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A B S T R A C T   

A compact optical fiber differential sensing system consisting of microfiber interferometer (MFI) functionalized 
urease combined with stearic acid (SA)-doped 4-cyano-4′-pentylbiphenyl (5CB) and two fiber Bragg gratings 
(FBGs) for urea detection has been proposed and experimentally demonstrated. The SA-doped 5CB plays an 
important role of sensing signal amplification in urease specific recognition of urea. The hydrolysis reaction 
between urea and urease at the microfiber surface causes the deprotonation and self-assembly of SA, which 
further induces the reorientation of 5CB from planar alignment to homeotropic alignment. This process can be 
captured and transduced into the macroscopic wavelength shift of the MFI and power difference of two FBGs in 
the differential sensing system. The experimental results show that the differential sensing system can effectively 
detect urea in artificial urine, where the sensitivity of MFI is 3.85 nm/mM with a detection limit of 0.03 mM and 
the power difference sensitivity of two FBGs is 15.05 dB/mM with a detection limit of 0.01 mM within low 
concentration range of 0.01–0.1 mM. Furthermore, the differential sensing system has good selectivity, afford-
ability, and temperature self-compensation. Therefore, the differential sensing system can be used as a sensitive 
method for urea detection and has potential applications in human health detection.   

1. Introduction 

With the rapid development of the economy, a number of people are 
in a state of subhealth due to the change of environment and work 
pressure. In recent years, people’s health awareness has been improving 
and human health testing and medical care have received increasing 
attention. Urea is the end product of protein metabolism in the human 
body, and is mainly excreted from the body in the form of urine through 
the kidneys [1]. Urea level in the human body can provide key infor-
mation on kidney function and serve as a diagnostic basis for various 
kidney and liver diseases [2]. The urea content ranges in normal human 
urine from 0.155 to 0.39 M [3]. High urea levels indicate excessive 
protein intake, protein breakdown, and kidney damage [4]. In patients 
with severe diabetes, urea excreted by the kidneys is reduced, which 
indicates kidney problems or malnutrition [5]. Therefore, urea con-
centration detection is extremely crucial for human health. 

On the basis of the previous studies, the methods used for urea 
detection and analysis mainly include high-performance liquid chro-
matography, the colorimetric method, chemical spectrophotometry, and 

the fluorescence method [6–10]. Although these methods can effectively 
and quantitatively detect urea concentration, they have some limita-
tions that require the use of expensive measuring equipment, complex 
sample preprocessing processes, and fluorescent dyes to label bio-
molecules [11]. Therefore, it is extremely significant to find a simpler, 
low-cost, efficient, miniaturized, and highly sensitive method for urea 
concentration detection. Thus far, a lot of different optical fiber sensing 
methods for urea concentration detection have been reported. Priya 
Bhatia et al. fabricated a surface plasmon resonance (SPR) based optical 
fiber sensor for urea detection [12]. Guixian Zhu et al. developed a 
tapered coreless fiber sensor coated zeolite imidazole skeleton-8 
(ZIF-8)/urease to detect urea concentration [13]. Liangliang Cheng 
et al. designed a highly sensitive fiber-optic SPR urea sensor based on 
ZIF-8/urease for urea concentration detection [14]. Sonika Sharma et al. 
reported a fiber optic SPR urea sensor based Ag/ITO/enzyme trapped 
gel layers to detect urea concentration [15]. These optical fiber sensing 
methods provide a basis for urea detection in terms of sensing structures. 
However, some of them have some disadvantages such as manufacturing 
complexity, high cost, and limited detection range. Microfiber sensors as 
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a new sensing technology have an irreplaceable advantage in biomedi-
cine due to their resistance to electromagnetic interference, miniaturi-
zation, corrosion resistance, biocompatibility, and remote sensing 
capability. Numerous studies have reported the use of microfiber for 
biosensing. Baiou Guan et al. developed an interface sensitized optical 
microfiber biosensor to detect neurotransmitter γ-amino-butyric acid 
and cellular cytochrome [16]. Yang Ran et al. fabricated an interstitial 
optical fiber needles for cancer sensing and therapy [17]. Hou Change 
et al. developed a tapered microfiber Mach-Zehnder interferometer 
(MZI) biosensor for sensitive Staphylococcus aureus detection [18]. 

