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enhancement substrate within a microfluidic chip, the 
SERS detection sensitivity for R6G was improved 4 orders 
of magnitude. Apart from high SERS enhancement effect, 
the as-prepared integrated microstructure had extremely 
good SERS detection reproducibility and duration sta-
bility. Furthermore, it was successfully used to detect the 
bovine serum albumin (BSA), and exhibited excellent 
SERS response. The research showed great prospects and 
technical support for design and fabrication of integrated 
SERS microfluidic chip and sensitive detection of trace 
biochemical samples.

1 Introduction

Surface-enhanced Raman spectroscopy (SERS) have 
attracted substantial research interest, since it was first 
observed in 1974 by Fleischmann et al. (1974), with its 
advantages, such as narrow spectroscopic bands with 
excellent molecular specificity, reduced photo bleach-
ing, simple pretreatment, ultra-high sensitivity and so on. 
Unfortunately, the application of SERS was frequently 
restricted by instability and poor SERS signal reproduc-
ibility due to the inhomogeneous distributions of sample 
caused by “coffee-ring” effect (Mao et al. 2014; Lin and 
Chang et al. 2014). In addition, before and during meas-
urements, the analytes on the open SERS substrate sur-
faces can be easily contaminated, so that impacting on 
the results of spectral analysis. In recent years, however, 
it was discovered that embedding SERS substrates into 
microfluidic channel could serve as an integrated platform 
to make SERS detection more reproducible, efficient, safe, 
and environmentally friendly (Li et al. 2013; Lee et al. 
2014; Anne Marz et al. 2011). At present, SERS detec-
tion for various biological and environmental analytes in 
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a microfluidic chip has been a research focus (Ashok et al. 
2013; Talian and Huebner 2013; Hoonejani et al. 2015; Fu 
et al. 2015; Novara et al. 2016). However, excitation light 
spot is only 1–3 µm in diameter under conventional detec-
tion mode, the application of microfluidic SERS chip is 
limited owing to its low detection sensitivity which was 
caused by a small amount of excited sample molecules 
and metal nanoparticles within the scope of exciting light. 
Thus, an integrated photonic structure in a SERS detec-
tion microchannel for extension of the detection volume 
and increasing the number of exicted analyte-nanostruc-
ture conjugates could be desirable. Recently, several 
methods using liquid-core fibers (Qi and Berger 2004), 
and photonic crystal fibers (Han et al. 2010; Yang et al. 
2010; Eftekhari et al. 2012) have been demonstrated but 
are difficult to integrate. Liquid core waveguide (LCW) is 
particularly attractive because it can provide high excita-
tion intensities over long distances and be integrated into 
microchannel. The liquid core is both as test sample and 
as light transmission medium. At present, the structure 
type of LCW that has been integrated into microfluidic 
chip is very limited. Measor et al. utilized an antiresonant 
reflecting optical waveguide (ARROW) structure to cre-
ate an integrated LCW on microfluidic chip (Measor et al. 
2007). Silver colloidal was used for enhancement media. 
Detection sensitivity of R6G to a minimum concentration 
of 30 nmol/L was found. The disadvantages were, how-
ever, that the ARROW had not only special requirements 
for operating conditions and accuracy of dielectric layer 
thickness in a fabrication process, but also was hard to 
form a microfluidic channel without leaking. Otherwise, 
suspended metal colloidals were used as SERS enhance-
ment medium in microfluidic SERS chips with integrated 
LCW due to their easy preparation. However, the SERS 
detection reproducibility have more challenges, that is 
because uncontrolled aggregation of metal colloidals are 
formed after mixing with sample molecules. Meanwhile, 
precipitates could be formed after aggregation of metal 
colloidals, which may lead to a significant decrease of the 
SERS signal in a few minutes. Therefore, to improve the 
practicability of microfluidic SERS chips with integrated 
LCW, the more integrated LCW microstructures that 
are easy to be prepared need to be developed. Morever, 
to improve SERS detection reproducibility, metal nano-
particles need to be immobilized on the inner surface of 
integrated LCW to keep the structure stability of metal 
nanoparticles.

