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Abstract

Due to the specific cofactor dependence and the potent catalytic capability, DNAzymes
have shown great promise in the application of biosensors. However, it poses significant
challenges for researchers to enhance the sensitivities of DNAzyme-based biosensing
platforms. In this work, an ultra-sensitive, label-free, and quick-responsive DNAzyme
biosensor is developed based on whispering gallery mode (WGM) optofluidic resonator
with a hybrid amplification from liquid crystals (LCs) and Au nanoparticles (AuNPs).
When a DNAzyme is cleaved by biotargets, the event of DNA hybridization is triggered
and will result in the orientation transition of LC molecules (in the resonator core).
According to the quadruple amplification from the disturbance of AuNPs, the excess
polarizability of adhering biomolecules, the orientation variation of LC molecules, and
the WGM resonance, the spectral wavelength shift can be employed as the sensing
parameter to indicate the information of biotarget. L-histidine molecules are applied as
the analyte. An ultra-low detection limit at a sub-femtomole level (~ 5x107'¢ M) has
been achieved using this highly-selective biosensor, which is eight orders of magnitude
lower compared to the reported LC-based L-histidine sensor. In addition to L-histidine,
this proposed optofluidic scheme with LC-AuNP hybrid amplification can also extend

the applicability of DNAzyme-based biosensors for the detection of various molecules.
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1. Introduction

As one branch of catalytic nucleic acids, DNAzymes have the capability of accurate
specific substrate recognition and efficient sequence-specific cleavage in the presence
of cofactors to activate cleavage reactions’2. Furthermore, DNAzymes exhibit the
advantages of low cost as well as high flexibility and chemical stability. These make
DNAzymes a promising platform for biosensing. Many research works have shown
broad applications of DNAzymes in detecting metal ions,*® small biomolecules”, and
bacterial®, accompanied by investigations on a series of detection methods, e.g.
fluorescence, colorimetry, surface-enhanced Raman  scattering (SERS),
electrochemistry etc.!! However, previous DNAzyme-based sensors were severely
constrained with the low limit of detection (LOD) due to the strong background
interference. Therefore, in order to enhance the sensitivity of DNAzyme-based
biosensors, it is of great importance to develop a reliable, simple, and quick-responsive
approach, that can overcome the environmental interference and can further realize the
signal amplification.

The whispering-gallery mode (WGM) is a surface mode, which enables interaction with
targets near the surface of the optical resonance based on the extension of the
evanescent field and the total internal reflection at the boundary. Taking the merit of
high quality factor (Q factor, the ability to store energy), strong evanescent field, and
small mode volume,'> WGM resonators exhibit an outstanding background rejection
capability and a high sensitivity. Based on these remarkable advantages, in recent years,
WGM resonators have attracted much research attention and have been extensively
investigated in the sensing field.!*!> Such WGM cavities, which can provide strong
optical feedback, are held or surrounded by bio-analytes/materials.'® In addition, as an
emerging branch of quickly-responsive, highly-sensitive, and low-cost materials, liquid
crystals (LCs) have also been developed to form WGM micro-resonators for the
biosensing detection.!” The subtle molecular events and external stimuli at interfaces

are able to trigger the orientation transitions of LC molecules. LC molecules at the
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interface can communicate their orientations (within 100 um!®) to further enhance the
spectral signal responses from WGM sensors. Consequently, LC-amplified WGM
biosensors are considered as potential candidates for implementing ultra-sensitive and
portable platforms. So far, LC WGM resonators presented in previous studies are
mainly formed by LC droplets and LC coated micro-fibers. !> 15 1921 However,
with the aspect of LC structures, they are easily affected by (when they are exposed to)
the environment (for example, liquid medium evaporation). This prevents applications
of LCs in long-term or multiple measurements. Prosperously, LC-filled optofluidic
WGM micro-resonator can provide an efficient, stable, and label-free transduction
solution with an ultra-high sensitivity for challenging DNAzyme-based biosensors.

