposed the remaining 
CoNPs to an oxidizing environment. The color of the solution changed to 
dark purple when the reaction was complete. The transmission electron 
microscopy (TEM) image demonstrates that the average size of the 
hollow gold nanospheres (HGNs) and Au shell thicknesses are 44 and 8 
nm, respectively (Fig. S1a). HGNs were washed by centrifugation 
(1,200 rcf, 30 min) at 25 ◦C before using to remove byproducts, such as 
chloride ions and CO2 generated in the process of oxidizing CoNPs. 
Three microliters of 10-4 M MGITC were adsorbed on the surface of 
HGNs to act as a Raman reporter when the HGNs were used as SERS- 
active probes. Sixty microliters of 10 µM HS-PEG-COOH linkers were 
added to this solution to form Au-S bonds on the surface of HGNs. 
PEGylated HGNs were created after 3 h of reaction at 25 ◦C, and washed 
twice with DI water. Moreover, 10 µL of 2.5 mM EDC and 10 µL of 2.5 

mM NHS were sequentially added to activate the -COOH group at the 
end of the linker. The remaining EDC/NHS was washed with DI water 
after 30 min. Twenty microliters of 0.1 mg/mL detection antibodies 
were added to NHS-activated HGNs and incubated overnight at 4 ◦C for 
antibody conjugation. The surface of HGNs, to which antibodies were 
not attached, was blocked by adding 10 µL of 10% w/v BSA aqueous 
solution. The remaining proteins were removed by centrifugation at 
1,200 rcf for 30 min. The pellets were re-dispersed in PBS after dis
carding the supernatant. 

2.3. Preparation for capturing antibody-conjugated magnetic beads 

To conjugate capture antibodies on the surfaces of magnetic beads, 
500 μL of 0.5 mg/mL carboxyl-functionalized magnetic beads were 
suspended in DI water. Carboxylic groups on the surfaces of magnetic 
beads were activated by adding 15 μL of 0.1 M EDC and NHS dissolved in 
distilled water for 60 min. Subsequently, magnetic beads were separated 
using a magnet and washed with DI water to remove any unreacted 
molecules. After magnetic beads were re-suspended using 320 μL of DI 
water, 180 μL of 2.5 mg/mL capture antibodies were added to the 
magnetic bead solution and reacted overnight at 4 ℃. Furthermore, the 
capture antibody-conjugated magnetic beads were washed three times 
to remove nonspecific antibodies. The final product was stored in PBS 
buffer solution for future use. 

2.4. Fabrication of magnetic bar-embedded droplet microfluidic sensor 

A positive SU-8 50–100 photoresist (MicroChem Corp.) mold was 
fabricated using standard photolithography. Subsequently, the PDMS 
pre-polymer and curing agent (Sylgard 184, Dow Corning) were mixed 
in a ratio of 10:1 w/w, degassed under vacuum, and decanted onto the 
SU-8 mold. An ND magnet (4 × 1.9 × 0.7 mm3) was inserted into the 
magnet groove of the SU-8 mold. The PDMS layer with a channel 
structure was peeled from the master mold after curing at 70 ◦C for 2 h in 
an oven. Subsequently, the inlet and outlet holes were punched, and the 
structured PDMS substrate was bonded to a glass slide using the oxygen 
plasma. For hydrophobic treatment of the inner surface of the channel, 
2% v/v trichloro(1H,1H,2H,2H-perfluorooctyl)silane in a PFD solution 
was filled in the channel and placed on a hotplate at 70 ◦C. The width of 
the main channel was 200 μm, whereas that of branch channels were 
140 and 78 μm. The depth of all channels was 128 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. 