Teflon AF LCW is a widely-used LCW with sim-
ple structure (Tian et al. 2007; Eftekhari et al. 2011; Alt-
korn et al. 1997, 1999). Teflon AF cladding layer films 
have a refractive index (1.29–1.31) that are lower than 
the refractive index of water (1.33), therefore light could 
be delivered through the same physical path as the fluid 

flows by total internal reflection when the core are filled 
with water or aqueous solutions. Teflon AF LCW can be 
easily integrated into microchannel due to their simple 
structure. At present, some references have reported the 
methods that integrated Teflon AF films into microchan-
nel to form Teflon AF LCW microstructures without leak-
ing (Datta et al. 2003; Manor et al. 2003; Wu and Gong 
2008; Cho et al. 2009). However, there was no relevant 
reports about both SERS detection by using the microflu-
idic SERS chip with integrated Teflon AF LCW and the 
immobilization method of metal nanoparticles on inner 
surface of integrated Teflon AF LCW because of high 
chemical stability of Teflon AF.

In this paper, a high-efficiency microfluidic SERS chip 
with integrated Teflon AF1600 LCW modified with nano 
gold was proposed and prepared. Teflon AF1600 LCW 
was integrated into microchannel by physical deposition 
method, and it was treated with a mixture of potassium 
permanganate solution and nitric acid under water bath 
to introduce hydroxyl group. Afterwards, gold nanopar-
ticles were immobilized from solution onto the silanized 
inner surface of Teflon AF1600 LCW precoated with a 
thin layer of poly(diallyldimethylammonium chloride), 
PDDA. The thickness and smoothness of coated Tef-
lon AF1600 films were affected by vacuum force and 
response time. The change of chemical structure of Tef-
lon AF1600 film depended on oxidation treatment tem-
perature. And the coverage densities of gold nanoparticles 
were decided by assembly time. Those influence factors 
would be investigated and optimized. According to char-
acterizing results of fabricated microstructures by scan-
ning electron microscope and Raman spectrometer, both 
the performance of as-prepared microfluidic SERS chip 
and the relationship among coverage densities of nano 
gold, length of LCW, and SERS enhancement effect of 
the microfluidic SERS chip were investigated with model 
molecule R6G, and the potential of the microfluidic SERS 
chip for measure the biological samples was demonstrated 
by using bovine serum albumin (BSA) as a sample.

2  Materials and methods

2.1  Materials

Teflon AF1600 was obtained from DuPont (Wilming-
ton, DE). Perfluoro(n-butyltetrahydrofuran) (FC-75) was 
obtained from 3 M Corp (Minneapolis, MN). The Sylgard 
184 (including PDMS monomer and curingagent) was pur-
chased from Dow Corning (Midland, MI, USA). Hydro-
gen tetrachloroaurate hydrate (HAuCl4·4H2O), Shanghai 
Chemical reagent CO., Rhodamine 6G (R6G, Sigma), 
H2SO4 (98 %, Chongqing Chuandong chemical (group) 
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CO. Ltd), H2O2 (30 %, Chongqing Chuandong chemical 
(group) CO. Ltd). Trisodium citrate (Chongqing Chuan-
Dong chemical (group) CO. Ltd), poly dimethyl diallyl 
ammonium chloride (PDDA, wt35 %, AR), 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (Sigma Aldrich Inc.). Stain-
less steel micro wires (Hebei Angtai wire mesh manufac-
turing co. Ltd). And all the other regents were of analytical 
regent (AR) grade and purchased from Chongqing Chuan-
Dong chemical group.

Preparation of gold colloid solution:Gold colloids were 
prepared by using the method developed by Frens (1973). 
Briefly, 100 mL of 0.01 % HAuCl4·4H2O was brought to 
a vigorous boil while stirring, then 8 mL of 1 % trisodium 
citrate was rapidly added to the solution, and boiled for 
another 15 min. After that, the prepared gold colloid was 
cooled to room temperature and kept at 4 °C until use.