In this paper, we developed a DNAzyme-based biosensor employing an LC-AuNP
hybrid-amplified optofluidic ring resonator for the biological detection. The
microcavity with a sufficiently thin (~ 4 um) capillary wall can well allow the entry of
the WGM to the core, and this can strengthen light-matter interactions. Since
DNAzyme is extensively used in biosensing applications, L-histidine molecules, which
can specifically cleave the designed DNAzyme, have been employed as an example
biotarget to present and characterize the performance of this platform. The capture
probe (ssDNA) decorated internal surface of the microcavity can promote a
homeotropic orientation of LC molecules (filled in the capillary). With the release of
the partial substrate (a fragment of DNAzyme after cleaved by L-histidine), the DNA
hybridization is realized and it changes the surface topology. This can trigger the
orientation transition of LC molecules. According to the impact of the excess
polarizability of biomolecules on the surface and the orientation transition of LC
molecules, small variations in L-histidine molecules can be amplified and monitored
via the ultra-sensitive wavelength shift of the WGM spectrum. In addition, it has also
been demonstrated that AuNPs linked with the partial substrate can further amplify the
alignment transition of LCs and the change of the signal in the WGM spectrum. Our
results show that the spectral shift scales with the increment of the concentration of

biotargets, and L-histidine molecules at a sub-femtomole level (approximately 5x1071
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M) can be detected, which is eight orders of magnitude better compared to the reported
record from LC-based L-histidine sensor??. This sensing platform, with an ultra-low
sensitivity, not only exhibits an excellent selectivity but also provides more parameter
adjustment approaches in the application of optical biosensing. Moreover, our biosensor
can act as a multi-functional platform and can be extended to detect other molecules
(specific to DNAzyme), by simply changing the sequence of DNAzyme. This platform

thus offers a promising solution for the label-free molecular detection.

2. Materials and Methods

2.1 Chemicals and materials

In the fabrication of the microfluidic device, the silica capillary was purchased from
Polymicro Inc. (#TSP250350). The nematic LCs, 4'-Pentyl-4-biphenylcarbonitrile
(5CB, #P11553) and Sodium cyanoborohydride (NaBH3CN, #S105661), used in the
experiment, were purchased from Aladdin Co., Ltd. L-histidine(#H0020). L-
phenylalanine (#P0010), L-lysine (#L0010), Glycine (#G8200), Sodium chloride (NaCl,
#S8210), Tris-HCI buffer (pH=7.4, #T1090), and Sodium dodecylsulfate (SDS, #S8010)
were provided by Solarbio Science & Technology, Co., Ltd. L-tryptophan (#L.818799),
D-histidine (#D810956), 2X Saline Sodium Citrate Buffer (2 x SSC, #X861541),
Magnesium chloride (MgClz, #M813763), and AuNPs (particle diameter: 10 nm,
#G820969) were purchased from Macklin Biochemical Co., Ltd. Both Tris(2-
chloroethyl) Phosphate (TCEP, #T065A) and  Dimethyloctadecyl|3-
(trimethoxysilyl)propyl]Jammoniumchloride (DMOAP, #A-FF032) came from
Xianding Biotechnology Co., Ltd. Triethoxysilybutyraldehyde (TEA, #SIT8185.3) was
purchased from Gelest, Inc. The designed oligonucleotides (including DNAzyme and
the capture probe)??> were synthesized by Sangon Biotech Co., Ltd. The sequences of
oligonucleotides are listed in Table S1. The DNAzyme consists of a substrate strand, a

polyT sequence and an enzyme sequence, and the rA (a sessile riboadenine, marked in
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red) in the DNAzyme denotes the cleavage site. In addition, sections marked in blue in
two probes are complementary. A syringe pump (#SPLab01) from Shenchen Precision

Pump Co., Ltd. was employed for the liquid injection.

2.2 Preparation of microcavity and fiber taper

According to our previous work,? the fabrication of the microcavity (with a shape of
the microbubble) can be divided into two steps: (1) Capillary stretching. With the
assistance of the oxyhydrogen flame (with a diameter at the centimeter level), the silica
capillary was heated and could be further stretched. (2) Capillary expanding. Under the
real-time monitoring, the capillary was expanded to a microbubble shape using a
smaller hydrogen oxide flame with a diameter of the millimeter-scale and a pressure
control device. In addition, the wall thickness of the capillary plays an important role
in the signal enhancement, which can be controlled by the capillary stretching length,
the pressure in the capillary, the outer diameter of the microcavity, and the size of the
flame. Herein, the microcavity resonator with an outer diameter of 190 um and a wall
thickness of 4 um was obtained (Figure S1(a)). To realize the evanescent field coupling,
the fiber taper with a waist diameter of 1~2 um was produced employing the flame

heating-stretching technique.