Liquid crystals (LC), a special sensing material with birefringent 
property, have been widely applied in biomolecule detection, such as 
cholesterol, lipase, phospholipase, and penicillinase [19–22]. The 
orientation of LC is ultrasensitive to external stimuli at the surface, 
which can be amplified and transduced into optical signals to detect by 
using spectrum, such as transmission spectrum, reflection spectrum, and 
lasing spectrum [23–25]. At present, several studies that combine 
4-cyano-4′-pentylbiphenyl (5CB) with optical fiber sensors are reported. 
Jianyang Hu et al. fabricated a tapered photonic crystal fiber sensor 
coated with penicillin G based 4′-pentyl-biphenyl-4-carboxylic acid 
(PBA)-doped 5CB to detect the penicillinase concentration [22]. Jieyuan 
Tang et al. achieved phospholipase concentration detection by using an 
alkoxysilane-modified side-polished fiber coated with 5CB and 
self-assembled phospholipid [21]. Stearic acid (SA), an amphiphilic 
saturated fatty acid molecule with a long hydrophobic chain tail and a 
hydrophilic head group, has structural properties similar to those of 
PBA, and the carboxyl functional group in its structure is very sensitive 
to the pH in the solution [26–28]. Therefore, the SA-doped 5CB is 
selected as the sensitive material to achieve the optical signal 
amplification. 

In this research, in order to optimize the demodulation method of the 
wavelength demodulation based microfiber interferometer (MFI) and to 
reduce temperature cross-sensitivity, we cascaded the fiber Bragg grat-
ings (FBGs) with the MFI to form an optical fiber differential sensing 
system. FBG, one of the most reliable and commercially available optical 
fiber sensors, supports high resolution interrogation and multiplexing 
[29]. Cheng Zhang et al. designed an intensity-modulated refractive 
index (RI) sensor with antilight source fluctuation based on a no-core 
fiber filter and two FBGs [30]. Stephanie Hui Kit Yap et al. achieved 
the lead ion detection by an advanced hang-held sensor based microfiber 
and two FBGs [31]. Therefore, an optical fiber differential sensing sys-
tem consisting of MFI functionalized urease combined with SA-doped 
5CB and two FBGs is proposed for urea concentration detection in 
both phosphate buffer solution (PBS) and artificial urine. The sensing 
mechanism of the sensing system is based on the RI measurement, where 
the RI sensitivity of the MFI is 1732.24 nm/RIU and the power difference 
sensitivity of two FBGs is 8532.49 dB/RIU. The hydrolysis of urea by 
urease produces hydroxide ions, bicarbonate ions, and ammonium ions 
resulting in an increase in pH, which triggers the realignment of 5CB 
contributed the deprotonation and self-assembly of SA at the surface of 
the MFI. This process not only alters the RI of 5CB, but also further in-
duces the wavelength shift of the microfiber interferometer and the 
change of two FBGs power difference. The differential sensing system 
has obvious response to urea concentration in PBS, the sensitivity of MFI 
is 17.29 nm/mM with a detection limit of 0.007 mM, and the power 
difference sensitivity of two FBGs is 81.83 dB/mM with a detection limit 
of 0.002 mM. Moreover, in the tests of artificial urine, the sensitivity of 
the MFI is 3.85 nm/mM with a detection limit of 0.03 mM and the power 
difference sensitivity of two FBGs is 15.05 dB/mM with a detection limit 
of 0.01 mM. The proposed sensing system optimizes demodulation 
method and has a low detection limit for urea detection in artificial 
urine, which is expected to be used for the urea detection in human 
urine. 

2. Materials and methods 

2.1. Reagents and instruments 

All reagents and instruments are described in Section 1.1 of the 
Supplementary Material. 

2.2. Experimental setup 

The light that was emitted by an amplified spontaneous emission 
light source (ASE) with a wavelength range of 1528–1603 nm and an 
output power of 10.5 mW successively reached the MFI, fiber circu-
lator1, FBG1, fiber circulator2, FBG2 and optical spectrum analyzer 
(OSA) (range 600–1700 nm), as shown in Fig. 1 (blue dashed box). The 
MFI was placed in a groove made of PolyLite™ PLA materials to allow 
the microfiber to immerse in solution. The FBG1 and FBG2 were fixed on 
two glass slides separately. Two optical power meters (OPM) were 
connected by the third port of optical fiber circulator to monitor the 
power variation of FBG1 and FBG2. Finally, the transmission spectrum 
was recorded by the OSA with a resolution of 0.03 nm. 