2.2  Fabrication of microfluidic SERS chip integrated 
LCW modified with nano gold

2.2.1  Fabrication of PDMS microfluidic chip

PDMS microfluidic chip was prepared by microwire-
molding fabrication technology (Jia et al. 2008). The 
whole experiment for forming microchannel was shown 
in Fig. S1 (supporting information). First, glass substrate 
and microwires should be ultrasonic cleaned by acetone, 
ethanol and deionized water for 10 min respectively. 
Sequently, the clean 100 µm-diameter microwire for form-
ing channel was aligned on other microwires which were 
aligned on clean glass slide, so as to control the distance 
between microchannel and substrate. Following, a pane-
shaped PMMA cover frame was covered to the surface 
of the glass substrate, then liquid PDMS (prepolymer: 
curing agent = 10:1 w/w) was poured into, and allowed 
the deployed microwire immerged in. Then PDMS with 
the immerged aligning microwire was degassed in vac-
uum and cured for about 2 h at 60 °C. After curing, the 
PDMS with microwires was placed into the ethanol pool 
for 6 h to swell slightly, then the microwires being cured 
in the PDMS block was drawn out with gentle force, and 
therefore leading to the formation of circular cross-sec-
tion microchannel with diameter of 100 µm in the PDMS 
block. Following, small holes (about 2 mm in diameter) 
were punched vertically, and PTFE tubes were jointed to 
the microchannel. Finally, channel ends were plugged by 
gelatinizing PDMS.

2.2.2  Coating of Teflon AF1600 on inner wall 
microchannel

Teflon AF1600 film was coated on inner wall of PDMS 
microchannel by using the method developed by Cho 

et al. (2009). A solution of 2 % 1H, 1H, 2H, 2H-perfluoro-
decyltriethoxysilane was filled in PDMS microfluidic 
channel for 30 min, then heated at 110 °C for 10 min to 
promote adhesion between PDMS and the Teflon AF1600 
solution. A 6 % Teflon AF1600 solution was flowed into 
the microchannels. Once they were filled, different vac-
uum forces were applied for 20 min to remove excess Tef-
lon AF1600 solution from the microchannels (see Fig. 1). 
The Teflon AF1600-coated PDMS devices were heated to 
155 °C for 20 min to evaporate fluoroinert solvent, and 
then heated further to 175 °C (15 °C above the its glass 
transition temperature) for 20 min to form a smooth Tef-
lon AF1600 film.

2.2.3  Self‑assembly nano gold on inner surface of Teflon 
AF1600 film within microchannel

The freshly prepared modified solution (6 % potassium 
permanganate: 64 % nitric acid = 10:1 v:v) was added 
into same microchannels with integrated Teflon AF1600 
film, and the beakers were hold in water bath at 40, 60, 
80 °C for 1 h. Then the modified solution was pumped 
from microchannels and extensively rinsed with doubled-
distilled water for several times. Afterwards, 0.1 % of the 
cationic polymer PDDA solution were filled in the micro-
channels for 30 min, and rinsed with doubled-distilled 
water. Then the gold colloids were filled in the micro-
channels for 0.5, 1, 1.5, 2 and 6 h, respectively. Finally, 
the microchannels were extensively rinsed with deionized 
water. The fabrication procedure was illustrated schemati-
cally in Fig. 2.

Fig. 1  Fabrication process for Teflon AF1600 liquid core waveguides 
within microchannel

Fig. 2  Scheme of the process of self-assembly nano gold on the 
inner wall of Teflon AF1600 LCW
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2.3  Characterization

The morphology and distribution of integrated nano gold 
were characterized with field emission scanning electron 
microscope (FESEM; FEI Nova Nano SEM 400 oper-
ated at 10.0 kV). The chemical structure of Teflon AF1600 
films were characterized with Fourier Transform Infrared 
Spectroscopy (FTIR; IRPrestige-21, Shimadzu, Japan). 
The Raman spectra were collected on Raman microscope 
(LabRAM HR, HORIBA Jobin–Yvon, Germany) with the 
633 nm line of a He–Ne laser as the excitation source. The 
laser power at the sample was set to 1.7 mW. All the Raman 
spectra were collected with a 10× objective (NA = 0.25, 
Olympus) corresponding to a laser spot on the sample of 
3 µm in diameter. Exposure time (CCD integration times) 
of 2 s and accumulated frequency of 2 were used to collect 
all Raman spectra, and the resolution was 0.35 cm−1. The 
spectral acquisition time was 2 s. Each measurement was 
repeated at least three times.