2.3 Internal surface of the microcavity treatment and functionalization

To produce the original homeotropic alignment of LC molecules, the microcavity was
treated by 0.5% (v/v) DMOAP solution at RT for 10 mins, and was cleaned with the
deionized water for 1 min. Then, an aqueous solution containing 1% (v/v) TEA and 0.5%
(v/v) DMOAP at 55 °C was used to decorate the internal surface (to help immobilize
capture probes) for 1 h, and the microcavity was rinsed with the deionized water again.
For the immobilization on the surface, capture probes were dissolved in a 20 mM Tris—
HCI buffer solution (pH= 7.4), which contains 100 mM MgClz and 10 mM NaBH3;CN.
After the incubation at 37 °C for 2 h, the buffer solution (2 x SSC) including 0.1% (v/v)
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SDS was used to eliminate non-bonded capture probes. 100 mM glycine was injected

into the microcavity to block the excess aldehyde group sites subsequently.

2.4 Hybridization between capture probe and AuNPs-modified DNAzyme

At first, through a typical salt-aging protocol,?* ?* thiolated DNAzymes attached with
AuNPs were synthesized by derivatizing an AuNPs solution with DNAzymes
(including 5 uM TCEP). After standing for 24 h, 100 mM NaCl was stepwise added to
the DNAzyme-AuNP conjugates for another 40 h. Excess reagents were removed via a
centrifuging operation at 8000 rpm for 20 mins, and then the DNAzyme/AuNP mixture
was dispersed in 10 mM Tris-HCI buffer (pH=7.4, containing 50 mM NaCl and 5 mM
MgClz). Next, various concentrations of L-histidine were added into the above
DNAzyme-AuNP conjugates (100 nM), and they were employed to functionalize the
microcavity surface immobilized with the capture probe at RT for 1 h. Finally, the
unbonded probes were washed by the buffer solution (2 x SSC) including 0.1% (v/v)
SDS.

2.5 LC optofluidic biosensor for L-histidine detection

A lower flow rate of LCs can help enhance signals from the variation of LCs in the
biomolecular detection. ¢ In this study, LCs were injected into the DNAzyme-modified
microcavity with a speed of 0.7 pL/min to ensure an efficient molecular interaction.
After the arrival of LCs, UV glue was used to seal both ends of the capillary to keep the
balance of the air pressure and to mitigate the impact of LC flow on the spectrum. Then

the recording of the WGM spectrum was started 10 s later.

2.6 Optical setup

To capture polarized images, the microcavity was sandwiched by two cross polarizers,
and a microscope (Coic DSZ2000X) with a charge-coupled device camera (Obvious
U3CCD) was used. For the optofluidic biosensing platform, the input laser beam,

ranging from 1565 nm to 1580 nm, generated by a tunable laser (Keysight 81607A),
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was coupled into the optofluidic resonator. The output spectral signal was received by

a powermeter (Keysight 81636B).

3. Results and Discussions

3.1 Principle and Design of the DNAzyme-based Sensor with LC-AuNP Hybrid

Amplification

In our work, a simple and specific DNAzyme-based sensor for the L-histidine detection
(as a proof-of-concept) is developed, based on the DNA hybridization, the reorientation
of LC molecules and the AuNP amplification. (1) DNA hybridization. A substrate strand
(from the DNAzyme) containing a ribo-adenine (rA, the recognition site) can be
cleaved by L-histidine and was broken into two sections, as seen in Figure 1(a). Then,
the fragment, called partial substrate and linked with AuNPs, can dissociate from the
DNAzyme and hybridize with the capture probe (ssDNA, a complementary strand
decorated on the internal surface of the microcavity) to form the dsDNA on the glass
surface. (2) LC sensing. LCs, as a branch of potential materials, are sensitive to the
interfacial variation. Reported studies have demonstrated that the surface topology can
affect the orientation transition of LC molecules?’”. DMOAP/TEA (with alkanes)
decorated on the internal surface of the microcavity can form a self-assembly
monolayer (SAM) film and can trigger the homeotropic alignment of LCs. Due to the
aldehyde groups of TEA, amine-labeled ssDNA can be immobilized on the glass
surface through covalent bonds. With appropriate strand length?® and surface
coverage?® on the surfaces, ssDNA can also contribute to the homeotropic alignment of
LC molecules due to its linear and flexible chain (longer than that of LC molecules).
By contrast, dSDNA can trigger the planar orientation of LC molecules. Therefore,
when L-histidine molecules enter the microcavity, a homeotropic-to-planar orientation
transition of LC molecules will occur due to the DNA hybridization (Figure 1(b)). (3)