2.3. Differential sensing system fabrication 

The differential sensing system consisted of a MFI and two FBGs. 
Furthermore, the MFI was constructed from a photosensitive fiber 
heated by butane flame with a width of about 2 mm for 8 s and uni-
formly stretched by a movement controller with a stretching initial 
speed of 2 mm/s and a tapering distance of 18 mm. While tapering the 
photosensitive fiber, the heat source remained stationary, and two 
stepper motors moved simultaneously along both ends of the fiber at the 
same speed under precise computer control with an accuracy of 1 μm. In 
this way, the MFI was successfully fabricated by automation. During the 
experimental process, to avoid the effect of different flame temperatures 
on the MFI, we waited for the temperature of the flame gun to return to 
room temperature before conducting the next experiment. Finally, the 
diameter of the MFI was gradually reduced from 125 μm to about 10 μm. 
The microfiber included two conical transition regions with a length of 
3 mm and a waist region with a length of 13 mm and a diameter of 10 
μm, as shown in Fig. 1 (red dashed box). Fig. 1 (red dashed box, up) 
shows the real images of the parts of the microfiber obtained by the 
metallurgical microscopy. Two FBGs with different Bragg wavelengths 
were selected at two linear regions of the MFI. In Section 1.3 of the 
Supplementary Material, Fig. S1 and Table S1 discussed the RI sensi-
tivity of MFIs with different structural parameters. As a result, consid-
ering the existence of trade-offs between the sensitivity of the microfiber 
and the diameter of the waist region as well as the stability of the 
operation, we chose the MFI with a waist region diameter of about 10 
μm for the fabrication of the microfiber biosensing probe. 

2.4. Preparation of the experimental solution 

All experimental solution preparations are described in Section 1.2 of 
the Supplementary Material. 

3. Results and discussion 

3.1. Sensing principle 

3.1.1. Principle of the differential sensing system 
When light enters the waist region from the down taper region of the 

microfiber, a portion of the light propagates along the core and another 
portion of the light propagates along the transition region, resulting in 
multiple higher-order modes being excited by the fundamental mode 
due to core diameter mismatch. Besides, throughout the waist region, 
the fundamental core mode and cladding mode are transmitted simul-
taneously, where the HE11 mode and the HE12 mode are mainly 
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transmitted, as shown in Fig. 1 (red dashed box, right). Then, when the 
light propagates into the up taper region of the microfiber, the HE11 
mode and HE12 mode are coupled. The RI sensitivity is an essential 
characterization of the MFI, which can be expressed as follows [32,33]: 

dλ
dnsm

= λ
1
Γ
(

1
Δneff

dΔneff

dnsm
) (1)  

where nsm is the RI of the surrounding medium (SRI) and λ is the 
wavelength of dip in transmission spectrum. Δneff is the effective RI 
difference between the core mode and cladding mode. Γ = 1 −

λ
Δneff

dΔneff
dλ represents the dispersion factor and is negative, which 

characterizes the effect of the variation of the RI difference with wave-
length [34]. 1

Δneff

dΔneff
dnsm 

is the dependence of the index difference on the 
SRI [35]. When the SRI increases, the RI exponents of the fundamental 
mode and the higher-order mode increase accordingly. Although the 
exponents of both the HE11 and HE12 modes increase as the SRI in-
creases, the exponent of the HE12 mode increases larger than that of the 
HE11 mode. So, 1

Δneff

dΔneff
dnsm 

is a negative value. As a result, we conclude 

that dλ
dnsm 

is a positive value, which demonstrates that the wavelength of 
the microfiber will be redshifted with the SRI increase. 

According to the reference [36], the Bragg wavelength of FBG is not 
affected by SRI. When the SRI increases, the wavelength of the micro-
fiber will be redshifted while the Bragg wavelength of the FBG keeps 
unchanged. The Bragg wavelength of FBG is selected at two linear re-
gions of the MFI. The slope of the two linear regions of the MFI is 
reversed. Thus the power of the two FBGs vary in opposite directions. 
The response of the power difference of two FBGs can be expressed as 
follows [30,31]: 

ΔP = P1 − P2  

= −

∫ +∞

− ∞
S(λ)T2(λ − Δλ)R2δ(λ − Δλ) −

∫ +∞

− ∞
S(λ)T2(λ − Δλ)R2δ(λ − Δλ)

(2)  

= R1S(λ1)T1(λ1 − Δλ) − R2S(λ2)T2(λ2 − Δλ)

where ΔP is the power difference of the two FBGs, P1 is the power of 
FBG1, P2 is the power of FBG2, λ1 is the Bragg wavelength of FBG1, λ2 is 
the Bragg wavelength of FBG2, Δλ is the wavelength shift of the MFI, 
S(λ) is the power spectral density function of the light source, T1(λ) and 
T2(λ) are the initial transmission spectrum of the two linear regions of 

the microfiber, R1 and R2 are the reflective coefficients of the FBG1 
and FBG2, δ(λ ) is the unit pulse function, andR1δ(λ − λ1) and R2δ(λ − λ2)

are the reflective spectrum functions of the FBG1 and FBG2. On the basis 
of the above analysis, the SRI can be measured by the power difference 
of two FBGs because of the wavelength shift of the MFI affected by the 
SRI. 