2.4  SERS measurements for R6G/BSA in SERS chip

In the SERS experiments, R6G was used as the probe mol-
ecule. For the SERS studies, R6G solution was entered 
the hollow core of microstructures from inlet via apply-
ing negative pressure on outlet. Then, the outlet of micro-
channels were cut and upturned by rotating chip, and 
was covered with a 1 mm-thickness quartz plate. Finally, 
beam was coupled via objective len into the core of micro-
structures by adjusting sample platform. The schematic 
diagram of experimental setup was shown in Fig. 3. The 
backscattered Raman signal was collected though the same 

objective lens into Raman spectrometer. To ensure that 
collected spectrum was from the core and not the cladding, 
Raman spectrum of the air-filled LCW were investigated 
and showed minimal spectral interference from Teflon 
AF1600.

3  Results and discussion

3.1  Design of microfluidic SERS chip integrated 
with LCW modified with nano gold

To solve the problem of low detection sensitivity caused by 
narrow scope of excitation light in conventional microflu-
idic SERS detection chip, and poor detection repeatability 
caused by the aggregation of metal colloidal after addition 
of sample molecules, we designed a novel microfluidic 
SERS chip with integrated Teflon AF1600 LCW modified 
with nano gold which had excellent characteristics of sur-
face plasma resonance, biocompatibility and difficult oxi-
dation. It was achieved by coating Teflon AF1600 film on 
the inner wall of microchannel and in situ immobilization 
gold nanoparticles on the Teflon AF1600 film within the 
microchannel. Based on the total reflection principle of 
light,when the hollow core was filled of sample solution, 
excitation light could be coupled into the core of Teflon 
AF1600 LCW from one end and propagated within it, and 
an accumulative SERS signal could be collected from the 
both ends of integrated microstructure by using forward/
backward Raman scattering. Compared with forward 
Raman Scattering, backward Raman scattering layout 
has a simpler configuration for portable SERS applica-
tions. So backward Raman scattering was used to measure 
Raman or SERS signals of the integrated microstructure. 
In order to obtain excellent optical transmission ability and 
make the operation more simple and cheaper and without 
leaking, the microfluidic SERS chip was designed to be 
60 × 20 mm and involve one straight PDMS microchan-
nel. A scanning electron micrograph of the cross section 
of the PDMS-channel coated with Teflon AF1600 film 
was shown in Fig. 4. The cross-section was circular and 
the core diameter was about 85 µm. To obtain better cou-
ple efficient between objective and waveguide microstruc-
ture, 10× objective lens (NA = 0.25) was chosen to focus 
excitation light and collect the Raman light. Otherwise, to 
ensure the same coupling loss between exciting/collection 
light and Teflon AF1600 LCW and maintain an enclosed 
space to avoid evaporation of solvent in every test, the out-
let tube of chip was vertically cut, and a quartz plate with 
a low absorption coefficient was attached to the open end 
of the microchannel. The schematic of the integrated SERS 
detection microstructure was illustrated in the dashed box 
of Fig. 3.

Fig. 3  Schematic drawing of the excitation and collection geometry 
of the microfluidic SERS chip integrated Teflon AF1600 LCW modi-
fied with nano gold (The dashed box showed the structure image of 
the integrated microstructure within microchannel)
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3.2  Fabrication of on‑chip microstructure 
that integrated Teflon AF1600 LCW modified 
with nano gold