2.5. Magnetic bead-based immunoassays in a microtube and SERS 
detection 

Sandwich immunoassays for SARS-CoV-2 nucleoprotein were per
formed using SARS-CoV-2 lysates at six different concentrations. 
Furthermore, 30 µL of SERS nanotags, 30 µL of SARS-CoV-2 lysates, and 
30 µL of antibody-conjugated magnetic beads were mixed and allowed 
to react under constant stirring. The reaction tube was placed on a 
magnet for 3 min, and the supernatant solution was collected after 30 
min of incubation. The magnetic beads that formed sandwich immu
nocomplexes were washed three times using PBS, and the immuno
complexes were re-suspended in PBS. The separated supernatant 
solution and immunocomplexes were transferred to a capillary tube for 
Raman measurements. SERS signals were collected using a Renishaw 
inVia Raman microscope (Renishaw, New Mills, UK). A 10 mW He− Ne 
laser, operating at a wavelength of 632.8 nm, was used as the excitation 
source. A 20× objective lens, with a numerical aperture of 0.4, was used 
to focus the laser beam at the center of the capillary tube. The exposure 
time was 10 s with five averages, and the focal laser spot size was 1.93 
μm. The Renishaw WiRE 4.0 software was used for data acquisition and 
control. 
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2.6. Fluorescence imaging of droplet generation/splitting and on-chip 
SERS detection 

An Olympus IX71 inverted fluorescence microscope (Olympus, 
Japan) equipped with a high-speed camera (PCO AG, Germany) was 
used to record the droplet generation and splitting, and to measure 
droplet volumes and velocities. The samples were injected into the 
droplet channel using precision syringe pumps (PHD 2000, Harvard 
Apparatus, USA), 1 mL Norm-Ject plastic syringes (Henke-Sass Wolf 
GmbH, Germany), 23G needles (KOVAX NEEDLE, Korea Vaccine Co., 
Ltd., Korea), and TYGON tubing (ID = 0.02 IN/OD = 0.06 IN, Saint- 
Gobain PPL Corp., France). The SERS signals from droplets were 
collected using a portable Raman microscope (NS220-I Nanoscope 
Systems, Inc., Daejeon, Korea). A 16 mW He− Ne laser, operating at a 
wavelength of 633 nm, was used as the excitation source. A 20×
objective lens, with a numerical aperture of 0.45, was used to focus the 
laser beam at the center of the microchannel. The exposure time was 5 s 
with three averages, and the focal laser spot size was 1.68 μm. The NS- 
Raman (Ver. 4.04) software was used for data acquisition and control. In 
addition, flow rates were simultaneously controlled using two micro
syringe pumps. 

3. Results and discussion 

3.1. SERS-based magnetic assays of SARS-CoV-2 in a microtube 

Fig. 1 illustrates the SERS-based assay for detecting SARS-CoV-2 

using magnetic beads in a microtube. SARS-CoV-2, which was lysed 
using a TCEP/EDTA solution (Fig. 1a), includes envelope proteins, 
membrane proteins, spike proteins on the virus surface, RNA, and 
nucleocapsid protein (N-protein). Here, N-protein was used as a target 
for SARS-CoV-2 detection because this protein is abundant inside SARS- 
CoV-2. Therefore, it is the most commonly used target in commercially 
available LFA strips [38,39]. Most SARS-CoV-2 mutations occur in the 
spike protein, but the proposed SERS-based microdroplet sensor in this 
study targets the N-protein inside SARS-CoV-2, and the binding affinity 
of N-protein is less affected by mutation than spike protein. A SERS- 
based immunoassay for detecting SARS-CoV-2 was performed using 
SERS nanotags and magnetic beads in a microtube (Fig. 1b). Detection 
antibody-conjugated HGNs were used as SERS nanotags to create elec
tromagnetic enhancements. HGNs have multiple pinholes on the particle 
surface that intensify the incident light inside the holes of narrow 
nanogaps. Hence, sensitive assays with high reproducibility can be 
achieved at the single-particle level. Fig. S1 illustrates (a) transmission 
electron microscope (TEM) images, (b) dynamic light scattering (DLS) 
distribution data, and (c) UV-vis absorption spectra of HGNs and SERS 
nanotags. The TEM images illustrate that HGNs have an average diam
eter of 44 nm and a wall thickness of approximately 8 nm. Fig. S1b 
demonstrates that the diameter increases by approximately 17 nm when 
the detection antibodies are conjugated on the HGN surface. The change 
in spectral data owing to conjugation is presented in the UV-vis spectra 
in Fig. S1c. The absorption band was redshifted by 5 nm from 573 to 578 
nm when the detection antibodies were conjugated on the surface. 
Therefore, we validated the successful synthesis of SERS nanotags. 