AuNPs amplification. In addition, AuNPs linked with the partial substrate can further
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disturb the orientation of LC molecules and amplify the signal. Based on the optical
anisotropy of LC molecules, under the POM observation, the polarized image of the
LC-AuNP hybrid-amplified microcavity varies accordingly. Polarized images under
various concentrations of L-histidine can be found in Figure S1(b). According to the
variation in these polarized images observed by the naked eye, the concentration higher
than 510712 M L-histidine can be distinguished. However, for the concentration (of L-
histidine) lower than 5x10-12 M, it is very difficult to estimate the small variation in the

orientation of LC molecules. Therefore, a more sensitive detection method is essential.

With merits of small mode volume, high Q factor, and strong evanescent field from
passive WGM cavities, we have implemented a DNAzyme-based and LC-AuNP-
hybrid amplificated WGM sensing system to explore a simple, ultra-sensitive, and real-
time detection scheme. In Figure 1(b), the microcavity (with the shape of microbubble)
can form a WGM optofluidic resonator with the assistance of the fiber taper. To realize
the phase matching and the overlap of evanescent electromagnetic fields, a tunable
bracket was employed to adjust the gap between the fiber taper and the micro-resonator.
A tunable laser was coupled to the optofluidic resonator via the fiber taper (with an
ultra-high coupling efficiency), and then the optical signal was received by the
powermeter (Figure S2). Compared to the WGM resonator formed by the LC droplet,!”
this LC-based biosensing platform is covered by a silica shell to overcome external
disturbances (for example, the evaporation of the aqueous solution) and can provide a
stable environment for LCs. This is beneficial to long-term or multiple measurements.
To characterize this optofluidic, the free spectral range (FSR), as an important
parameter of WGM resonator, is measured to be 2.5 nm (Figure 2(a)). As illustrated in
Figure 2(b), the electromagnetic profile exhibits the light intensity is mainly focused
in the LC region (due to the high refractive index of LC molecules), and first-order and
second-order polarization modes are formed. According to theoretical calculations of
optical modes,* 3 WGMs from the optofluidic resonator are well-fitted with the first-

order (mode number from 617 to 622), and the second-order (mode number from 605
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to 610) TM polarization modes. Owing to stimuli from biological analytes at the
interface, the orientation transition of LC molecules will result in the wavelength shift
of the WGM spectrum. After the addition of 510”7 M L-histidine, in Figure 2(c), the
shifting behavior of WGM emissions were monitored for 7 mins. An interesting
phenomenon is realized that a redshift can be observed in the first 0.5 mins, then valleys
show a blue shift tendency until the spectrum becomes steady (we will discuss it in
Section 3.3). Correspondingly, the polarized image of LCs also exhibits an orientation
transition from homeotropic to planar. This indicates that the optofluidic spectrum can

characterize the biotarget information.

3.2 The effect of AuNPs on WGM spectrum signal enhancement

Due to the good biocompatibility and the interaction with biotargets, nanoparticles are
widely used in the labeling of biomolecules and the biosensing field. Previous studies
have demonstrated that the orientations of LCs are remarkably sensitive to the variation
of the interfacial topography.?”-3® Compared to volumes of L-histidine and DNA chains,
AuNPs exhibit a large size (diameters of ~10 nm) and can significantly change the
topology of the surface to facilitate the orientation transition of LC molecules. To
explore the effect of AuNPs on the WGM spectrum signal enhancement of LC-based
biosensors, AuNPs were linked with DNAzyme to characterize and to amplify the event
of DNA hybridization between the partial substrate (as the fragment of DNAzyme) and
the capture probe. After cleaved by L-histidine, partial substrates bonded with AuNPs
dissociate from the DNAzyme and hybridize with the capture probe to form the dsDNA.
At first, we exhibited traces of WGM spectral responses in the LC-based microcavity
with/without the assistance of AuNPs at the concentration of 5x10”7 M L-histidine, as
seen in Figure 3(a). The group with AuNPs enhancement triggers a more significant
wavelength shift and needs more time to stabilize the spectrum, because the orientation
of LC molecules was further disturbed by AuNPs. As shown in Figure 3(b), the total

wavelength shifts of WGM spectra (defined as the absolute value of red shift plus the