3.2.1  Optimization of the on‑chip Teflon AF1600 LCW 
microstructure

The Raman enhancement of LCW was achieved by exten-
sion optical path of the excitation light to excite more sam-
ple molecules. Therefore, the Raman enhancement effect of 
Teflon AF1600 LCW depended on its optical transmission 
performance that depended on thickness and smoothness of 
cladding layer film (Peter et al. 1998; Datta et al. 2003). 
In our experiment, the Teflon AF1600 films were coated on 
inner wall

of PDMS microchannels to form waveguide microstruc-
tures by using the method developed by Cho et al. (2009), 
which could protect PDMS from heat damage in a cost-
effective, less time-consuming manner. The thickness and 
smoothness of coated Teflon AF1600 films were affected 
by vacuum force and response time. In order to obtain 
Teflon AF1600 LCW with excellent Raman enhancement 
effect, different waveguide microstructures were prepared 
by using different magnitude of vacuum force and response 
time. Through comparing the Raman signal intensity of 
10−4 mol/L R6G in different waveguide microstructures 
(Fig. 5), −90 KPa of vacuum force and 10 min of response 
time conditions were chosen based on the results. Optimal 
waveguide microstructure was imaged by SEM (Fig. 4). 
The observed Raman bands that were assigned to R6G 
included xanthene ring C–C stretch mode at 1180, 1505, 
and 1642 cm−1, CH2 wag mode at 1305 cm−1, C–H bend 

mode at 1357 cm−1 (Wang et al. 2015; Chen et al. 2010). 
Calculations showed that a 5-µm-thick Teflon AF film 
was necessary to confine the light to the liquid core (Peter 
et al. 1998). In our work, the cladding thickness is typi-
cally 8–11 µm, the thickness and uniformity were enough 
to confine and guide light waves very well. The detection 
sensitivity of 10−4 mol/L R6G was 2 orders of magnitude 
greater than that measured in an uncoated conventional 
microchannel.

3.2.2  Immobilization of gold nanoparticles on inner 
surface of Teflon AF1600 LCW

In order to improve SERS detection sensitivity and repeat-
ability of microfluidic SERS chip by using synergetic 
Raman enhancement effect of Teflon AF1600 LCW and 
nano gold, we proposed that nano gold were in situ immo-
bilized on inner surface of the Teflon AF1600 LCW within 
microchannel using a chemical self-assembly method. 
However, It was difficult to get satisfactory result due to 
the fact that surface of Teflon AF1600 film had large num-
bers of C-F groups as compared to few OH groups (which 
could bind to silane monomer or cationic polymer such 
as PDDA). Therefore, the inner surface of Teflon AF1600 
LCW should be modified to introduce hydroxyl group 

Fig. 4  Scanning electron micrograph of the Teflon AF-coated chan-
nel on a PDMS-microchannel, shown in cross section. Nano gold was 
not visible at this scale

Fig. 5  Raman spectra of 10−4 M R6G acquired using different wave-
guide microstructures that were prepared by using: a different magni-
tude of vacuum force, response time were 20 min; b different vacuum 
response time, magnitude of vacuum force were −90 KPa

Fig. 6  FTIR spectra of Teflon AF1600 films (a) and Raman spectra 
of 10−4 mol/L R6G in waveguide microstructure with the length of 
5 cm (b). a untreated; b treated at 40 °C for 1 h; c treated at 60 °C for 
1 h; d treated at 80 °C for 1 h
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first. In the present study, a mixture of potassium per-
manganate solution and nitric acid was used to treat Tef-
lon AF1600 films by strong oxidation, under heated water 
bath. To avoid damage the micro featured waveguides and 
creating cracks on the Teflon AF1600 film surface, we set 
the heating time to 1 h, and investigated influence of heat-
ing temperature on both structure of Teflon AF1600 films 
and Raman enhancement effect of waveguide microstruc-
tures (Fig. 6). It was observed that stretching of hydroxyl 
group appeared after chemical treatment and continued to 
increase with increasing of treatment temperature. Mean-
while, the Raman peak intensity of R6G in waveguide 
microstructure unchanged before and after chemical treat-
ment at 40 °C, but it weakened after chemical treatment at 
60 °C and continued to decrease with increasing of treat-
ment temperature. This demonstrated optical transmis-
sion performance of the waveguide microstructure weak-
ened with increasing of treatment temperature, probably 
because much substance deposited on the surface of films 
after chemical treatment. Furthermore, the deposited com-
pound increased with increasing of chemical treatment 
temperature (Wang et al. 2010). To maintain good optical 
transmission performance, water bath at 40 °C was chosen 
as treatment temperature of waveguide microstructure.