Fig. 1. SERS-based assay for detecting SARS-CoV-2 using magnetic beads in a microtube. (a) Lysis of SARS-CoV-2 using a TCEP/EDTA solution. (b) SERS-based 
immunoassay process of SARS-CoV-2 using SERS nanotags and magnetic beads in a microtube. (c) SERS spectra of the supernatant solution in a capillary tube 
measured in the SARS-CoV-2 concentration range of 0–10,000 PFU/mL. (d) Calibration curve for the immunoassay of SARS-CoV-2 determined using the four- 
parameter sigmoidal fitting equation. (e) SERS spectra measured for a supernatant solution at five different positions of the capillary tube after magnetic bead- 
based SERS assay was performed on a SARS-CoV-2 concentration of 5 PFU/mL in a microtube. 
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The other critical issue of SERS nanotags is their stability in solution. 
Raman reporter molecules (MGITCs) dissociate from the surface of the 
HGNs when exposed to high NaCl concentrations or harsh pH condi
tions. To resolve this issue, PEGylated HGN-MGITC (HGN-MGITC-PEG) 
has been developed to prevent the desorption of MGITC molecules and 
the adsorption of external species. The stability of HGN-MGITC and 
HGN-MGITC-PEG was ested under various pH and NaCl concentrations. 
As shown in Fig. S2, the UV/vis absorption intensity was significantly 
decreased with increased salt concentrations in HGN-MGITC (Fig. S2a) 
since particles started to aggregate at a concentration of 40 mM NaCl. 
However, the UV/vis absorption intensity was not significantly changed 
for HGN-MGITC-PEG (Fig. S2), even under high NaCl concentrations. 
Fig. S2b also shows the changes in the UV/vis absorption intensity when 
the pH of the solution was changed. In the case of HGN-MGITC, the UV/ 
vis absorption intensity was significantly decreased at low pH conditions 
because hydrogen ions quickly neutralized the negative surface charge. 
However, for the HGN-MGITC-PEG, the decreasing UV/vis absorption 
intensity trend was much slower than that of the HGN-MGITC at low pH 
conditions. Therefore, we can conclude that the HGN-MGITC-PEG 
maintains good stability under extreme NaCl and pH conditions. 

Moreover, 1-μm capture antibody-conjugated magnetic beads were 
used as support substrates for SERS-based assays. The N-proteins were 
selectively captured by SERS nanotags when a SARS-CoV-2 lysate 
reacted with them. The capture antibody-conjugated magnetic beads 
were added to the microtube and allowed to react for 30 min. Subse
quently, sandwich immunocomplexes were formed on the surface of 
magnetic beads. Fig. S3a presents the TEM images obtained after per
forming a SERS-based assay in the presence (1,000 PFU/mL) and 
absence of the target SARS-CoV-2. This figure demonstrates that SERS 
nanotags form sandwich immunocomplexes on the surface of magnetic 

beads only when the target SARS-CoV-2 is present. The number of 
immunocomplexes produced was proportional to the concentration 
level of SARS-CoV-2. Immunocomplexes were separated using a mag
netic bar on the outer wall of the microtube. Then, they were washed 
with PBS buffer using a micropipette and re-dispersed in PBS buffer. The 
re-dispersed magnetic immunocomplexes were transferred to a capillary 
tube, and the SERS signal was measured. The number of SERS nanotags 
formed on the magnetic bead surface increased, enhancing the SERS 
signal intensity and increasing the concentration of SARS-CoV-2. Raman 
spectra for magnetic beads with SERS nanotags were measured and 
compared with those of magnetic beads only in Fig. S3b. In the case of 
off-mode, the overall SERS peak intensity is relatively weak, but when 
SERS nanotags form sandwich immunocomplexes (on-mode), it shows a 
strong SERS intensity. Fig. S3c compares the characteristic Raman peak 
intensity at 1614 cm-1 of SERS nanotags for SARS-CoV-2 between off- 
and on- modes. 

