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In this letter, we propose a microstructured in-fiber optofluidic surface-enhanced Raman spectroscopy (SERS) sensor for the initial inspection 
of uremia through the detection of unlabeled urea and creatinine. As a natural microfluidic device, microstructured hollow fiber (MHF) has a 
special structure inside. Through chemical bonds, the SERS substrate can be modified and grown on the surface of the suspended core. Here, 
the silver nanoparticles (Ag NPs) are embedded on the poly diallyl dimethyl ammonium chloride (PDDA) modified graphene oxide (GO) 
sheet to achieve the self-assembled SERS substrate. The reduced distance between silver nanoparticles can increase the strong hot spots that 
generate enhanced Raman signals. Therefore, it can effectively detect the Raman signal of unlabeled trace uremic toxin analytes (urea, 
creatinine) inside the optical fiber. The results show that under simulated biophysical conditions, the limit detection (LOD) for urea is 10-4 M 
and the linearity is good, especially at the clinical conventional concentration range (2.5-6.5×10-3 M). In addition, the online Raman 
detection of creatinine aqueous solution LOD is 10-6 M, which also has good linearity. Significantly, this letter provides a microstructured 
optofluidic in-fiber Raman sensor for the preliminary detection of uremia, which will have a good development prospect in the field of 
clinical biomedicine. © 2020 Optical Society of America 
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In recent years, the demand for rapid testing of 

biomolecules such as uremic toxin has increased in medical 
fields [1]. Among them, the accumulation of uremic toxins 
can cause uremic symptoms and multi-system dysfunction in 
patients with renal failure [2-4]. As we all know, urea and 
creatinine are important indicator metabolites in the 
organism. Their abnormal content in biological solutions can 
indicate the risk of a series of kidney diseases [5, 6]. Therefore, 
the development of uremic toxin (urea and creatinine) 
detection methods is of great significance for clinical 
diagnosis. Here, Surface-enhanced Raman Scattering 
(SERS), as an optical analysis technology that can provide 
stable and sensitive information characteristics of molecules, 
is widely used in the fields of biomedicine, environment, and 
food safety [7-11]. 

On the other hand, MHF is a natural optofluidic device [12, 

13]. It has a special structure that allows a small amount of 
sample solution to flow through, and can interact with the 
evanescent field generated by the suspended core [14]. This 
can have good application prospects in trace analysis, 
biochemical analysis, and other fields [15, 16]. In particular, the 
suspended core can be modified by chemical methods. This 
can be greatly applied in the SERS field. In addition, silver is 
one of the commonly used SERS enhanced precious metals. 
It is widely used in the production of SERS substrates [17-19]. 
In recent years, the enhancement effect of two-dimensional 
materials in the field of SERS has been discovered, and the 
combination of silver and two-dimensional materials can 
greatly improve the enhancement capability of SERS [20, 21].  

In this letter, we present an in-fiber optofluidic on-line 
SERS sensor based on microstructured hollow fiber (MHF), 
which can make a preliminary diagnosis of uremia by 

detecting unlabeled traces of urea and creatinine. It is worth 
noting that MHF provides microstructured channel, which 
can allow trace amounts of sample solution flow through. In 
addition, the suspended core inside of the MHF can be 
modified by chemical methods. In other words, the self-
assembled SERS substrate grows on the surface of the 
suspended core through chemical bonds to form a Raman 
detection device with SERS enhancement effect. When the 
sample solution flows through the microstructured channel, it 
can interact with the evanescent field of the excited 
suspended core to generate a Raman signal. Meanwhile, the 
Raman signal can be coupled and detected by the suspended 
core. During the experiment, the trace of urea and creatinine 
can be detected successfully. It can explain that this kind of 
in-fiber optofluidic online uremic toxin (urea and creatinine) 
SERS detection sensor will have a good application prospect 
in clinical medicine. 

Fig. 1 shows the pretreatment and modification process of 
the suspended core with a self-assembled SERS substrate. 
The hydroxyl groups were exposed on the surface of the 
MHF suspended core by absorbing the piranha solution (4 
volumes of H2SO4 and 1 volume of H2O2). In order to 
establish a connection with Ag NPs, the 3-
aminopropyltriethoxysilane (APTEs) was injected into MHF 
to form amino groups on the surface of the suspended core. 
Then, the self-assembled SERS substrate was passed into the 
MHF, and the modified suspended core with SERS 
enhancement effect was obtained. Here, the self-assembled 
SERS substrate is composed of Ag NPs and graphene oxide 
(GO) (Nanjing Xianfeng Nano Material Technology Co., 
Ltd.). The assembly method is that the Ag NPs prepared by 
the sol-gel method were embedded in GO sheet modified by 



poly diallyl dimethyl ammonium chloride (PDDA). In short, under 
the action of the positive electrolyte PDDA, Ag NPs with 
spherical morphology and the diameter is about 100 nm are 
embedded into the surface of a single-layer GO. Meanwhile, 
the concentration ratio of Ag NPs to GO solution is 10:1. 