After chemical treatment, nano gold could be immo-
bilized on the inner surface of the Teflon AF1600 LCW 
which was filled with gold colloidal after precoating with 
a thin layer of PDDA for different time by using a chemi-
cal self-assembly method. It was well-known that electro-
magnetic enhancement effect of nano gold depended on 
size and density of nano gold. When gold nanoparticles 
with same particle size were integrated into Teflon AF1600 
LCW, both electromagnetic enhancement effect of nano 
gold and optical path length of wavegude were affected by 
coverage density of nano gold (Fan et al. 2011; Han et al. 
2010). Therefore, in the case of the same microstructure 
length, Raman signal gain of integrated microstructure was 
influenced by coverage densities of nano gold. In order to 
obtain excellent SERS enhancement effect, the coverage 
densities of gold nanoparticles were adjusted by control-
ling the assembly time. The absorption spectra showed 
absorption peak intensity of assembled gold nanoparticles 
increased with prolonging assembly time, and it eventually 
reached stability at 6 h [Fig. S2 (supporting information)]. 
It demonstrated the coverage densities of gold nanoparti-
cles increased with the extension of assembly time, and it 
eventually reached maximum at 6 h. By varying the assem-
bly times, assembled gold nanoparticles were imaged by 
SEM [Fig. S3 (supporting information)]. It showed that the 
particle size of nano gold was about 20 nm, the coverage 
density of nano gold increased from 7 particles/µm2 to 15, 
21, 37, 70 particles/µm2 as assembly time increased from 
0.5 h to 1, 1.5, 2 and 6 h, respectively, which were caused 

by electrostatic adsorption interaction between the surface 
of gold nanoparticles and PDDA.

To evaluate relationship between the coverage densi-
ties of gold nanoparticles and SERS enhancement effect 
of the integrated microstructure in the case of same 
microstructure length, The 5 cm-long integrated micro-
structures with different coverage densities of nano gold 
were filled with 10−5 mol/L R6G aqueous solution, and 
SERS measurements were performed using a backward 
transmission geometry at an excitation wavelength of 
632.8 nm (Fig. 7). It was found that the SERS enhance-
ment effect of the 5 cm-long integrated microstructures 
were significantly improved after immobilization gold 
nanoparticles, meanwhile it altered with the change of 
coverage densities of gold nanoparticles. In the case of 
gold nanoparticles coverage densities of 0–21 particles/
µm2, the SERS enhancement effect of the integrated 
microstructures increased with increasing coverage den-
sities of gold nanoparticles, because it was achieved by 
the synergistic Raman enhancement of Teflon AF1600 
LCW and gold nanoparticles at lower nanoparticle cover-
age densities where light attenuation was low. However, 
when coverage densities of gold nanoparticles increased 
from 21 to 37 particles/µm2, SERS intensity decreased to 
values lower than for 15 particles/µm2 coverage, because 
Raman enhancement effect of the Teflon AF1600 LCW 
decreased at 37 particles/µm2 coverage where light atten-
uation increased due to the increased coverage densities 
of gold nanoparticles. However, when coverage densities 
of gold nanoparticles were greater than 37 particles/µm2, 
the SERS enhancement effect of the integrated micro-
structures increased with increasing coverage densities of 
gold nanoparticles, but the signal intensities did not still 
reached the value for 15 particles/µm2 coverage, because 
the SERS enhancement effect was mainly obtained by 
the electromagnetic enhancement of gold nanoparticles 
at higher nanoparticle coverage densities where light 

