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Abstract

A tapered single-mode coreless single-mode (SCS) structure with high sensitivity for sensing refractive index is described. In
order to achieve high specificity of optical biosensors, here enzyme capsulation film was achieved by embedding urease in
zeolitic imidazolate framework (ZIF-8/urease) through in situ growth approach on the coreless fibers. Determination of urea is
achieved through online monitoring of its binding to the urease in zeolitic imidazolate framework. Refractive index change result
in wavelength shifts of the optical fiber biosensor. The resonance wavelength exhibits a good linear relationship with urea
concentration in the range of 1 to 10 mM with detection limit of 0.1 mM and sensitivity of 0.8 mM/RIU (refractive index
unit) if operated with broadband light ranging from 1525 nm to 1590 nm. Final assessment of optical biosensor in real sample was
performed where excellent performance in terms of sensitivity and selectivity was observed.

Keywords Single-mode coreless single-mode structure - Refractiveindex - Enzyme capsulation - Biorecognition layer - Label free

detection

Introduction

Optical fiber biosensors are significant in measuring refractive
index [1-3], temperature [4, 5], pressure [6] and curvature [7]
due to their low cost and convenient processing [8, 9].
Standard optical fibers, composed by core and cladding, show
limitations in sensing due to confinement of optical field by
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thick cladding. Various structures such as grating-assisted [2,
10, 11], surface plasmon resonance [12—16] and tapering fi-
bers [17-19] have been developed to strength the evanescent
field or multimode interference. The principle of single-mode
multimode single-mode (SMS) is multimode interference
[20]. The enhanced evanescent field is achieved after tapering,
which leads to higher sensitivity of the fiber. However, the
cladding of multimode fibers is needed to removed, which
dramatically increase the fabrication difficulty. In order to im-
prove the reliability of SMS structure, the coreless fiber (CF)
is applied and spiced between two simple-mode fibers (SMF),
forming single-mode coreless single-mode (SCS) structure
[21].

Besides sensitive optical fiber structures, another key ele-
ment of optical sensors is selective sensing layer that captures
analytes. Antibodies [22], DNA [23] and enzyme [24, 25] can
be modified on optical fibers as molecular recognition ele-
ments. Metal organic frameworks (MOFs), as crystalline ma-
terials with large surface areas, tunable pore size and high
affinity, have been applied for encapsulating bioactive mole-
cules to form sensitive biorecognition films [26]. Compared
with other matrices, MOFs have been reported to protect bio-
molecules from high temperature and organic solvents [27,
28]. The open porous architectures of MOFs also enable the
selective interaction of biomolecules (for example, enzymes)
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with analytes through their selective transport in the porous
coating [29].

Zeolitic imidazolate framework (ZIF-8), a representative
Zn based MOF, is chosen as a matrix for urease immobiliza-
tion. Here a new optical biosensor based on ZIF-8/urease
sensing film is demonstrated. SCS structure is applied as the
optical device to detect refractive index change of analytes,
and ZIF-8/urease is used for urea biorecognition. All the parts
enable sensitive identification of urea. The strategy is also
applicable for other enzymes and various kinds of enzyme
based optical sensor would be further developed.

Experimental section

Fabrication of the single-mode coreless single-mode
(SCS) optical fiber

IThe coreless fiber (CF; typeFud-3582, Nufern, length: 2 cm) was
spliced and placed in middle of two SMFs (SMF-28, Corming),
forming SCS structure. Then the CF in SCS was tapered by CO,
laser splicing machine (LZM-100, Fujikura) to form tapered SCS
optical fiber. beam propagating method (BPM) was applied to
simulate optical field distribution and transmission spectra of ta-
pered SCS structure. For the spectral measurement setup, two
SMFs were placed in middle of the broadband light source
(BBS) and optical spectrum analyzer (OSA, AQ6370,
Yokogawa). A microfluidic device was used as the sample cell.