 
Fig. 1 Schematic diagram of the preparation process of the 

suspended core with SERS enhancement effect. 
Fig. 2 (a) shows the scanning electron microscope (SEM) 

image of the GO solution, and the Raman spectra of the GO. 
From the image, we can see the GO has a flake shape. 
Meanwhile, from the spectra, the characteristic peak 
positions of GO are clearly visible at 1350 cm-1 and 1590 cm-

1 respectively. The intensity ratio of I2D/IG for the 2D and G 
bands, and the value is about 0.082. The intensity ratio of 
I2D/IG＜0.7, which indicates that the GO is a single layer 
structure [22, 23]. Then, Ag NPs were embedded in PDDA 
modified GO sheets to obtain a self-assembled SERS 
substrate solution. The self-assembled SERS solution was 
concentrated by centrifugation and passed through in the 
MHF. The suspended core was modified by connecting with 
the self-assembled SERS substrate under the chemical bond. 
In brief, the Ag NPs were grown on the suspended core 
through the connection of amino groups (-NH2) on the 
surface of the suspended core. The Fig. 2 (b) shows the SEM 
image of the modified suspended core. From the image, it 
can be seen that this composite self-assembled SERS 
substrate has grown on the surface of the MHF suspended 
core uniformly, smoothly and relatively isolated. Meanwhile, 
the average diameter of the smooth and uniform Ag NPs is 
about 100 nm. 

 
Fig. 2 (a) The Raman sepctrum of the GO solution, and the SEM 

of the GO. (b) the SEM of the modified suspended core. 
In order to make an in-fiber optofluidic Raman sensor, the 

MHF is the most important optofluidic part of the entire 
device. Fig. 3 shows the optical path of the in-fiber 
optofluidic SERS sensor. From Fig. 3, we can see that under 
the action of the vacuum pump (6 × 10-2 Pa), the sample was 
entered from the gold-plated end of the MHF and flow out 
from the hole on the surface of the MHF. Here, the hole was 
achieved by the CO2 laser, and the distance between the hole 
and the coated end of the MHF is about 15 cm. Meanwhile, 
the Raman probe was coupled with the other end of the MHF 

suspended core, which is the portable Raman spectrometer 
with a 785 nm semiconductor laser (MiniRam, B&W TEK 
Opto-Electronics, U.S.). The sample solution passed through 
the microstructured channel, the Raman signal was obtained 
and coupled into the suspended core under the action of the 
evanescent field. In particular, throughout the experiment 
process was carried out in a dark environment to avoid the 
interference from ambient light.  

 
Fig. 3 Schematic diagram of the optical path of the in-fiber 

ptofluidic SERS sensor. 
In order to show the evanescent field of the suspended core 

of the MHF, the fluorescein (C20H12O5) solution was passed 
into the MHF. Under the light with the wavelength of 450 nm 
excitation, the evanescent field of the suspended core can be 
clearly observed from the microscope image in the Fig. 4. In 
addition, as shown in Fig. 4 the end face structure of the 
MHF can be seen. The diameter of the suspended core is 8 
µm with the refractive index (RI) 1.4620 (measured by 
optical fiber refractive index analyzer, S14). Meanwhile, the 
diameter of the MHF air hole and the thickness of the ring 
cladding with a refractive index of 1.4572 are 43 μm and 
41.5 μm, respectively. 

 
Fig. 4 The schematic diagram of MHF suspension core 

evanescent field. 
Fig. 5 shows the Raman spectra of urea solution detection 

results outside and inside of the fiber. The results can be 
verified whether the in-fiber optofluidic device detects the 
sample successfully [24]. The urea solution (Shanghai 
Macleans Biochemical Technology Co., Ltd.) and the SERS 
solution were directly mixed in a container at a ratio of 1:1 
externally, and the spectra obtained by Raman detection is 
shown in Fig. 5. When the urea aqueous solution was passed 
into the MHF, under the condition of an integration time of 
30s, the Raman spectra of the urea solution in fiber was 
obtained. From the Fig. 5, the Raman characteristic peak 
position of the urea aqueous inside MHF is at 990 cm-1, 
which is basically consistent with the standard urea Raman 
peak position. The characteristic peak can be seen as the 
stretching vibration of C-N. It can indicate that this in-fiber 
optofluidic Raman sensor can successfully detect the urea 
aqueous solution. 