Fig. 7  SERS Spectra of 10−5M R6G were collected from the inte-
grated microstructures with different coverage densities of nano gold, 
the lengths of integrated microstructure were all 5 cm, and the cover-
age densities of nano gold were: a 0 particles/µm2; b 7 particles/µm2; 
c 15 particles/µm2; d 21 particles/µm2; e 37 particles/µm2; f 70 parti-
cles/µm2, respectively
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attenuation was great, while the enhancement effect of 
Teflon AF1600 LCW was almost disappeared. By compar-
ison, it was found that the integrated microstructure with 
nano gold coverage density of 21 particles/µm2 showed 
the best SERS enhancement effect, because it had the best 
synergistic Raman enhancement of Teflon AF1600 LCW 
and gold nanoparticles. The influence of microstructure 
length on SERS enhancement effect was further evalu-
ated by using cutback method (Marcuse 1981) in which 
the length of the integrated microstructures were succes-
sively reduced through a series of vertical cuts at inlet end 
of microchannels (Fig. S4). Although it was destructive, 
the cutback method was adopted because of the difficulty 
of preparing the exact same integrated microstructures to 
ensure uniformity between measurements. As shown in 
Fig. 8, in the cases of coverage density of 21 particles/
µm2, SERS signal intensity increased with length of inte-
grated microstructures, and it eventually reached stability 
at the length of 1.5 cm. It was indicated that the optical 
path length was 1.5 cm and a SERS signal accumulation 
along the optical path was occurred.

3.3  SERS performance of the microfluidic SERS chip 
integrated Teflon AF1600 LCW modified with nano 
gold

In order to evaluate SERS performance of the developed 
microfluidic SERS chip and determine how the integrated 
microstructure enhance the SERS signal in comparison 
with a microfluidic SERS chip only with gold nanopar-
ticles, different concentrations of R6G solutions were 
injected into microfluidic SERS chips. Once they were 
filled, SERS detections were conducted. The SERS spec-
tra were shown in Fig. 9. As was shown, both microfluidic 
SERS chips equipped with nano gold and Teflon AF1600 
LCW modified with nano gold demonstrated strong SERS 
enhancement, and the detection limit was 10−7 and 10−11 
mol/L respectively. Owing to the synergy Raman enhance-
ment of nano gold and Teflon AF1600 LCW, the micro-
fluidic SERS chip integrated Teflon AF1600 LCW modi-
fied with nano gold exhibited better Raman enhancement 
effect than that integrated only with nano gold. what is 
more, the minimum detected active R6G concentration of 
10−11 mol/L was almost three orders of magnitude lower 
than previous demonstrations using a microfluidic SERS 
chip that integrated ARROW LCW and nano silver colloi-
dal (Measor et al. 2007).

To evaluate the enhancement ability of the microfluidic 
SERS chip, the enhancement factor (EF) was calculate 
using the following equation (Chen et al. 2014):

(1)EF = (ISERS
/

CSERS)
/

(IRaman
/

CRaman)

where the ISERS and IRaman were the intensity of SERS signal 
and the intensity of Raman signal without SERS enhance-
ment surstrate, respectively, CSERS and CRaman were the 
concentration of molecules contributing these intensities, 

Fig. 8  In case of coverage densities of nano gold certainly, the rela-
tionship between the SERS signal intensity of 10−5 mol/L R6G and 
the length of integrated microstructure

Fig. 9  SERS spectra of R6G with different concentrations were col-
lected from two microfluidic SERS chips which integrated a with Tef-
lon AF1600 LCW modified with nano gold; b only with nano gold. 
The length of microchannels was 1.5 cm, and the assembly time of 
nano gold was 1.5 h

Table 1  Estimated EF of R6G detected in microfluidic SERS chip 
equipped with different SERS enhancement microstructure

SERS enhancement microstructure Peak position/cm−1 EF

Nano gold 1362 6.9 × 104

Teflon AF1600 LCW modified with 
nano gold

1362 2.7 × 108
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respectively. The calculation results of EF were shown in 
Table 1.

