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In this paper, we present a microstructured optofluidic in-fiber Raman sensor 
for the detection of quinolone antibiotic residues in water environment based 
on Ag SERS substrate grown on the surface of the suspended core of micro-
hollow optical fiber (MHF). Here, MHF has a special structure with a 
suspended core and a micro channel inside, which can become a natural in-
fiber optofluidic device. Meanwhile, the self-assembled Ag SERS substrate can 
be grown on the surface of the suspended core through chemical bonds, 
forming a microstructured optofluidic device with Raman enhancement effect. 
Therefore, it can effectively detect the Raman signal of unlabeled trace 
quinolone antibiotic residues (ciprofloxacin and norfloxacin) inside the optical 
fiber. The results show that the ciprofloxacin and norfloxacin detection limits 
(LOD) are 10-10 M and 10-11 M, respectively. Compared with the maximum 
residue limit (3.01×10-7 mol/L) stipulated by the European Union, the results are much lower than it, and an ideal quantitative 
relationship can be obtained within the detection range. Significantly, this study provides an in-fiber microstructured optofluidic 
Raman sensor for the label-free detection of quinolone antibiotic residues, which will have good development prospect in the 
field of antibiotic water pollution environmental detection. © 2020 Optical Society of America  
OCIS Codes: 000.0000, 999.9999 

1. Introduction 
In recent years, more and more attention has been paid to 

environmental pollution, especially the water environment [1-

3]. For emerging pollutants, such as pharmaceutical 
compounds (antibiotics), due to their widespread presence in 
effluents and wastewater treatment plants (WWTPs), they are 
receiving research attention [4, 5]. In addition, in view of the 
application of the third major class of antibiotics (quinolones 
and fluoroquinolones) in the treatment of various bacterial 
infections, they are worthy of attention [6]. Therefore, it is 
very important to detect quinolone antibiotics residues in 
water environment. Surface enhanced Raman scattering 
(SERS) technology has attracted more and more attention 
due to its high precision and high sensitivity [7-9]. It will have 
a good application prospect for the detection of trace drug 
residues in the water environment. In particular, some 
precious metals such as Au and Ag are used as SERS 
substrates, which has increased the detection limit for 
samples [10-12]. It can also perform unlabeled trace analysis on 
samples sensitively. 

On the other hand, in the actual detection system, it is also 
very necessary for the detection device with simple 
operation, low manufacturing cost and high sensitivity [13]. 
Microstructured hollow fiber (MHF) as a natural optofluidic 
device, with a suspended core and a microchannel inside [14-

16]. When the sample through the channel, the sample can 

interact with the evanescent field generated by the suspended 
core. Therefore, it can be widely used in chemical analysis, 
environmental analysis, trace analysis, drug delivery and 
other fields [17-19]. In particular, some media can be grown on 
the surface of the suspended core through a series of 
chemical methods to achieve some detection purposes [20, 21]. 
In addition, the SERS substrates also can modify the 
suspended core by some chemical methods. That means the 
MHF can be greatly used in the SERS field. 

In this paper, we propose an in-fiber optofluidic Raman 
sensor for the detection of quinolone antibiotic (ciprofloxacin 
and norfloxacin) residues in water environment based on 
SERS substrate grown on the surface of the suspended core 
of MHF. The self-assembled Ag SERS substrates are 
modified on the surface of the suspended core through the 
chemical bond connection. When a trace amount of sample 
solution enters the MHF microchannel, it interacts with the 
evanescent field excited by the suspended core. Meanwhile, 
the Raman signal can be received and coupled back to the 
suspended core for detection. In this study, this 
microstructured device with Raman enhancement effect can 
effectively detect the Raman signal of unlabeled trace 
quinolone antibiotic residues (ciprofloxacin and norfloxacin) 
in the optical fiber. In addition, it has the characteristics of 
simple operation, convenient manufacture, low cost and it 
can also be integrated with microstructure chips. It provides a 



broad prospect for antibiotic water pollution environmental 
detection. 
2. Experiment 
MHF suspension core pretreatment with SERS 
enhancement effect 