(a) (b) 



 
Fig. 5 The Raman spectra of the urea solution outside the fiber, 

urea solution inside the fiber and the optical fiber background. 
To investigate the detection limit of this optofluidic on-

line Raman sensor to urea aqueous solution, the urea aqueous 
were passed into the MHF respectively at the concentration 
range was 10-2 M-10-4 M. The obtained Raman spectra at 
different concentrations are shown in Fig. 6 (a). It can be 
seen from the figure that the spectra intensity value decreases 
as the concentration of the solution decreases. Fig. 6 (b) 
shows the linear relationship between the intensity and 
concentration of the urea aqueous characteristic peak at 990 
cm-1. It can be seen from the Fig. 6 (b), the concentration of 
the solution and the value of intensity show a good linear 
relationship with the R2 of 0.9728. Meanwhile, it can be 
expressed by the linear equation as y = 1097 logC + 6123, 
where y is the light intensity value, and C is the concentration 
of the urea aqueous.  

 
Fig. 6 (a) Raman spectra of urea aqueous with a concentration 

range of 10-2 M - 10-4 M. (b) Linear analysis of urea aqueous 
solution with a concentration range of 10-2 - 10-4 M. 

To further simulate the device detection capability under 
the biological environment, the artificial urine was prepared 
by adding 0.2 g of Na2HPO4, 0.3 g of KH2PO4 and 18 g of 
NaCl into 1000 ml of deionized water. Fig. 7 (a) shows the 
Raman spectra of different concentrations of urea in artificial 
urine. The concentration range of urea in artificial urine is 
also the 10-2 M-10-4 M same as the urea aqueous. It can be 
clearly found from the figure that when the concentration of 
the sample solution increases, the intensity value also 
increases. From Fig. 7 (b), we can see the linear relationship 
between the light intensity and the concentration of the 
sample solution, and R2 is 0.9720. In addition, their linear 
relationship can be expressed by the equation y = 986 logC + 
6193. Here, y and C represent light intensity and sample 
solution concentration respectively. This can indicate that the 
in-fiber optofluidic Raman sensor can successfully detect the 
urea content in the simulated biological state. 

 
Fig. 7 (a) Raman spectra of urea in artificial urine with a 

concentration range of 10-2 M - 10-4 M. (b) Linear analysis of urea 
in artificial urine with a concentration range of 10-2 - 10-4 M. 

The creatinine (Shanghai Macleans Biochemical 
Technology Co., Ltd.) solution outside the MHF and the 
creatinine aqueous solution inside the MHF were detected, 
respectively. The results further confirm that the in-fiber 
optofluidic on-line Raman sensor can detect uremic toxins. 
During the whole experiment, all detection time was 30 s. 
Fig. 8 can clearly see that the Raman characteristic peak 
position of creatinine is 668 cm-1, which is caused by the 
circular vibration of the creatinine molecule. It indicates that 
the creatinine solution can be successfully detected inside the 
optical fiber. 

 
Fig. 8 The Raman spectra of the creatinine solid, creatinine 

solution inside the fiber and the optical fiber background. 
Fig. 9 (a) shows the Raman spectra of different 

concentrations of creatinine aqueous. The concentration 
range of creatinine is 10-3 M to 10-6 M. It can be clearly 
found from the figure that when the concentration of the 
sample solution decreases, the light intensity value also 
decreases. In addition, as shown in Fig. 9 (b), for the 
concentration of creatinine detected in this experiment, there 
is a good linear relationship in the standard human creatinine 
concentration (4.9 - 9.7×10-5 M). Meanwhile, the equation y 
= 1212 logC + 7496 with the R2 is 0.9587 can express the 
good linear relationship between the concentration of 
creatinine aqueous and the intensity value. 

 
Fig. 9 (a) Raman spectra of creatinine aqueous with a 

concentration range of 10-3 M - 10-6 M. (b) Linear analysis of 
creatinine aqueous with a concentration range of 10-3 - 10-6 M. 

In this letter, we present an in-fiber optofluidic on-line 
uremic toxin Raman sensor base on a microstructured MHF. 
The experiment results show that under simulated 
biophysical conditions, the limit detection (LOD) for urea is 

(a) (b) 

(a) (b) 

(a) (b) 



10-4 M and the linearity is good, especially at the 
conventional concentration (2.5-6.5×10-3 M). In addition, 
the characteristic peak of creatinine aqueous solution can be 
detected accurately by this in-fiber optofluidic Raman 
system. Significantly, this letter provides a preliminary 
detection device for uremia based on the in-fiber optofluidic 
Raman sensor, through the unlabeled trace detection of 
uremic toxins (urea and creatinine). This will have very good 
development prospects in the field of clinical biomedicine. 
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