In the second method, magnetic immunocomplexes were separated 
from the solution, and the remaining supernatant solution was directly 
transferred to a capillary tube to measure the SERS signal. The SERS 
signal intensity decreased with an increase in the SARS-CoV-2 concen
tration. However, both methods exhibited an insignificant reproduc
ibility because the number of SERS nanotags in the focal volume of the 
capillary tube was not uniform. Fig. 1c illustrates the SERS spectra 
measured using the second method in a SARS-CoV-2 concentration in 
the range of 0–10,000 PFU/mL. Fig. 1d shows the calibration curve 
determined using the three-parameter sigmoidal fitting equation. The 
variations in the characteristic Raman peak intensity at 1614 cm-1 of 
SERS nanotags for the concentration of SARS-CoV-2 lysate is plotted in 
Fig. 1d. The error bars represent standard deviations determined using 
five measurements. As shown in Fig. 1d, significant deviations in the 

Fig. 2. Schematic design of the microdroplet channel used to detect SARS-CoV-2. This microfluidic channel consists of four compartments: (i) droplet generation, (ii) 
droplet mixing, (iii) droplet splitting, and (iv) optical signal measurements. 
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error bars were observed over the entire concentration range owing to 
variations in the number of SERS nanotags in the focal detection volume 
of the laser beam. Fig. 1e illustrates the SERS spectra measured for a 
supernatant solution at five different positions of the capillary tube after 
the magnetic bead-based SERS assay was performed on a SARS-CoV-2 
concentration of 5.0 PFU/mL in a microtube. Fig. 1e demonstrates 
that the Raman peak intensity at 1614 cm-1 significantly fluctuates for 
each measurement. 

Raman spectra were measured by re-dispersing magnetic immuno
complexes in PBS and transferring them to a capillary tube, as shown in 
Fig. S4a. The calibration curve is determined using the method illus
trated in Fig. S4b. Therefore, this assay technique marginally improved 
the correlation coefficient for the SARS-CoV-2 lysate. However, repro
ducibility was low because of large standard deviations for each con
centration. Moreover, the LoD determined using the standard deviation 
was slightly improved to 36 PFU/mL because the number of SERS 
nanotags in a focal detection volume is limited. Therefore, a new 
analytical technique to improve the sensitivity and reproducibility of 

SARS-CoV-2 detection is necessary. 

3.2. Mixing/splitting efficiency of SERS-based microdroplet sensor 

Fig. 2 illustrates the schematic design of the microdroplet sensor 
used to detect SARS-CoV-2. This microfluidic channel consists of four 
compartments: (i) droplet generation, (ii) droplet mixing, (iii) droplet 
splitting, and (iv) optical signal measurements. In particular, (i) SERS 
nanotags, capture antibody-conjugated magnetic beads, and SARS-CoV- 
2 lysate, all in aqueous phases, were injected from three different inlets 
to form a laminar flow. Subsequently, the carrier oil was injected 
through the inlet perpendicular to the aqueous phase to generate 
aqueous phase droplets at the T-junction. Herein, the inner surface of the 
microfluidic channel was treated with 2% v/v trichloro 
(1H,1H,2H,2Hperfluorooctyl) silane in a perfluorodecalin solution. 
Therefore, the interaction between N-protein and PDMS sensor does not 
occur because the immunoassay occurs in the aqueous phase droplet 
flowing along with the carrier oil. (ii) The laminar flow generated in the 
droplet passes through the winding channel, resulting in turbulent 
mixing that actively promotes the reaction. (iii) SERS nanotags, SARS- 
CoV-2 lysates, and capture antibody-conjugated magnetic beads form
ing immunocomplexes were separated using a magnetic bar embedded 
in the channel and moved to the lower narrow channel. The supernatant 
solution was moved to the upper wide channel. (iv) Raman signals of the 
SERS nanotags remaining in the supernatant solution were measured. 
One hundred and forty droplets passed through the focal volume at a 

Fig. 3. Effect of flow rates on the reproducibility of SARS-CoV-2 assays. (a) Introduction of SERS nanotags and PBS buffer into the inlets to establish optimal 
conditions for driving the chip. (b) Photographic images of six different Raqs when each droplet passes through the droplet splitting junction. (c) SERS spectra 
measured for six different flow rates in 15 s. (d) Variations in the CV values corresponding to the SERS intensity in (c) with respect to the variations of Raq. 