3.1.2. Principle of urea detection 
Before urea is detected, the MFI is sequentially modified by poly-

dopamine (PDA), dimethyl octadecyl[3-trimethoxysilylpropyl] ammo-
nium chloride (DMOAP), the SA-doped 5CB, glutaraldehyde (GA), and 
urease, as shown in Fig. 2(a, left). PDA is used to hydroxylate the surface 
of the MFI. DMOAP is used as the coupling agent molecule to fix the 
orientation of 5CB. SA-doped 5CB is used as the sensitive material. GA is 
acted as the cross-linking agent to immobilize urease. Urease is used as 
the recognized molecule to hydrolyze the urea. When urea is detected, it 
is hydrolyzed into hydroxide ions, bicarbonate ions, and ammonium 
ions, as shown in Fig. 2 (blue dashed box, middle) [25]. This process 
increases the pH of the solution, which causes the deprotonation and 
self-assembly of SA to form a monomolecular layer. This self-assembly 
process leads to the orientation transition of the 5CB molecules from 
planar to homeotropic alignment, as shown in Fig. 2(a, right), which not 
only alters the effective RI of 5CB molecules but also further induces the 
redshift of the MFI wavelength and the change of the power of two FBGs. 
Therefore, the hydrolysis of urea by urease can be detected by the dif-
ferential sensing system. To verify the detection principle, experiments 
on the response of the differential sensing system to different pH values 
are performed. Fig. 2(b, left) shows the transmission spectrum of the 
differential sensing system for PBS in the pH range of 8.0–9.4. As the pH 
increases, the wavelength of the MFI redshifts, the intensity of FBG1 
increases, and the intensity of FBG2 decreases. Fig. 2(b, right) shows the 
linear fitting of the MFI and two FBGs to pH from 8.0 to 9.4 in the dif-
ferential sensing system. The wavelength of the MFI shifts by 1.79 nm 
and the two FBGs power difference changes by 5.24 dB, which indicates 
that the orientation change of 5CB can be characterized by the trans-
mission spectrum of the differential sensing system. 

3.2. RI and temperature performance of the differential sensing system 

Fig. 3(a) shows the transmission spectrum of the differential sensing 
system, which consists of a cascade of three MFIs with identical struc-
tural parameters (waist region diameter of about 10 μm, waist region 
length of about 13 μm, and conical transition region length of 3 mm) and 

Fig. 1. Schematic diagram of the experimental setup and the structure of the MFI.  
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two FBGs, respectively. The FBG1 and FBG2 are located in two linear 
regions of the dip of the MFI. The RI performance of the differential 
sensing system is measured by preparing the sodium chloride solution 
with different RI. The RI of the sodium chloride solution ranges from 
1.3387 to 1.3415 obtained by digital refractometer. When the RI in-
creases, the wavelength of MFI redshifts, the intensity of FBG1 increases, 
and the intensity of FBG2 decreases, as shown in Fig. 3(b). Fig. 3(c) 
further shows the intensity trends of two FBGs with the redshift of the 
MFI. Fig. 3(d) shows that the RI sensitivity of MFI is 1735.24 nm/RIU 
and the RI sensitivity of the two FBGs power difference is 8532.49 dB/ 
RIU. Fig. 3(e) verifies the FBG response to temperature. When the 
temperature increases from 30 ℃ to 70 ℃ at 5 ℃ intervals, the Bragg 
wavelength of FBG1 redshifts with the temperature sensitivity of 
0.0107 nm/℃ and the Bragg wavelength of FBG2 redshifts with the 
temperature sensitivity of 0.0105 nm/℃. Fig. 3(f) shows the tempera-
ture response of the differential sensing system after three experiments. 
The temperature sensitivity of MFI is − 0.038 nm/℃, and the tempera-
ture sensitivity of the power difference of two FBGs is − 0.33 dB/℃. As a 
result, the RI measurement errors caused by temperature for the MFI is 
about 2.19×10− 5 RIU/℃ and the RI measurement errors caused by 
temperature for the power difference of two FBGs is about 3.86×10− 5 

RIU/℃, which further indicates that temperature has a small influence 
on the RI measurement of the differential sensing system. 