The self-assembled SERS substrates were obtained by the 
sol-gel method. When the silver nitrate solution (30 mg of 
silver nitrate was dissolved in 100 mL of deionized water) 
was heated to a boiling state, slowly added 2 mL of sodium 
citrate solution (20 mg of sodium citrate was dissolved in 2 
mL of deionized water) dropwise to fully reflected. That is, 
the oxidation-reduction reaction of silver nitrate and sodium 
citrate was used to obtain silver nanoparticles (Ag NPs) in a 
state where the solution was boiling. According to the 
process of preparing Ag NPs, the concentration of the 
resulting Ag NPs solution is roughly estimated to be about 
1.76 mM/L. The Fig. 2 (a) shows the surface electron 
microscope (SEM) of the formed Ag NPs. From the figure, it 
can be observed that the silver nanoparticles are spherical, 
with a diameter of about 80 nm and relatively uniform. 
Compared with the preparation of Au NPs or NPs with 
special structures, the method of preparing spherical Ag NPs 
is simpler and low-cost. In order to use MHF to make 
microstructure devices with Raman enhancement effect, the 
MHF needs to be pre-processed first. The modified growth 
diagram of MHF is shown in Fig. 1. 

 
Fig. 1 Schematic diagram of the preparation process of MHF 

grown Ag SERS substrate. 
As shown in the diagram, first, the piranha solution (1 

volume of H2SO4: 4 volumes of H2O2) was passed into the 
microchannel of MHF to make the surface of the suspended 
core have hydroxyl groups (-OH). The piranha solution was 
stored in the MHF for 90 minutes and then sucked out and 
rinsed with deionized water. Then, the 3-
aminopropyltriethoxysilane (APTEs) (99%, purchased from 
Aladdin Mall) was injected into the microchannel for 60 
minutes, so that the surface of the suspended core grows with 
amino groups (-NH2). Here, the amino groups can connect 
hydroxyl groups and Ag NPs. Finally, the self-assembled Ag 
SERS substrate solution was concentrated and passed into the 
fiber. After cleaning with deionized water, a micro-structured 
optical fiber with Raman enhancement effect was obtained, 
which will be used for the subsequent experiments. 
Characterization of modified MHF 

To characterize the Raman enhancement effect of silver 
nanoparticles, we used the finite different time domain 
(FDTD) as numerical simulation to characterize the EM field 
distribution of SERS enhancement effect on the metal surface 

[22], as shown in Fig. 2 (b). The laser with 785 nm was used to 
simulate calculation. The simulation results are obtained 
under the boundary condition of the perfect matching layer 
(PML), the size of the grid is 0.9 nm, and the source linearly 
polarized light with polarization state is displayed along the 
x-axis direction with Ag NPs. Smaller-sized Ag NPs were 
arranged compactly, and the shorter distance between Ag 
NPs had a stronger electric field. However, because they 
have the same charge, in the process of growing on the 
surface of the suspended core, from the Fig. 2 (d), although 
the particles are arranged in an orderly and compact 
arrangement, there is still a certain gap between them. From 
the SEM zoom-in view image of the core coated with Ag 
NPs, we can roughly observe that the distance between the 
particles is about 8-15 nm. Here, in order to roughly evaluate 
the "hot spots" of SERS nanoparticles growing on the surface 
of the suspended core, in the process of the simulation the 
size of Ag NPs is about 80 nm and the gap size is about 10 
nm. A stronger electric field can be seen in Fig. 2 (b), which 
can satisfy the detection of samples with lower 
concentrations. Fig. 2 (c) is the SEM image of the MHF end 
surface after growing the SERS substrate. It can be seen from 
the figure that there are nanoparticles coating around the 
suspended core. The SEM of the MHF with the SERS 
substrate is shown in Fig. 2 (d). From the image, the Ag NPs 
grow on the surface of the originally smooth suspended core. 
In addition, it can be clearly seen from the figure that the 
morphology of the generated Ag NPs is uniform and smooth. 
Meanwhile, from the partially enlarged view of the modified 
suspension core surface in Fig. 2 (d), it can be seen that Ag 
NPs are compactly and evenly distributed on the surface of 
the suspended core. That means, after the above-mentioned 
treatment method for MHF, the Ag NPs can successfully 
grow on the surface of the suspended core of MHF, and 
arrange neatly.  