10
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absolute value of blue shift, details on the calculation of the total wavelength shift in
this study can be found in Figure S3) under various concentrations of L-histidine (at
5x107 M, 5x107!2 M, and 5x10°!> M) were tested and recorded, respectively. For the
group without AuNPs, although various and reliable wavelength shifts can be triggered
at the concentrations of 5x107 M and 5x10"'> M (for L-histidine), it is difficult to
monitor the spectral responses at the extremely low concentration (e.g. 5x1071° M L-
histidine). As a comparison, not only the WGM spectrum from AuNPs-amplified LC
sensing platform can respond to 5x107!1> M L-histidine (a total wavelength shift of 0.19
nm), the spectral shifts also become more significant than groups without the use of
AuNPs enhancement, for the same concentration of L-histidine. By changing the
topological structure, AuNPs linked with the partial substrate can greatly promote the
orientation transition of LC molecules in the micro-resonator, and can thus enhance the
scale of the resonant wavelength. It can be found that AuNPs signal amplification

technique improved the sensitivity LC-based sensing platforms significantly.

3.3 DNAzyme-based optofluidic biosensor for L-histidine detection

Based on the previous section, here we have also investigated the applicability of
DNAzyme-based LC optofluidic biosensors (including AuNPs amplification) for the
molecular detection. Figure 4(a) describes the spectral response of the LC microfluidic
platform with 5x10° M L-histidine, where a significant wavelength shift can be
observed. As a control experiment, when 0 M L-histidine group was applied (Figure
S4), there was no significant spectral response observed (< 0.1 nm). This indicates that
our platform produces a stable and reliable biosensor.

Then we studied the WGM spectral responses of the DNA zyme-based LC microfluidic
under different concentrations of L-histidine. As shown in Figure 4(b), traces of WGM
spectral wavelength responses with respect to several representative L-histidine
concentrations (5x107 M, 5x108 M, 5x10° M, 5x10°"' M, 51013 M and 5x107'® M)

have been monitored, respectively. According to all collected data, WGM spectra were

11
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found to become steady after 6 mins. Herein, we recorded the wavelength shifts for a
time period of over 7 mins, to include the equilibrium of LC microfluidics. The red-
shift tendency was recorded as a positive number, and the blue-shift tendency was
recorded as a negative number. All these concentrations showed similar tendencies, i.e.
the red shift at first, then the blue shift. For the WGM micro-resonator, owing to the
disturbed effective refractive index, the resonant wavelength can change accordingly,

which can be described by the following equation:

/‘{Tes

On one hand, the resonant wavelength of WGMs is extremely sensitive to the surface
dielectric material. For the biomolecular random absorption, the wavelength shift scales
proportionally with the biomolecular surface density and the excess polarizability, due
to the light-matter interaction. Therefore, with the appearance of L-histidine and DNA
hybridization on the surface, the increasing surface atomic thickness and the interaction
between the evanescent field of the WGM and biomolecules contribute to the
perturbation in the energy of a single-photon resonant state and the initial red shift
tendency of spectral responses. On the other hand, it has been demonstrated that the
WGM is a transverse magnetic (TM) mode, which is in agreement with the structure of
LCs inside the micro-resonator.’!: 32 With the addition of LCs, the DNA hybridization
will result in the orientation transition of LC molecules, from homeotropic to planar. It
is known that the optical anisotropy leads to two different refractive indices (i.e., the
ordinary, n,, and the extraordinary, n.). Without L-histidine, the TM mode along the
long axis of LC molecules (with the homeotropic alignment, also called the radial
alignment) experiences the extraordinary refractive index (for 5CB, n.~ 1.67). In
contrast, the DNA hybridization can promote the planar orientation of LC molecules,
and the TM mode responds to the ordinary refractive index (for 5CB, n,= 1.51) during
its circulation. According to the orientation transition of LC molecules, the WGM
spectral responses follow the variation of the refractive index of LCs, from 7. to n,, and
exhibit a blue shift tendency in the subsequent measurement period. Therefore, these

two factors (biomolecular absorption and orientation transition of LC molecules) have

12
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triggered the WGM spectral shift and amplified the event of the appearance of L-
histidine. Moreover, according to Figure 4(b), we further find that both the red shift
and the blue shift tendencies increase with the concentrations of L-histidine.