3.3. Surface modification of the MFI sensing probe 

In the differential sensing system, the functionalization of the MFI is 
a crucial step toward urea detection. As shown in Fig. 4, the modified 
process of the MFI sensing probe is as follows. Fig. 4(a) shows the bare 

MFI. Firstly, the bare microfiber is hydroxylated by immersing it in 
2 mg/ml PDA solution for 40 min, as shown in Fig. 4(b). The treated MFI 
is rinsed with plenty of deionized water (DI) to remove the excess PDA. 
Next, the hydroxylated microfiber is silanized with 0.5 % v/v DMOAP 
solution for 10 min, as shown in Fig. 4(c). Then, the silanized MFI is 
rinsed with plenty of DI and dried for half an hour in air to remove the 
excess DMOAP and fix the orientation of the SA-doped 5CB, respec-
tively. Subsequently, the 0.25 % v/v SA-doped 5CB is smeared on the 
surface of DMOAP modified microfiber within 3 min, as shown in Fig. 4 
(d). Then, the SA-doped 5CB smeared microfiber is modified with 1 % v/ 
v GA solution for 40 min, as shown in Fig. 4(e). Furthermore, the 
modified microfiber is immersed into the DI to remove the excess GA. As 
shown in Fig. 4(f), the GA modified microfiber is immersed in the urease 
solution with a concentration of 0.01 g/ml for 40 min. Then, the MFI is 
immersed in the DI to remove the excess urease. Finally, the MFI sensing 
probe for urea detection is successfully fabricated. All experimental 
processes are conducted at room temperature. 

3.4. Characterization of the MFI sensing probe for urea detection 

Fourier transform infrared (FTIR) is used to characterize the suc-
cessful attachment of individual functional films during the fabrication 
of the MFI sensing probe. Fig. 5(a) shows the FTIR spectrum of PDA, 
where the characteristic peaks in the range at 3500–3000 cm− 1 are the 
N–H and O–H stretching vibrations [37]. The intense peak around 
1756 cm− 1 is attributed to the C=O of the quinone group [37]. The 
characteristic peaks of 1603.76 cm− 1 and 1523.31 cm− 1 are the C=C in 
the aromatic system and the C=N of the indole amine, respectively [37]. 
Another peak at 1314 cm− 1 is the C–N stretching of the indole ring [37]. 

Fig. 2. (a) Schematic diagram of the urea detection principle. (b) (left): Transmission spectrum of the differential sensing system in the pH range from 8.0 to 9.4. 
(right): The linear fitting of the MFI and two FBGs in the differential sensing system in the pH range from 8.0 to 9.4. 
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Therefore, the formation and chemical functionality of PDA on micro-
fiber is demonstrated by the analysis of the above functional groups. 
Fig. 5(b) shows the FTIR spectrum of PDA combined with DMOAP, 
where the characteristic peaks at 2926 cm− 1 and 2855 cm− 1 are the CH3 
and CH2 stretching of DMOAP [38,39]. The absorption peaks of 
1284.02 cm− 1 and 1202.66 cm− 1 can be attributed to the stretching 
vibrations of the Si–C and C–O [39]. The absorption peak of 
1244.66 cm− 1 confirms the formation of the Si–O. The absorption peak 
of 1078.62 cm− 1 presents the formation of the Si–O–Si bond, which 
demonstrates that the hydroxylated microfiber is silanated [38]. Fig. 5 
(c) shows the FTIR spectrum of PDA/DMOAP/SA-doped 5CB. The ab-
sorption peak at 2250 cm− 1 corresponds to the C≡N bond in 5CB [39, 

40]. The absorption peak of 1720 cm− 1 is the C=O stretching of the 
carboxylic group, which confirms the presence of SA [41,42]. The 
characteristic peaks at 2926 cm− 1 and 2855 cm− 1 is attenuated to 
2917.14 cm− 1 and 2852 cm− 1, which can be presumed that the 5CB is 
smeared by DMOAP [39]. Fig. 5(d) shows that the absorption peaks at 
1657.53 cm− 1 and 2917.91 cm− 1 can be attributed to the –C=O 
stretching of the free aldehyde and the –CH stretching, which confirms 
the presence of GA [41]. The absorption peak of 1076.61 cm− 1 presents 
the formation C–O–C bond, which indicates the successful attachment of 
GA to SA [43]. Fig. 5(e) shows that the absorption peak at 3222.32 cm− 1 

is the –NH stretching vibration due to the stretching of the cysteamine 
dihydrochloride of urease [44]. In addition, the other characteristic 

Fig. 3. Experimental results of the RI and temperature performance of the differential sensing system.  

Fig. 4. Schematic diagram of the fabrication of the MFI sensing probe.  
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peaks of 1030.04 cm− 1 and 877 cm− 1 are the stretching of C–H and 
=C–H bending [44]. The absorption peak at 2228.43 cm− 1 is the for-
mation of the –C=N bond, which confirms the successful cross-linking of 
urease and GA[44]. Fig. 5(f) shows that the absorption peak of 
1656.62 cm− 1 is the C=O stretching vibration of the amide band of urea 
[43]. The characteristic peaks of 1551.63 cm− 1, 1463.90 cm− 1, and 
1275.89 cm− 1 represent the carbonate group stretching vibration, 
which indicates that the urea is hydrolyzed by urease [43]. 