In addition to the high SERS enhancement, the repro-
ducibility and stability of the SERS signals were the other 
things that we had to notice in its reliable application. To 
illustrate the SERS detection reproducibility of the micro-
fluidic SERS chip, the SERS spectra of 10−6mol/L R6G 
within the different integrated microstructures that were 
prepared under the same experimental conditions were 
recorded under consistent test conditions, as shown in 
Fig. 10a. Obviously, SERS spectra of R6G were enhanced 
greatly at each integrated microstructure, and the difference 
among the five SERS signals was small with relative stand-
ard deviation (RSD) of 7.5 % at the 1362 cm−1. To evalu-
ate the duration stability of the integrated microstructure, 
the SERS spectra of 10−6mol/L R6G within five integrated 
microstructure with different storage time were collected 
under consistent test conditions, as shown in Fig. 10b. The 
RSD was 9.08 % for different duration time. The results 
indicated that the integrated microstructure had excellent 
reproducibility and duration stability, which was caused by 
the uinform and stable distribution of gold nanoparticles 
and accumulation of SERS signals within the integrated 
microstructure.

3.4  Application of the microfluidic SERS chip for BSA 
detection

To further demonstrate excellent SERS response of the as-
prepared microfluidic SERS chip to biological samples, 
10−5mol/L bovine serum albumin (BSA) was chosen for 
the test sample, and was injected into an uncoated con-
ventional microchannel (UM), a microfluidic SERS chip 
integrated only with nano gold (GM), and the as-prepared 
micorfluidic SERS chip integrated Teflon AF1600 LCW 
modified with nano gold, respectively (IM). SERS signals 
were measured under the same test conditions (Fig. 11), 
and the Raman shift of BSA were listed in Table S1 (sup-
porting information) (Chen and Lord 1976; Iosin et al. 

2009; Synytsya et al. 2007). It was found that no Raman 
peaks of BSA were found in the UM. In the GM, several 
weaker Raman peaks of BSA were found, but the number 
of Raman peaks was less. It indicated that nano gold had 
Raman enhancement effect on BSA, but the enhancement 
effect was weaker. In the IM, more Raman peaks of BSA 
were observed, and the intensity of Raman peaks was sig-
nificantly improved. It also illustrated that the designed 
microfluidic SERS chip had obvious synergetic Raman 
enhancement effect for BSA, which could provide a prom-
ising application in biosensor and quantitative analysis of 
spectroscopy.

4  Conclusions

In summary, a microfluidic SERS chip with integrated 
surface liquid core optical waveguide modified with nano 
gold was proposed and fabricated. The prepared microflu-
idic SERS chip showed great synergetic Raman enhance-
ment effect for R6G and BSA. By controlling magnitude of 
vacuum force and response time, treatment temperature of 
inner surface of Teflon AF1600 LCW, and assembly time 
of nano gold, Raman enhancement effect of the waveguide 
microstructure was optimized, and SERS enhancement 
effect of the integrated microstructure was optimal for the 
1.5 cm-long integrated microstructure with coverage den-
sity of nano gold about 21 particles/µm2, and detectable 
concentration for R6G was lowered to 10−11 mol/L, and 
had great detection repeatability and duration stability. 
More importantly, production of the microfluidic SERS 
chip could be easily and economically realized by the pro-
posed fabrication strategy. The detection sensitivy can be 
further improved by utilization of resonance SERS detec-
tion (Jernshøj and Hassing 2010; Lin et al. 2014) or use 
of Ag or Au nanostructures (Ding et al. 2010; Cui et al. 
2015; Khurana et al. 2016) which result in larger enhance-
ments of the Raman cross section. Otherwise, the operating 

Fig. 10  SERS spectra of 10−6 mol/L R6G were collected from: 
a five freshly prepared microfluidic SERS chips integrated Teflon 
AF1600 LCW modified with nano gold; b five microfluidic SERS 
chips with different storage time. All microfluidic SERS chips were 
prepared under the same experimental conditions

Fig. 11  SERS spectra of 10−5 mol/L BSA aqueous solution were 
collected from three microfludiic chips integrated : a UM; b GM; c 
IM. The lengths of microchannels were 1.5 cm. Assembly time of 
nano gold were 1.5 h
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flexibility can be further improved by inserting optical fiber 
into the microchannel (Dochow et al. 2013; Ashok et al. 
2010). The as-prepared microfluidic SERS chip would have 
great potential applications in high sensitivity and portable 
SERS detection for chemistry and biomolecules.
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