 
Fig. 2. (a) The Scanning electron microscopy (SEM) image of the 

silver nanoparticles. (b) The numerical simulation diagram of Ag 
NPs’ electric field intensity distribution. (c) The SEM of the MHF 

(a) (b) 

(c) (d) 



end surface. (d) The SEM image of the Ag NPs grown on the 
surface of the core in the MHF.  
Characterization of the MHF structure  

In the experiment, the microstructure hollow fiber was 
specially designed in the laboratory. The MHF end face 
structure diagram is shown in Fig. 3 (a). 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. Through the 
calculation of the volume formula, the volume of the 
microstructured channel of MHF is about 5.97 μL. We 
believe that the microstructured fiber with such a small 
volume can be considered as a micro-reactor, which can 
realize trace analysis of the sample solution. To further 
characterize the evanescent field of the suspended core of 
MHF, fluorescein (C20H12O5) solution was injected into the 
microstructure channel. The 450 nm wavelength laser was 
coupled at one end of the MHF suspended core, and the 
evanescent field of MHF can be clearly seen under the 
microscope, as shown in Fig. 3 (b). Meanwhile, it can also be 
theoretically calculated according to the equa (1) penetration 
depth formula.  
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Among them, λ  is the wavelength, θ is the angle of 
incidence, and n1/n2 is the refractive index of the light-
dense/light-sparse media respectively. According to the 
formula, when the wavelength of light is at 450 nm, the 
penetration depth is approximately 620 nm.When the SERS 
substrate was grown on the surface of the suspended core, the 
evanescent field of the suspended core will interact with the 
sample solution to generate Raman signals. 

 
Fig. 3. (a) The diagram of the MHF end face structure. (b) 

Micrograph of the evanescent field of the MHF suspended core. 
Construction of microstructured optofluidic in-fiber 
Raman sensor 

For the construction of the optofluidic Raman sensor 
device in the MHF, firstly, the surface of the MHF on which 
the SERS substrate was grown is punched. Here, the CO2 
laser was used to perforate the surface of the MHF. A micro-
hole was formed on the surface 15 cm away from the end 
face of the MHF without damaging the core structure, under 
the microscope observation. In the Fig. 4, the blue line 
represents the capillary, which is encapsulated from the 
micro-hole on the surface of the MHF, and the other end is 

connected to the syringe pump. Therefore, the entire MHF 
can be used as a flowing microstructure channel, with the 
action of the pressure of the syringe pump (the pressure of 
the microfluidic channel is 6 × 10−2 Pa). That means, the 
sample solution enters from one end of the MHF and flows 
out through the capillary tube from the micropore. The 
schematic diagram of the entire experimental device is shown 
in Fig. 4. The sample solution was sucked from the end of the 
MHF, which was coated with gold film by the coater. 
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.). When a trace amount of 
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 
successfully. In addition, in the experiment, we used the 
same optical fiber without replacement. 

 
Fig. 4. Schematic diagram of the optical path of the in-fiber 

optofluidic SERS sensor. 
3. Results and discussion 

Due to the wide application of the latest quinolones’ 
antibiotics, a reliable monitoring device is needed for their 
water environmental pollution. At present, ciprofloxacin and 
norfloxacin are more widely used in the market. Therefore, in 
this experiment, taking these two antibiotics as an example, a 
microstructured optofluidic in-fiber Raman sensor, which the 
SERS substrate grows on the surface of the MHF suspended 
core was proposed to conduct preliminary detection of the 
water environment. Here, these two antibiotics were 
purchased from pharmacies. 

In order to verify that this microstructured optofluidic in-
fiber Raman sensor can detect quinolone antibiotics, the 
ciprofloxacin and norfloxacin were passed into the fiber in 
turn, and the Raman spectra is shown in Fig. 5. In the 
experiment, after passing the ciprofloxacin solution into the 
fiber and detecting, the solution was removed under the 
action of the syringe pump. Meanwhile, During the entire 
experiment, stay in a dark environment to avoid interference 
from ambient light to the experiment. The MHF was rinsed 
with deionized water several times until the characteristic 
peaks disappeared. Then, the norfloxacin solution was 
injected into the MHF and detected. From the figure, the 
signal of the optical fiber background and the Raman 
characteristic peaks of the ciprofloxacin and norfloxacin can 
be seen. Meanwhile, the characteristic peaks of ciprofloxacin 
are 833 cm-1, 1378 cm-1, and 1467 cm-1. The characteristic 