Synthesis ZIF-8 and ZIF-8/urease

ZIF-8 was prepared by rapid aqueous synthesis method.
Briefly, an equal volume of zinc nitrate (40 mM) and
2-methylimidazole (160 mM) was prepared in deionized
(DI) water for 30 min. The formed product was collected
and washed twice with water and dried.

In order to obtain urease embedded composite, A water solu-
tion (20 puL) of urease (50 mg'mL ") and zinc nitrate solution
(40 mM, 200 uL) were mixed with same volume of
2-methylimidazole (160 mM) at room temperature. After
30 min, the product was collected and washed with DI water
for three times and dried. The effect of initial reagents of Zn**
and 2-MIM was also investigated by changing parameters in
reaction.

The loading efficiency of composites for urease was calcu-
lated. The protein concentration was determined by Bradford
assay. Commercially Bradford assay kit was purchased from
Solarbio, inc, and the protein concentration was measured and
calculated according to the standard protocol.

All morphologies of product were observed by scanning elec-
tron microscope (SEM). Samples were suspended in ethanol and
2 pL was dropped on a silicon wafer. A thin layer (2 nm) of gold
film was sputtered on samples to enhance electrical conductivity.
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Urease activity assay

30 mg'mL " urea in 2 mL phosophate buffered saline (PBS)
(pH 7.4) and 30 uL 1 mg'mL™" phenol red was added to a
cuvette. Then the cuvette was placed in the UV spectrometer.
After 2 min, the absorbance set to zero to establish a baseline.
60 uL ZIF-8/urease suspension was added. The increase in the
absorbance at 560 nm along with time was recorded to mea-
sure the urease activity.

Surface modification of ZIF-8/urease on tapered SCS
optical fiber

Before ZIF-8/urease coating process, CF in SCS structure was
treat with 1% polystyrene sulfonate solution at room temper-
ature for 24 h. The modified SCS was immersed in aqueous
solution of 2-methylimidazole (160 mM, 200 pL), then 20 uL.
of urease (50 mg-mL_l) and zinc nitrate solution (40 mM,
200 puL) were added and reacted for 30 min. The modified
SCS fiber was washed with DI water for three times to remove
excess isolated composites in solutions.

Urea analysis by tapped SCS optical fiber

Various concentrations of urea in PBS were prepared and their
refractive indices were determined by using Abbe refractome-
ter. 50 uL urea solutions with different concentrations (0, 2, 4,
6, 8, 10 mM) were dropped on a microfluidic sample cell and
related transmission spectra at wavelength range (1540—
1580 nm) were recorded. For an unknown sample (for exam-
ple: urine). Urine samples were centrifuged at first to remove
impurities. Then samples were diluted 50-fold in distilled water
prior to assay. Then 50 uL. samples were dropped on the sample
cell. The transmission spectra (wavelength range: 1540-
1580 nm) before and after sample loading were recorded.

Results and discussion
ZIF-8/urease synthesis and characterization

Immobilization strategies can improve the thermal and chem-
ical stability of biomolecules against harsh conditions [26].
MOFs have been extensively investigated for enzyme encap-
sulation because of their large surface area, tunable porosity
and high thermal stability. The porous nature of MOF also
facilitate reaction between enzymes with analytes [30]. Most
MOFs are synthetized in organic solvents or at high thermal
conditions, which denature enzymes. As a representative
MOF, ZIF-8 is most frequently used for enzyme encapsulation
due to their high stability, biocompatibility, easy to synthesis
under mind conditions (at room temperature) and easy to
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control the morphology during synthesis [31]. Therefore, ZIF-
8 is chosen for urease encapsulation.