3.5. Differential sensing system response during modification 

3.5.1. Response of differential sensing system modified by PDA and 
DMOAP 

According to the Section 3.3, the bare microfiber is immersed in the 
PDA solution. PDA grows in situ on the surface of the microfiber because 
of its strong adhesion properties. After 40 min of polymerization, a large 
number of hydroxyl groups are attached to the microfiber surface, 
making the microfiber hydrophilic. Fig. 6(a) shows the change of 
transmission spectrum with the polymerization time from 0 min to 

40 min at 4 min intervals. The wavelength redshift of MFI is an average 
of 3.6 nm and the average power difference of two FBGs increases from 
− 3.74 to 10.99 dB, as shown in Fig. 6(b). Then, the alkoxy groups in 
DMOAP bind to the hydroxyl groups on the surface of microfiber via 
covalent bond. Fig. 6(c) shows the response of the coated PDA MFI to 
DMOAP, where the wavelength redshift of MFI is an average of 0.43 nm 
and the average power difference of the two FBGs increases from 3.33 to 
4.29 dB. 

3.5.2. Response of the differential sensing system modified by SA-doped 
5CB 

After modifying by PDA and DMOAP, the MFI is immersed in the SA- 
doped 5CB solution. Orienting groups in DMOAP enable the SA-doped 
5CB molecules to align planarly on the surface of MFI. Fig. 7(a) shows 
the transmission spectrum of the MFI immersed in SA-doped 5CB solu-
tion for 3 min. Fig. 7(b) is the fit to the wavelength shift and the power 
difference in one experiment. When the coating time exceeds 2 min, the 
wavelength shift and power difference of the differential sensing system 
remain essentially unchanged, which indicates that the orientation of 

Fig. 5. Fourier transform infrared spectrum of (a) PDA. (b) PDA/DMOAP. (c) PDA/DMOAP/SA-doped 5CB. (d) PDA/DMOAP/SA-doped 5CB/GA. (e) PDA/DMOAP/ 
SA-doped 5CB/GA/urease. (f) PDA/DMOAP/SA-doped 5CB/GA/urease/urea. 

Fig. 6. (a) Local magnification of the transmission spectrum of the MFI in the PDA coating process. (b) Response of the differential sensing system to PDA. (c) 
Response of the differential sensing system to DMOAP. 
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the SA-doped 5CB keeps in a stable state of planar alignment. Fig. 7(c) 
shows that within 2 min, the wavelength redshift of MFI is an average of 
1 nm and the average power difference of two FBGs increases from 1.3 
to 4.84 dB. To characterize the planar alignment of 5CB molecules on 
the MFI, we perform the same modification on the slide and observe the 
light and dark change of 5CB appearance under POM. The inset of Fig. 7 
shows the corresponding POM images of the appearance of 5CB within 
3 min. Fig. 7((i)) shows that a dark appearance can be observed under 
the POM, when the mixing solution of SA and 5CB is added dropwise to 
the slide coated DMOAP. Fig. 7(ii) shows the bright spots begin 
appearing after 0.5 min. Fig. 7(iii) shows that the number of bright spots 
displayed gradually increases after 1 min. Fig. 7(iv) shows that the 
bright spots gradually become brighter and larger after 1.5 min. Fig. 7 
(v)–(vi) show that the bright spots become larger and larger and main-
tain a steady state of brightness after 2 min. The main reason for the 
above changes is the SA dissolving in 5CB and forming reverse micelles, 
which disturbs the orientation of the 5CB [45]. 

3.5.3. Response of the differential sensing system modified by GA and 
urease 

After modifying by SA-doped 5CB, the MFI is modified by the GA and 
urease, respectively. When the MFI is immersed in the GA solution, the 
aldehyde group of GA combines with the carboxyl group of SA to form a 
covalent bond. Fig. 8(a) shows that the wavelength redshift of MFI is 
0.68 nm and the power difference of the two FBGs increases from − 10.5 
to − 8.5 dB. When the MFI modified GA is immersed in the urease so-
lution, the aldehyde group of GA reacts with amino group of urease to 
form the imine bond. As shown in Fig. 8(b), when the coating time ex-
ceeds 40 min, the wavelength shift and power difference of the differ-
ential sensing system remain essentially unchanged. Therefore, 40 min 
is selected as the optimal coating time. The inset in Fig. 8(b) is the power 
change of the FBG1 and FBG2. Fig. 8(c) shows that the wavelength 
redshift of MFI is an average of 0.85 nm and the average power differ-
ence of the two FBGs increases from − 12.52 to − 8.15 dB. 