Table 1 
Controlled flow rates for oil and aqueous phases to determine the optimal 
measurement condition.  

Flow rate conditions 1 2 3 4 5 6 

Roil (µL/min) 2.4 2.4 2.4 2.4 2.4 2.4 
Raq (µL/min) 0.2 0.4 0.6 0.8 0.9 1.1  

S. Park et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 446 (2022) 137085

7

fixed laser beam position, and their Raman signals were measured for 15 
s. 

Microdroplet experiments were performed by exclusively injecting 
SERS nanotags and PBS buffer through the inlets to determine the 
optimal conditions for driving the chip, as shown in Fig. 3a. Subse
quently, flow rates of the aqueous and oil phases were varied using two 
syringe pumps. CVs of SERS intensities were analyzed to determine the 
optimum flow rate of the aqueous phase (Raq). Table 1 lists the varia
tions of Raq in the range of 0.2–1.1 μL/min when the oil flow rate (Roil) 
was maintained at 2.4 μL/min. Fig. 3b presents the photographic images 
of six different Raqs when each droplet passes through the droplet 
splitting junction, as shown in Fig. 2(iii). With an increasing flow rate, 
the size of droplets increases and the spacing between droplets de
creases. After droplet splitting, regular intervals between droplets are 
maintained up to a flow rate of 0.8 μL/min. However, the intervals 
become irregular at flow rates higher than 0.9 μL/min because of 
changes in the channel hydrodynamic resistance [40,41]. The resistance 
inside the channel varies after aqueous droplets pass through the split
ting junction at a high flow rate. This change affects the movement of the 
next droplet entering the split intersection. This movement change re
sults in an irregular spacing between droplets. However, constant 
droplet spacings are maintained at a low flow rate owing to the low 
hydrodynamic resistance and negligible feedback effect. The SERS 
signal intensity is determined by the ensemble average of droplets 
passing through the focal volume of the laser beam for a certain time. 
Hence, the reproducibility of the signal is poor because of the irregular 
spacing between droplets at a fast flow rate. Fig. 3c illustrates the SERS 
spectra measured for six different flow rates for 15 s. The number of 
droplets passing through the focal volume fixed at the center of the 
channel during a specified measurement time increases, corresponding 
to an increase in flow rate. This flow rate effect leads to a rise in SERS 

signal intensity. Fig. 3d demonstrates variations of the CV values cor
responding to the SERS intensity for changes in Raq. Moreover, CV is 
determined using the values measured five times for each flow rate. The 
CV value decreases from 5.58% to 1.51%; however, it sharply increases 
to 9.77%, and the flow rate increases. The value of CV increases owing to 
the irregular spacing between droplets in the high flow rate region. 
Therefore, the flow rate was fixed at Raq = 0.8 μL/min for all experi
ments because the CV value was the lowest at this flow rate. 

Additionally, we calculated the mixing and splitting efficiencies of 
the SERS-based microdroplet sensor. Magnetic beads and PBS buffer 
solutions were injected into the droplet channels through the central and 
other two inlets at both ends. Subsequently, the photographic image of 
each part of the microfluidic channel was captured to analyze the ac
curacy of the mixing and splitting of magnetic beads at the optimal flow 
rate, as shown in Fig. S5. Three laminar flows are formed in the sample 
injection part, and microdroplets are formed when the oil phase is 
vertically injected in the droplet generation compartment. In the 
droplet-mixing compartment, magnetic beads are evenly distributed 
throughout the droplet when droplets pass through the winding chan
nels. As shown in the figure, the dispersed magnetic beads pass through 
the splitting junction embedded with a magnetic bar, and they are 
drawn toward the magnet and concentrate at the black dot. Subse
quently, the droplets containing magnetic beads flow into the narrow 
channel, and the supernatant solution flows into the wide channel. 
Magnetic beads and supernatant solution droplets are separated into two 
branches. Furthermore, magnetic beads are re-distributed as they pass 
through multiple winding channels, and accumulate in the final outlet 
reservoir. Fig. 4 demonstrates that magnetic beads are separated effec
tively from the supernatant solution at an optimal flow rate. 