Urease embedded ZIF-8 composites were obtained via
in-situ synthesis method. Enzyme molecules are either
physically absorbed and covalently bound to support ma-
trix by previous report [32]. By applying MOFs, enzyme
can be loaded via in-situ synthesis method, in which MOF
are formed in the presence of enzyme. Urease was used as
a model protein. After being encapsulated into ZIF-8, ure-
ase reserved its catalytic activity. Bradford assay was ap-
plied to calculate amounts of urease [28]. Results in
Fig. la show that ZIF-8 exhibit high loading capability
for urease, more than 800 pg/mg. To ascertain that urease
is encapsulated in crystalline structure, samples were
washed to remove surficial enzymes and precipitate was
measured by Fourier transform infrared spectroscopy
(FTIR). As shown in Fig. 1b, the stretches of urease at
1640-1660 cm™' is corresponding to amide I (C=0
stretching mode), while no stretches of protein is shown
for free ZIF-8. Additional evidence of urease encapsula-
tion was confirmed by Bradford assay, in which no urease
was found in surfactant. The X-ray diffraction (XRD) pat-
terns reveal that there is no obvious difference between
the ZIF-8 and ZIF-8/urease samples (shown in supporting
information Fig. S1). The nitrogen sorption isotherms
were applied to investigate the porous features of samples.
As shown in Fig. S2, ZIF-8/urease shows a smaller total

pore volume compared to pure ZIF-8 due to occupation of
urease in porous structure of ZIF-8. Thermogravimetric
analysis (TGA) curves of samples are shown in Fig. lc,
in which ZIF-8/urease a deeper drop above 320 C° due to
decomposition of urease in ZIF-8/urease. The loading
amount of urease was calculated to be around 10 wt%,
indicating successful loading of urease in the composites.

In order to know the distribution of urease loaded in
ZIF-8 structure, Urease molecules were linked with fluo-
rescent label (FITC) and embedded in ZIF-8 during reac-
tion. Urease-FITC on ZIF-8 particles were also prepared
though physically mixing for comparison. The synthetized
Urease-FITC on ZIF-8 and ZIF-8/urease-FITC were ob-
served by confocal microscope and results are shown in
Fig. 1d and Fig. le. The confocal microscope images
show a clear difference between two samples. For
urease-FITC on ZIF-8, green fluorescence is distributed
on external surfaces of ZIF-8 crystals. The urease-FITC
molecules are distributed more homogeneously with in
ZIF-8/urease-FITC samples, indicating that urease mole-
cules are embedded in ZIF-8 during reaction.

Urease is known to be sensitive to inhibition by heavy
metal ions. Enzyme activity of urease in ZIF-8/urease has
been carried out and results are shown in Fig. S3. ZIF-8/ure-
ase, free urease and Zn**+urease show similar enzymatic rate
of reaction in the assay, indicating negligible impact of ZIF-8
and Zn>" on activity of urease.

Fig. 1 a Loading efficiency of a (5. b
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concentrations of urease; b FTIR < 100+ —ZIF-8
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Micronano SCS optical fiber simulation
and fabrication

Here a tapered SCS (single-mode coreless single-mode) fiber
is designed for sensing refractive index. Coreless fiber is
placed in middle of two single-mode fibers, then the coreless
fiber in SCS is tapered by CO, laser (LZM-100, Fujikura) to
obtain tapered SCS structure (shown in Fig. 2a). The diame-
ters of tapered coreless fibers are adjustable by changing fab-
rication parameters. The beam propagating method (BPM),
based on scalar Helmholtz equation, is used to simulate the
distribution of optical field (shown in Fig. 2b), in which SCS
fiber with a waist diameter of 10 um. There is change of
optical field and generation of self-image effects at the splic-
ing point between SMF and CF, respectively.

Multimode interference is the principle for SCS structure.
Due to core mismatch, the interference happens when the
lights transfer from SMF to CF. The transmission spectrum
can be expressed as:

I(A) = %[_:1 szfo(/\)—F g C,"Cj[()(/\)-cos(ﬂi—ﬂj)-L (])

= i#j=1

Where 3 is longitudinal propagation constant, c is the ex-
citation coefficient of eigenmode, and L is the length of CF.
The change of RI has an influence on 3 and ¢ in Eq. (1),
resulting in changes of output spectra. Therefore, the RI can
be calculated via monitoring spectral changes.