Fig. 7. (a) Transmission spectrum of the differential sensing system to SA-doped 5CB. (b) The MFI wavelength shift and two FBGs power difference change, the inset 
is the power change of FBG1 and FBG2. (c) Response of the differential sensing system to SA-doped 5CB. The inset is the polarize optical microscope (POM) images of 
SA-doped 5CB on the slide. 
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3.6. Urea detection in PBS 

In this experiment, based on the urea detection principle described in 
Section 3.1.2, the hydrolysis reaction between urea and urease causes 
the deprotonation and self-assembly of SA and the reorientation of the 
5CB from planar alignment to homeotropic alignment, which can be 
transduced into the MFI sensing probe wavelength shift and the change 
of two FBGs power difference. The urea is detected from low to high 
concentration and the transmission spectrum is recorded sequentially, as 
shown in Fig. 9(a). The MFI sensing probe is immersed in a certain 
concentration urea for 20 min. As the urea concentration increases from 
0.01 to 100 mM, the wavelength redshift of the MFI sensing probe is an 
average of 5.13 nm and the first three points are linearly fitted with the 

sensitivity of 17.29 nm/mM, as shown in Fig. 9(b). Fig. 9(c) shows that 
two FBGs power difference increases from − 5.65 to 18.62 dB and the 
first three points are linearly fitted with the sensitivity of 81.83 dB/mM. 
After the MFI has been functionalized, the MFI sensing probe is 
immersed in DI for 10 min to verify the stability. As shown in Fig. 9(d) 
and (e), the average standard deviation of the wavelength shift of MFI 
and two FBGs power difference is 0.043 nm and 0.0551 dB, respectively. 
The relationship between the wavelength shift and power difference can 
be expressed by Y = 4.24X − 5.7 as shown in Fig. 3(f), which suggests 
that the wavelength shift of the MFI can be demodulated by the power 
difference change of two FBGs. The theoretical detection limit of MFI 
can be calculated as LOD1 = 3SD1/S1[46], where SD1 is the standard 
deviation of the error measurements, which is 0.0433 nm, S1 is the slope 

Fig. 8. (a) Response of the differential sensing system to GA. (b) The wavelength shift of the MFI and the change of two FBGs power difference to urease, the inset is 
the power change of FBG1 and FBG2. (c) Response of the differential sensing system to urease. 

Fig. 9. (a) Transmission spectrum of the differential sensing system for urea in PBS. (b) Response of the MFI sensing probe to urea in PBS. (c) Power difference 
response of the two FBGs to urea in PBS. (d) Stability of MFI sensing probe in DI for 10 min. (e) Stability of the power difference of two FBGs within 10 min. (f) 
Relationship between MFI wavelength shift and two FBGs power difference in PBS. 
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of the fitting curve, which is 17.29 nm/mM, and the LOD1 can be 
calculated as 0.007 mM. The same calculation method can be used to 
obtain the theoretical detection limit of two FBGs power difference, 
which is LOD2 = 3SD2/S2, where SD2 = 0.0551dB, S2 = 81.83dB/mM, 
and the LOD2 can be calculated as 0.002 mM. Therefore, based on the 
experimental results, the differential sensing system can effectively 
detect urea in PBS. To further characterize the change in orientation of 
5CB during urea detection, we perform the same experiment on a slide 
and observe the light and dark changes of the 5CB appearance during 
detection of 100 mM urea under POM. The detailed description is shown 
in Fig. S2 of the Supplementary Material. 

3.7. Specific detection 

The specificity of the differential sensing system is an essential per-
formance to characterize the sensing performance. The differential 
sensing system is used to detect different chemical substances with 
similar structure to urea such as glucose anhydrose, hydroxyurea, 
thiourea, N,N-Dimethylformamide (DMF), and acetamide. The PBS is 
selected as the blank control group. First, the different chemical sub-
stances are prepared including glucose anhydrous (0.01–100 mM), hy-
droxyurea (0.01–100 mM), thiourea (0.01–50 mM), DMF 
(0.01–50 mM), and acetamide (0.01–100 mM). Subsequently, the RI of 
the chemical substances are measured by the digital refractometer to 
avoid high RI affecting the experimental results. This detecting process 
uses the same analytical method used in Section 3.6 for repeating the 
experiment three times then performing an error analysis and selecting 
the final stabilized data as the experimental data. As shown in Fig. 10, 
the wavelength shift and power difference of the differential sensing 
system for urea, PBS, glucose anhydrous, hydroxyurea, thiourea, DMF, 
and acetamide are 5.13 nm (22.52 dB), 0.25 nm (0.65 dB), 1.35 nm 
(5.32 dB), 0.93 nm (5.21 dB), 1.13 nm (5.56 dB), 2.28 nm (9.39 dB), 
and 1.13 nm (2.28 dB), respectively. It is obvious that the response of 
the differential sensing system to urea is significantly higher than other 
chemical substances, which indicates that the sensing system has a good 
selectivity for urea. 