Since the red shift and the blue shift occur together in most cases, to monitor the WGM
spectral responses derived from various concentrations of L-histidine, it is reasonable
to calculate the total wavelength shift. Accordingly, we have recorded total wavelength
shifts of WGM spectra with respect to different concentrations of L-histidine, as plotted
in Figure 4(c), where X-axis represented the concentration of L-histidine in a
logarithmic scale and Y-axis employed a linear scale. It can be found that the total
spectral response increased monotonically with the increment of the L-histidine
concentration. We also fitted and calculated the calibration curve, which can be used as
a calibration reference in the future for L-histidine sensing and quantification (the blue
curve in Figure 4(c)). The detected maximum wavelength shift is approximately 3.43
nm under 510”7 M L-histidine. Eventually, the minimum concentration to obtain the
observable spectral shift is approximately 0.5 fM (5x10'® M). Compared to
conventional POM approaches (with AuNPs amplification), where only 5x1071> M and
above can be detected, the limit of detection of our LC based WGM microfluidic system
can achieve a sub-femtomole level (per liter) for the detection of L-histidine. This offers
an improvement in the detection sensitivity by four orders of magnitude. The difficulty
in distinguishing the orientation transition of LC molecules by the naked eye can now
be easily overcome by the use of the WGM spectrum. Furthermore, the repeatability
and reproducibility characteristics endowed the sensor with the capability of long-term
detection of subtle biological signals. As seen in Figure S5, different concentrations of
L-histidine (5x1077, 5x10712 and 5% 1071 M) were continuously and cyclically monitored
via the micro-resonator. Highly repeatable and stable spectral signal responses
demonstrated the excellent performance of this sensing platform. Our results have
demonstrated that, based on the transduction method of the WGM spectrum, the
DNAzyme-based LC optofluidic scheme provides an ultra-sensitive sensing platform

for the L-histidine detection. Due to wide applications of DNAzymes, we can envisage

13
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that this sensing approach has great potential in detecting a series of metal ions and

neutral molecules.

3.4 Specific detection capability of DNAzyme-based L.C optofluidic biosensor

In addition to its extremely high sensitivity, this DNAzyme-based LC sensor also
exhibits high selectivity. To demonstrate the anti-interference capability against other
biotargets with structures similar to the L-histidine molecule, as displayed in Figure 5,
we have also investigated the WGM spectral responses of the LC sensor after the
addition of D-histidine, L-phenylalanine, L-lysine and L-tryptophan with the same
concentration of 5x107 M (all were diluted from standard samples), respectively. In
contrast with 5x107 M L-histidine, these foreign amino acids cannot lead to a
significant wavelength shift, and their effects on the detection of L-histidine are almost

negligible.

3.5 Detection of L-histidine in urine samples

To study the practical applicability, diluted urine samples (diluted by 10° times) were
employed in this developed optofluidic platform, and the concentration of L-histidine
under detection can be quantified via the calibration curve shown in Figure 4(c). As
seen in Table 1, L-histidine with a concentration of 672 uM was detected in the original
urine sample (i.e., 6.72 nM in the diluted sample), which was consistent with the normal
range in the human urine. In addition, L-histidine with concentrations of 1 nM, 5 nM
and 50 nM, were added into the diluted urine separately. Recovery rates of 98.7% for 1
nM, 103.2% for 5 nM, and 104.3% for 50 nM have been achieved. These results
demonstrated a strong feasibility of this purposed DNAzyme-based biosensor in the

detection of real biosamples.