Fig. 4 presents fluorescence images and SERS spectra of droplets 
measured at different positions on the chip to evaluate the mixing 

Fig. 4. (a) Fluorescence images and (b) SERS spectra of single droplet measured at different positions of microdroplet channel to evaluate the mixing efficiency of the 
laminar flow. 
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efficiency of laminar flow when the chip is driven at an optimal flow 
rate. Fluorescence images of droplets at three different positions on the 
chip are shown in Fig. 4a. Fluorescein sodium salt, exhibiting green 
fluorescence, was injected through the central inlet, and the PBS buffer 
solution was injected through the other two inlets on both ends. The 
laminar flow generated by the three flows in the sample injection 
compartment is not mixed. Therefore, the fluorescence intensity of the 
dye is strongly distributed in the central region. However, it decreases 
toward both ends, as demonstrated from the fluorescence intensity 
profiles measured in the vertical direction of the droplet. We analyzed 
the fluorescence intensity profile of droplets in the mixing compartment 
after passing through multiple winding channels and observed that 
mixing the laminar flow occurs actively. Hence, we observed uniform 
fluorescence intensity in the droplet mixing compartment. This mixing 
phenomenon was validated by Raman signal detection, as shown in 
Fig. 4b. Subsequently, SERS nanotags were injected through the inlet at 
one end, and the PBS buffer solution was injected through the other two 
inlets. The high SERS signal intensity of the Raman reporter molecules 
was observed in the first laminar flow (position a), containing SERS 
nanotags before passing through the winding channel. However, mod
erate Raman signal intensities were observed at three positions (a, b, and 
c) after passing through the winding tracks. This experiment demon
strates the efficiency of the microdroplet channel. 

3.3. SERS-based magnetic assays for detecting SARS-CoV-2 using a 
microdroplet channel 

Fig. 5 illustrates the detection of SARS-CoV-2 lysate using a SERS- 

based microdroplet sensor. The immunoreaction was performed inside 
aqueous microdroplets. The droplet was split into two at a magnetic bar- 
embedded junction, and the SERS signal from droplets containing the 
supernatant solution was measured for 15 s. The number of magnetic 
immunocomplexes increased with an increase in the concentration of 
SARS-CoV-2. Therefore, the concentration of SERS nanotags is reduced 
in the supernatant solution, decreasing the measured SERS signal in
tensity. SARS-CoV-2 assays in a concentration range of 0–100 PFU/mL 
were performed using a SERS-based microdroplet sensor. The laser 
beam was focused on the center of the channel to detect Raman signals 
for SERS nanotags in microdroplets, as shown in Fig. 5a. Fig. 5b illus
trates the on-chip detection SERS spectra for six different concentrations 
of SARS-CoV-2. Fig. 5c shows the calibration curve for SARS-CoV-2 
determined by the three-parameter sigmoidal fitting equation. The 
characteristic Raman peak intensity variations of SERS nanotags at 1614 
cm-1 are plotted for the concentration of the SARS-CoV-2 lysate in 
Fig. 5c. Error bars represent standard deviations determined through 
three measurements. Fig. 5c demonstrates that the error bar for each 
concentration was significantly smaller than that for the magnetic bead- 
based assay performed in the microtube, as shown in Fig. 1d. Fig. 5d 
demonstrates the SERS spectra measured three times for droplets con
taining the supernatant solution for 15 s after the magnetic bead-based 
SERS assay was performed in a SARS-CoV-2 concentration of 6 PFU/mL 
in a microdroplet channel. Fig. 5d illustrates that the Raman peak in
tensity at 1614 cm-1 is more consistent than the magnetic assay in the 
microtube. Moreover, the LoD determined from the calibration curve 
exhibits an extremely low value of 0.22 PFU/mL. Therefore, the prob
ability of a false-negative detection for SARS-CoV-2 is significantly 