3.8. Urea detection in artificial urine 

To demonstrate the practicality of our proposed sensing system, the 
artificial urine is selected as the relative real environment. Artificial 
urine main components contained calcium chloride, magnesium chlo-
ride, sodium chloride, sodium sulphate, potassium chloride, phosphate, 
and ammonium chloride. We utilize the differential sensing system to 

detect the urea in artificial urine with the same concentration as Section 
3.6 (0.01–100 mM). Fig. 11(a) shows the transmission spectrum of the 
differential sensing system to urea in artificial urine. Fig. 11(b) shows 
that the wavelength redshift of MFI is an average of 2.8 nm as the urea 
concentration increases from 0.01 to 100 mM and the first three points 
are linearly fitted with the sensitivity of 3.85 nm/mM. Fig. 11(c) shows 
that the power difference of the two FBGs increases from − 3.84 to 
8.67 dB and the first three points are linearly fitted with the sensitivity 
of 15.05 dB/mM. Fig. 11(d) shows that the linear relationship between 
the power difference and the MFI wavelength shift can be expressed by 
Y = 4.35X − 3.96. Therefore, the wavelength shift of the MFI can be 
calculated by obtaining the power difference of two FBGs, which in-
dicates that the OPM can replace the OSA to monitor the urea concen-
tration in artificial urine. The theoretical detection limit of MFI can be 
calculated as LOD3 = 3SD3/S3, where SD3 = SD1 = 0.0433nm, S3 =

3.85nm/mM and the LOD3 can be calculated as 0.03 mM. The same 
calculation method can be used to obtain the theoretical detection limit 
of two FBGs power difference, which is LOD4 = 3SD4/S4 = 0.01 mM, 
where SD4 = SD2 = 0.0551dB and S4 = 15.05dB/mM. 

Comparing with Section 3.6, the theoretical detection limit of the 
differential sensing system for urea in PBS is smaller than in artificial 
urine, which indicates that the impurities in artificial urine interfere 
with the detection result. Fortunately, due to the specific hydrolysis of 
urea by urease, the detection limit (0.01 mM) of the differential sensing 
system in artificial urine is still lower than the normal level range of urea 
in human urine (0.155–0.39 M). Therefore, it is hoped that the proposed 
differential sensing system can be applied to the detection of urea in 
human urine. Table 1 shows the comparison between optical fiber dif-
ferential sensing system and other detection methods for urea detection. 
Compared to other detection methods, the differential sensing system 
combined with MFI and two FBGs has high sensitivity, a low detection 
limit, and a large detection range and can effectively detect the urea in 
artificial urine. Furthermore, the use of OPM replaces the OSA to 
monitor two FBGs intensity changes, which not only optimizes demod-
ulation method but also reduces the cost of the experimental equipment. 
It is obvious that the differential sensing system is of great significance 
for urea detection and has applications for the detection of human other 
disease markers. 

4. Conclusion 

In this paper, an optical fiber differential sensing system based on a 
cascade of MFI and two FBGs is proposed for urea concentration 
detection in PBS and artificial urine. The RI sensitivity of the MFI and 
two FBGs power difference is 1732.24 nm/RIU and 8532.49 dB/RIU, 
respectively. Furthermore, the RI measurement errors caused by tem-
perature for the MFI is about 2.19×10− 5 RIU/℃ and the RI measure-
ment errors caused by temperature for the power difference of two FBGs 
is about 3.86×10− 5 RIU/℃. The specific recognition molecule urease 
and the sensitive material SA-doped 5CB are bound to a MFI by covalent 
bonds. The deprotonation of SA contributed the hydrolysis reaction 
between urea and urease results in the reorientation of 5CB from planar 
to homeotropic alignment, which causes the wavelength redshift of the 
MFI and the change of two FBGs power difference. The experimental 
results show that the differential sensing system has obvious response to 
urea in PBS with a detection limit of 0.002 mM in the range of 
0.01–0.1 mM. For the urea in artificial urine, the differential sensing 
system has a detection limit of 0.01 mM in the range of 0.01–0.1 mM, 
which is well below urea level content in normal human urine. More-
over, there is a good linear relationship between the wavelength shift of 
the MFI and the power difference variation of two FBGs. On the whole, 
the proposed differential sensing system has high sensitivity, good 
specificity, and low temperature cross-sensitivity, which is instructive 
for the urea detection in artificial urine. In the future, this sensing 
strategy can be used for the detection of other human disease markers by 
altering the functional membrane and recognition molecules. Fig. 10. The specific detection of the differential sensing system.  
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