Previous study shows there is an exponential fitting be-
tween RI and related wavelength shifts of CF spectra.
Various diameters of CF (length: 2 cm) in SCS were fabricated

to analyze their influence on RI sensitivity. The SCS fiber,
fixed in microfluidic sample cell, was placed between a laser
source and an optical spectrum analyzer (OSA, Yokagawa).

The sensitivity of SCS sensor increases obviously as waist
diameter decreases. The samples with different RI were
dropped on sample cell and resulted spectra of SCS sensor
are shown in Fig. 2c. Sensitivity of SCS structure (diameter
20 nm) with RI range of 1.333—1.339 is about 653 nm/RIU
while is up to 2083 nm/RIU for SCS with 10 pm diameter.
The RI sensitivity of SCS (diameter: 10 pwm) increases up to
almost 26 times compared with non-tapered SCS (diameter:
125 um). The transmission spectra of SCS along with urea
concentrations was also investigated. Abbe refractometer is
applied to measure refractive indices of urea solutions
(shown in Fig. S4). As displayed in Fig. 2d, Resonance wave-
length demonstrate red shifts with increasing urea concentra-
tions, which is in accordance with results in Fig. 2b. However,
there is little change of RI for urea molecules at low concen-
trations (only 0.0001 from DI water to 10 mM urea). SCS
fibers coated with free ZIF-8 show about 0.13 nm wavelength
shift with 10 mM urea, which is insufficient to detect urea at
biological range. Therefore, ZIF-8/urease composites are ap-
plied on fibers for signal amplification and specific recogni-
tion for sensing urea.

Urease loading efficiency

ZIF-8 shows great capability for loading urease. Ratio of 2-
MIM/Zn** and their initial concentration in system exhibit a
great impact on properties of final ZIF-8. Precious studies
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report that there is a dependence relationship between mor-
phologies of ZIF-8 composites and concentrations of 2-MIM/
Zn**.The initial concentrations of urease and Zn** is fixed
(40 mM) while changing 2-MIM concentrations. The loading
efficiency is determined by Bradford assay, and standard
curve is displayed in Fig. S5 and morphologies of products
were further characterized by scattering electron microscope
(SEM). As shown in Fig. 3a-b and Fig. S6, there is an obvious
change of structures with different initial 2-MIM concentra-
tions, which may due to urease affinity towards 2-MIM via
hydrogen bonding and hydrophobic interactions. Previous
study reported that biomacromolecules have an impact on
final crystalline structure of metal organic frameworks [26].
Free ZIF-8 exhibit different morphologies synthetized under
same condition (displayed in Fig. S7a-d). Leaf-like structures
and rough spheres are obtained for free ZIF-8 instead of
needle-like structures for ZIF-8/urease. Results in Fig. 3c
shows that the composite achieved almost 100% loading effi-
ciency of urease when ratio of 2-MIM/Zn** is below 10:1.
However, a decrease tendency happens with a further increase
in ratio of 2-MIM/Zn**. Less than 50% of urease is encapsu-
lated in ZIF-8 when this ratio is 40:1.

The effect of initial concentrations of Zn**and 2-MIM were
also investigated. Briefly, the ratio of 2-MIM/ Zn*"is 4:1, and
the Zn>* concentrations range from 40 to 200 mM while con-
centrations of 2-MIM were changed from 160 mM to 800 mM
correspondingly. The morphologies of composites (320:80)
were observed by SEM. Popcorn and leaf-Like composited
are obtained as shown by SEM images (Fig. 3d-e and Fig.
S6d-f). Angles on structure of products decrease with

increasing initial Zn?*and 2-MIM concentrations. Popcorn-
shape composited are obtained when initial concentrations
of Zn** below 120 mM and 2-MIM below 480 mM, while
rough spheres are formed for control sample (Fig. S7e, f).
Leaf-like structures are formed with higher initial concentra-
tions (Fig. S7 g, h).