(a) (b) 



peaks of norfloxacin are 772 cm-1, 1385 cm-1, and 1458 cm-1. 
Although these two sample solutions belong to quinolone 
antibiotics, there are still differences in the shape of the 
Raman spectra. Therefore, from the spectra, the background 
signal of the optical fiber will not affect the detection of the 
quinolone antibiotics, and the in-fiber microstructured 
optofluidic Raman sensor can detect the quinolone antibiotics 
successfully. 

 
Fig. 5. The Raman spectra of the optical fiber background, 

ciprofloxacin and norfloxacin solution with the concentration of 10-3 
M in the fiber. 

It can be seen from Fig. 5 that the characteristic peak 
position of ciprofloxacin is very obvious at 1378 cm-1. 
Therefore, we performed Raman detection for the 
concentration of ciprofloxacin solution in the range of 10-3 to 
10-10 M, and analyzed the relative intensity of the 
characteristic peak at 1378 cm-1 as a reference. Here, during 
the detection process of each concentration of the 
ciproloxacin, the time of measurement is only 30 s. The Fig. 
6 (a) shows the series of Raman spectra of the ciprofloxacin 
in the concentration range of 10-3 to 10-10 M. From the 
spectra, as the concentration of the ciprofloxacin solution 
decreases, the intensity value also decreases. Meanwhile, the 
Raman detection limit of this microstructured optofluidic in-
fiber device for ciprofloxacin solution is 10-10 M. In addition, 
there is a good linear relationship between the SERS peak 
intensity at 1378 cm-1 and the logarithm of ciprofloxacin 
concentration in a concentration range of 10-4 to 10-9 M, as 
shown in Fig. 6 (b). The equation can be expressed as I = 
8271.28 + 874.96 logC, and the R2 is 0.9822, which indicates 
there is a good linear relation. According to the water 
environment testing standards, the detection limit of 
ciprofloxacin in the experiment can accurately detect whether 
ciprofloxacin exceeds the standard in the water environment. 
This has a good application prospect in environmental 
testing. 

 
Fig. 6. (a) The Raman spectra of the ciprofloxacin solution 

concentration range is 10-4 to 10-10 M. (b) The linear relationship 
between the intensity and the logarithm of ciprofloxacin 
concentration. 

On the other hand, norfloxacin can be applied to animals 
in addition to the treatment of human organ infections. This 
greatly increases the application of norfloxacin. If the sewage 
is not treated well, it will pollute the environmental water in 
people's lives. In addition, if the amount of norfloxacin and 
other antibiotics in the animal body is too much, it will also 
eventually bring food safety problems to people's lives. 

The Fig. 7 (a) shows the Raman spectra of the 
norfloxacin solution in the concentration range of 10-3 to 
10-11 M. Here, in order to maintain the consistency of the 
experiment, the measurement time is also 30 s during the 
detection of each concentration of norfloxacin.  From the 
spectra, it can be seen the relative intensity of the 
characteristic peak at 1384 cm-1 increases as the 
norfloxacin solution concentration increases. Here, 1384 
cm-1 was selected from the Raman characteristic peaks 
of norfloxacin as the analysis because it is the most 
obvious in Fig. 5. In addition, from the Fig. 7 (a) the 
detection limit of the norfloxacin solution is 10-11 M, 
which indicates this microstructured optofluidic in-fiber 
Raman sensor has a strong detection capability. It will 
have a good application prospect in the environment and 
food safety. Meanwhile, the Fig. 7 (b) shows the linear 
relationship between the SERS peak intensity at 1384 
cm-1 and the logarithm of norfloxacin solution 
concertation in a concertation range of 10-4 to 10-9 M. It 
can be seen there is a good linear relation with the 
equation is I = 7513.2 + 750.66 logC, and the R2 is 
0.9557. 

 
Fig. 7. (a) The Raman spectra of the norfloxacin solution 

concentration range is 10-4 to 10-11 M. (b) The linear relationship 
between the intensity and the logarithm of norfloxacin 
concentration. 