Fig. 5. Detection of SARS-CoV-2 lysate using a SERS-based microdroplet sensor. (a) SERS-based microdroplet sensor for detecting SARS-CoV-2 lysate. The signal of 
140 droplets passing through the focal volume was measured and averaged to improve its reproducibility. (b) On-chip detection SERS spectra for six different 
concentrations of SARS-CoV-2. (c) Calibration curve for SARS-CoV-2 lysate determined by the three-parameter sigmoidal fitting equation. (d) SERS spectra measured 
three times for droplets containing the supernatant solution for 15 s after magnetic bead-based SERS assay was performed on a SARS-CoV-2 concentration of 6 PFU/ 
mL in a microdroplet channel. 
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decreased. The LoD was determined using the three-parameter 
sigmoidal equation described in Fig. S6. 

Fig. 6 presents a comparison of SERS-based magnetic assays for 
SARS-CoV-2 performed in a microtube and microfluidic channel. As for 
the SERS assay in a microtube, the supernatant solution was transferred 
to a capillary tube after assays, and SERS signals were measured. 
Therefore, the number of SERS nanotags in the focal volume is incon
sistent at each measurement, and fluctuations in the SERS signal in
tensity result in a low reproducibility, as shown in Fig. 6a. However, the 
microdroplet sensor significantly improves reproducibility owing to the 
ensemble average effects (Fig. 6b). The signals from 140 droplets pass
ing through the focal volume were measured and averaged. In Fig. 6c, 
CV values from the assay performed using the two methods for the 
detection of SARS-CoV-2 are compared. CV values for SERS-based 
magnetic assay performed in the microtube and microfluidic channels 
were averages of five and three measurements, respectively. Fig. 6c 
demonstrates that the average CV value is 21.2% for the microtube 

channel and 1.79% for the microdroplet channel. Therefore, the repro
ducibility improves by approximately 12 times in the SERS-based 
microdroplet sensor. Moreover, the Raman intensity in the micro
droplet sensor was significantly enhanced because signals from SERS 
nanotags, contained in 140 droplets, were averaged in this case. 
Furthermore, the sensitivity of detection considerably improved using 
the SERS-based microdroplet sensor. A selectivity test was also per
formed for the SARS-CoV-2 (104 PFU/mL), influenza A/H1N1 (4032 
HAU/mL), influenza B (2366 HAU/mL), and respiratory syncytial virus 
(RSV) (10 μg/mL) viruses. Corresponding SERS spectra and comparison 
of the Raman peak intensity ratio for different respiratory viruses were 
displayed in Fig. S7a and S7b, respectively. Error bars in the figure 
denote the average deviations from five measurements. The intensity of 
the SERS signals significantly increased in the presence of SARS-CoV-2, 
however, weak signals were obtained in the presence of other viruses. 
These data suggest that the proposed SERS-based microdroplet sensor 
can accurately detect the virus due to the high specificity of the selected 

Fig. 6. Comparison of SERS-based assay for SARS-CoV-2 detection performed in (a) a microtube and (b) a microdroplet sensor. In the assay using a microtube, SERS 
signals were measured at five different positions of the capillary tube. The signal of 140 droplets passing through the focal volume was measured and averaged in the 
microdroplet sensor. (c) Comparison of CV values of the assays performed using two different methods for the detection of SARS-CoV-2. 

Table 2 
Comparison of LoDs and detection times for four different SARS-CoV-2 assay methods.    