For urease encapsulation, increasing initial concentrations
lead to decreasing loading efficiency (shown in Fig. 3f). Full
enzyme encapsulation is achieved when Zn>* less than 80 mM
and 2-M1IM less than 320 mM. A dropping tendency of load-
ing efficiency occurs with raising initial concentrations. Less
than 40% loading efficiency is obtained for 200 mM of Zn**
and 800 mM of 2-MIM. The ZIF-8-enzyme interaction were
affected by interaction between Zn”* and carbonyl groups of
enzymes, which induces nucleation and growth of ZIF-8 with
low initial Zn** and 2-MIM concentrations. Higher Zn** and
2-MIM lead to lower enzyme encapsulation due to direct crys-
tal formation with less promotion of ZIF-8-enzyme
interaction.

ZIF-8/urease optical fiber modification

Integration of ZIF-8/urease as coatings on SCS structure leads
to functional sensing films. ZIF-8/urease were deposited on
SCS by in-site crystallization approach. Briefly, negatively
charged SCS fiber, modified by polystyrene sulfonate (PSS)
solutions, were immersed in reacting solution (Zn2+, 2-MIM
and urease) for 30 min. Transmission spectra for ZIF-8/urease
growth on fibers were monitored and displayed in Fig. 4a,
which shows that red shift of resonance wavelength happens
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Fig. 4 a transmission spectra of
single-mode coreless single-mode -40-
(SCS) with ZIF-8/urease along
with time; b SEM image of ZIF-8/
urease film on coreless fiber in
SCS structure after 60 min, scale
bar:20 um
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as reaction time increases, indicating formation of ZIF-8/ure-
ase film. A decrease of peak intensities happens due to RI
induced variation of coupling coefficient. The transmission
spectra of ZIF-8 growth on SCS has been shown in Fig. S8
for comparison. There is no significant change in transmission
spectra along with time for ZIF-8 growth on SCS (2-MIM/
Zn**: 80:20). The ZIF-8/urease composites can be formed
rapidly after mixing because of promoting nucleation of ure-
ase. For free ZIF-8, the process of crystal formation is greatly
delayed. Therefore, there is no obvious change of the trans-
mission spectra of ZIF-8 growth on SCS. SEM image in Fig.
4b shows successful deposition of uniform and dense ZIF-8/
urease film on fiber (2-MIM/ Zn**: 80:20). Modification mor-
phologies of modified Fibers with different initial 2-MIM/
Zn** were observed by SEM and shown in Fig. S9.

Urea analysis

The sensing mechanism of biosensor for urea is shown in
Fig. 5a. ammonia and carbon dioxide will be produced when
the urea is oxidized with urease in ZIF-8. The RI surrounding
SCS fiber changes with urea addition, leading to resonant
wavelength shifts.

Fig. 5 a experimental setup and a

mechanism for urea detection, b BBS OSA

corresponding resonant
wavelength shift with different

\/_/_N_d——\_j
urea concentrations (e
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The performance of SCS optical biosensor is calculated.
The sensor probe was exposed to various concentrations of
urea (range from 0 to 10 mM), and corresponding resonant
spectra were recorded (Fig. 5b) The SCS fibers coated with
ZIF-8/urease shows stronger wavelength resonance in com-
parison with fibers mixed with free urease and ZIF-8. ZIF-8/
urease is highly specific to detection of urea. There is only
about 1.2 nm and 0.15 nm wavelength shift for optical fibers
with free urease and free ZIF-8 respectively. The RI of 10 mM
urea molecules is 1.3329 at room temperature, while the RI of
DI water is 1.3328 under same conditions. There is little
change of RI for urea molecules at low concentrations.
Therefore, SCS fibers coated with free ZIF-8 show smaller
wavelength shift at low concentrations of urea. However, the
value for ZIF-8/urease coated SCS fibers is increased to
8.0 nm. It is noted that modified SCS shows a linear relation-
ship with urea concentrations range from 1 mM to 10 mM,
which covers biological range for human. To investigate
mechanism of resonance wavelength shift, it is significant to
know the interaction of urea molecules with urease at the
modified sensing layer. The hydrolysis of urea requires direct
contract between urease sensing layer and urea on optical
fibers. The concentrations of urea have an impact on hydro-
lytic rate. Accumulation and change of urea and products
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Fig. 6 Correlation of results of urea determination obtained using present
optical biosensor and conventional method

result in obvious increase interfacial thickness and RI of
biorecognition layer, which further results in red shift of wave-
length resonance. Negligible change in resonance wavelength
was observed without biosensing layer on SCS fibers,
confirming importance of biorecognition layer.