In order to verify the repeatability of the device and the 
stability of the Ag NPs SERS substrate, we performed 
repeated tests on an aqueous solution of ciprofloxacin and 
aqueous solution of norfloxacin at a concentration of 10-4 M. 
The obtained intensity value change is shown in Fig. 8. From 

(b) (a) 

(a) 
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the figure, the intensity value change basically remains stable 
under 5 tests. This can indicate that the SERS substrate in 
this experiment has good repeatability and stability. 
Meanwhile, it can be seen from the figure that the detection 
intensity of ciprofloxacin aqueous solution and norfloxacin 
aqueous solution at the same concentration (10-4 M) is 
approximately the same. This can indicate that the detection 
ability of this microstructure for the aqueous solutions of 
similar quinolone antibiotic is basically the same. It also can 
indicate that the self-assembled Ag NPs SERS substrate has a 
relatively stable ability to detect quinolone antibiotic. 

 
Fig. 8. The intensity spectrum of ciprofloxacin aqueous solution, 

norfloxacin aqueous solution with a concentration of 10-4 M is used 
for repeatability detection. 

On the other hand, for the detection device for the 
detection of quinolone antibiotic residues in the water 
environment, in addition to being able to detect lower 
concentrations of drug residues and convenient, it should 
also have the ability to distinguish drugs with similar 
molecular structures. In the experiment, environmental 
water was selected as the solvent for dissolving 
ciprofloxacin and norfloxacin instead of the deionized 
water. Meanwhile, the mixture solution of ciprofloxacin 
and norfloxacin at a concentration of 10-10 M was passed 
into the micro-channel of MHF to test whether the 
optofluidic in-fiber Raman sensor has the ability to 
distinguish between the two. In the case of extremely 
low concentrations of the these two samples, the 
detection time remains 30 s. The result is shown in Fig. 
9. It can be seen from the Raman spectra, the positions 
and morphologies of the characteristic peaks appearing 
on the entire spectra are like the sum of the Raman 
spectra of ciprofloxacin and norfloxacin in Fig. 5. Here, 
due to the vibration between the molecules of the mixed 
solution, a slight red shift may occur in the positions of 
some characteristic peaks. Some other small 
characteristic peaks can be seen in Fig. 9, which may be 
due to the presence of other molecules in the water 
environment. However, the Raman characteristic peaks 
of ciprofloxacin and norfloxacin can be clearly found 
from the Raman spectra. Generally, the microstructured 
optofluidic in-fiber Raman sensor for water environment 
detection has a certain ability to distinguish similar 
antibiotic drugs. 

 
Fig. 9. The Raman spectra of the mixed solution of ciprofloxacin 

and norfloxacin with the concentration of 10-10 M inside the MHF. 
4. Conclusion 

In this paper, we present an in-fiber optofluidic 
microstructured Raman sensor for the water environment 
detection of antibiotic residues. There is a suspended core 
and a micro-channel inside the MHF, which becomes a 
natural microstructure device. Since ciprofloxacin and 
norfloxacin are widely used in life medicine, they are the best 
drugs for detecting antibiotic residues. The results indicate 
that this optofluidic in-fiber microstructured sensor has a 
high sensitivity for these two antibiotic drugs measurement. 
Meanwhile, the detection limit concentrations for the 
ciprofloxacin and the norfloxacin are 10-10 M, and 10-11 M, 
respectively. Compared with the maximum residue limit 
(3.01×10-7 mol/L) stipulated by the European Union, these 
are sufficient of water environmental detection of antibiotic 
drug residues. This device also can distinguish the same kind 
of quinolone antibiotic residues successfully. Significantly, 
this kind of microstructured optofluidic in-fiber Raman 
sensor has the advantages of simple preparation process, 
convenient detection, etc., and can satisfy the online trace 
analysis of sample solutions. In general, the use of MHF to 
fabricate the optofluidic in-fiber Raman sensor integrated 
with the SERS substrate can achieve high-precision 
detection. At the same time, a very small amount of solution 
can be tested in a short time. In addition, it can also be 
integrated with microstructure chips. This device has a good 
application prospect in the detection of new quinolone 
antibiotic residues in water environment.  
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