Lateral flowassay 
strip 

Enzyme-linked immunosorbent 
assay 

SERS-based magnetic assay in 
microtube 

SERS-based magnetic assay in microdroplet 
channel 

LoD TCID50/ 
mL 

494 115 52.2 0.32 

PFU/mL 341 79.3 36.0 0.22 
Detection time 

(min) 
≤ 30 ≤ 180 ≤ 30 ≤ 10  
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antibody pair against SARS-CoV-2. 
Table 2 presents a comparison between the LoD values and detection 

times for the LFA strip, ELISA kit, SERS-based magnetic assay in a 
microtube, and SERS-based microdroplet sensor used for SARS-CoV-2 
detection. The LoD is expressed in both tissue culture infectious doses 
(TCID50/mL) and PFU/mL units. TCID50 was determined by culturing 
host cells in a well plate titer and adding diluted virus fluids to the wells 
to determine the infection rate for each virus fluid. Commercial LFA, 
ELISA kits, and SERS-based magnetic bead assays exhibited LoDs of 341, 
79.3, and 36.0 PFU/mL, respectively. Therefore, the sensitivity of these 
methods is insufficient to reduce the number of false-negative diagnosis 
for a patient having early signs of infection with low virus concentra
tions. Moreover, virus detection requires more than 3 h using ELISA kits, 
making rapid diagnosis impossible. The detection time in the case of the 
SERS-based assay performed in a microtube is approximately 30 min. 
However, this method is not convenient or feasible for SARS-CoV-2 
detection at POCs because the assay needs to be performed manually 
using a micropipette. The proposed SARS-CoV-2 assay using the SERS- 
based microdroplet sensor exhibits an extremely low LoD of 0.22 
PFU/mL. Thus, the possibility of a false-negative diagnosis for patients 
with early infection signs is significantly decreased. Moreover, the 
proposed method provides a rapid and convenient detection at POCs 
because its SARS-CoV-2 detection time is approximately 10 min. 

Finally, we performed a clinical assay using the proposed SERS-based 
microfluidic sensor for nasopharyngeal swab samples from six patients 
(4 SARS-CoV-2 positives and 2 negatives). RT-PCR assay results for the 
RNA marker ORF1 of SARS-CoV-2 were used as standard control data. In 
the calibration curve of Fig. 5c, the LoD for I/Iblank was estimated to be 
0.88. Therefore, a higher Raman intensity ratio than 0.88 is determined 
to be negative, and a lower intensity ratio than 0.88 is estimated to be 
positive. As a result of testing with six clinical samples, two negative 
samples (N1, N2) based on RT-PCR Ct values showed a Raman intensity 
ratio higher than 0.88, thus, it was judged negative. Conversely, all the 
positive samples (P1~P4) showed a Raman intensity ratio lower than 
0.88, resulting in a positive result as shown in Fig. 7. Although the 
number of clinical samples tested in this work is limited, the proposed 
SERS-based microdroplet sensor shows a strong potential for clinical 
samples’ positive/negative discrimination. 

4. Conclusion 

The reproducibility of SERS-based magnetic bead assays in a 
microtube is poor (CV = 21.2%) owing to the limited number of SERS 
nanotags in the focal volume. Therefore, we developed a microdroplet 
sensor for rapid, reliable, and reproducible detection of SARS-CoV-2. 
This sensor separated the magnetic immunocomplex and supernatant 
solution droplets using a magnetic bar embedded in the channel. 

Subsequently, we measured the ensemble average signal of SERS 
nanotags containing 140 droplets passing through a fixed laser spot for 
15 s. When the SARS-CoV-2 assay was performed using a microdroplet 
sensor, LoD and CV were improved from 36 to 0.22 PFU/mL and from 
21.2% to 1.79%, respectively, compared to those of the assay performed 
in a microtube. Moreover, the detection time significantly decreased to 
less than 10 min. Therefore, the number of false-negative diagnosis in 
early-stage infected or asymptomatic patients with a low SARS-CoV-2 
concentration decreased considerably. In addition, the cost required to 
manufacture one microdroplet chip, including PDMS, film mask, SYL
GARD, base and curing agent, and slide glass, is estimated to be $ 1.50 
per piece. The proposed SERS-based microdroplet sensor can be used as 
an efficient POC diagnostic platform for a safe and rapid detection of 
SARS-CoV-2 in the field because the proposed device can be easily in
tegrated with a portable Raman spectrophotometer. 
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