It is significant to apply the designed device in real sam-
ples. The response of this designed biosensor for urea in urine
was carried out and results are shown in Fig. S10. Since urine
contains far more urea than blood samples, the urine samples
need to be diluted before testing. There is a good relationship
between resonance wavelength and urea concentrations, indi-
cating the designed optical fiber has potential application for
urea detection in urine. Although there are some impurities,
the high dilution ratio of urine sample could reduce their ef-
fect. The composition of urine is simpler compared with plas-
ma. The proteins, peptides and other nutrients may have some
serious effect on test results, which need our further investi-
gation. The efficacy of optical sensor for urine samples was
also investigated and compared with conventional method
using urea assay kit. As shown in Fig. 6, urea concentrations
obtained by applying these two methods are statistically same,
which is calculated by student’s method. The correlation equa-
tion was: y=0.127 + 0.952x with correlation coefficient
0.972.

Table 1 displays sensing performance comparing with pre-
vious reports [36]. The sensitivity of our sensor is about

Table 1

Nanomaterial-based optical methods for the determination of urea

0.8 nm/mM, which is about 4 times higher than SPR method.
Compared with other studies by applying silica nanoparticles
or Ag/Au as coating matrices, the method applied realizes
narrower sensing range (1-10 mM), which covers biological
level for human blood urea between 2.8—7.2 mM. In-situ
growth of ZIF-8/urease ensure the film uniformity, which is
more difficult for spreading of polymer on optical fibers. The
large surface area and porous structure of ZIF-8 enhance en-
zyme loading and substrate diffusion in the matrix, as a result,
higher enzyme activity can be achieved. Previous studies have
demonstrated that metal organic frameworks show superior
protection for enzymes under harsh conditions [26, 31, 37].
ZIF-8 protection extends bioactive temperature range of ure-
ase compared with free urease. Therefore, the biorecognition
layers can not only realize selective urease identification but
also realize urease protection.

The diameters of CF show great influence for sensitivity of
SCS structure. Lower diameter achieves higher optical sensi-
tivity. However, the mechanical property of SCS structure
becomes breakable due to ultra-small diameters, which is the
big challenge for further applications. Therefore, how to im-
prove the stability of SCS needs further investigation. A lab-
on-a-chip system, integrating urea optical fiber biosensors
with microfluidic channels can be a feasible method, which
need our further investigation.

Conclusion

ZIF-8/urease was applied as a biorecognition layer on tapered
SCS optical fibers to achieve label-free urea detection in the
low concentration level. Tapered SCS structure was demon-
strated to be sensitive to surrounding refractive index whose
sensitivity is up to 2083 nm/RIU, the ZIF-8 crystals with high
surface area were applied to provide a favorable platform for
urease immobilization. The designed optical biosensor shows
a linear response with sensitivity of ~0.8 nm/mM at low urea
concentration range of 1-10 mM. Compared with other sen-
sors, the present sensor shows advantages in fast response,
label free detection and compactness. To overcome the signal
instability, this device can be integrated in a microfluidic chip
for further biosensing applications.

Materials used Immobilization method

Optical detection method

Sensing range ~ Urea Sensitivity References

Silica nanoparticles Covalent bonding
PANI/cellulose polyacetate
Auw/Ag

ZIF-8 (this method)

Encapsulation
Covalent bonding

Encapsulation

Reflectance spectrophotometric
UV/Vis spectrophotometric
SPR fiber biosensor

Optical fiber biosensor

5-500 mM About 0.39 a.u/mM [33]

1-10 mM - [34]

1-160 mM About 0.2 nm/mM [35]

1-10 mM About This work
0.8 nm/mM
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