4. Conclusions

14
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In this work, we have developed a DNAzyme-based optofluidic biosensor using LC-
AuNP hybrid amplification for detecting biomolecules with ultra-high sensitivity.
Along with the DNA hybridization, the orientation transition of LC molecules (from
homeotropic to planar) has been investigated. Owing to the dual effect from the excess
polarizability of the adhering biomolecules and the orientation variation of LC
molecules, the WGM spectral shift will be triggered to amplify and indicate the
information of biotargets. The AuNPs linked with DNAzyme can further disturb the
alignment of LC molecules, which results in a more significant shift of the spectrum.
Herein, L-histidine has been chosen as the biotarget the under test. Results demonstrate
that the total wavelength shift shows a sensitive and monotonic performance with the
change in the concentration of L-histidine. With a limit of detection of 5x10°1® M (L-
histidine), this optofluidic biosensing platform can realize the sensitivity at a sub-
femtomole level, which means an improvement by four orders of magnitude compared
to the sensitivity in the POM method (with AuNPs amplification). It is also verified that
this developed biosensor exhibits good selectivity for the L-histidine detection due to
the high specificity between the designed DNAzyme and the L-histidine. This sensing
platform provides a label-free, quick-response, and highly-sensitive detection solution
for analyte analyses. It is expected that the microfluidic sensor with a thinner wall (< 4
um) could in principle provide even higher sensitivity for the L-histidine detection. To
improve the detection efficiency, real-time image processing (e.g. correlation operation)
can be employed to replace manual computations and to realize the spectral analyses.
In addition, according to wide applications of DNAzyme, this LC-AuNP hybrid-
amplified optofluidic transduction platform can also be employed to detect other
biomolecules, if they are specific to DNAzyme. We envision that this proposed scheme
could provide new solutions in the detection of biomolecules, with a lower limit of

detection than that of conventional methods.
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Figure 1 Schematic and principle of DNAzyme-based biosensor with LC-AuNP hybrid
amplification for L-histidine detection. (a) DNAzyme can be specifically cleaved by L-
histidine molecules and release the partial substrate (linked with the AuNP), which can
hybridize with the capture probe (the complementary strand) to form dsDNA. (b) (Top)
The capture probe immobilized on the internal surface of the microcavity can promote
the homeotropic orientation of LC molecules. With the addition of the partial substrate
and the formation of dsDNA, the surface topology was changed, and this led to the
orientation transition of LC molecules from homeotropic to planar. (Bottom)
[lustration of the transduction method of the DNAzyme-based biosensor by LC-AuNP
hybrid-amplificated optofluidic resonator. The fiber taper was employed to produce
WGMs.

20



© 0O N O o & W N

[EE
(@]

Figure 2

(a) (b) 3
) 0 min
-6 6
3 £
m =
T 9t Z gt
c
S o
k=] =
@ 2]
k%] é
5 12 b @ 12
g FSR E ™Moo ™20, TMZ,, 2 g2
= ] M] 608 607" T \1(]”() IM?)OS
A5k o
s , 022 TMg; | |
FSR ™2/, 621 TMgyy TMgi9 |
) 1\1(18
18
Mg17
-18 NI -18 L .
1570 1573 1576 1565 1570 1575 1580
Wavelength (nm) Wavelength (nm)
(c)

Wavelength (nm

Time (min)

P . —
e Sy ~ S

Figure 2 (a) WGM spectrum from LC-amplified optofluidic resonator, from which the
FSR can be estimated to be 2.5 nm. (b) Electromagnetic profiles of WGMs supported
by the DNAzyme-based optofluidic resonator with LC-AuNP hybrid amplification
(left), and optical modes corresponding to the first-order TM polarization modes from
617 to 622 and the second-order TM polarization modes from 605 to 610 (right). Scale
Bar: 15 pm. (¢) WGM spectrum from LC-AuNPs hybrid amplified optofluidic
resonator was continuously monitored for 7 mins at 5x107 M L-histidine. The
wavelength exhibited red shift at first and then blue shift until stabilization. During this
period, the polarized image of the microcavity also varied.
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Figure 3 Effect of the AuNPs amplification technique on the DNAzyme-based LC
biosensing platform. (a) Traces of WGM spectrum from the microcavity under 5x1077
M L-histidine with/without AuNPs amplification. (b) Total wavelength shifts of WGM
spectra from the sensing system under various concentrations of L-histidine (51077 M,
5x1012 M, 5x107'> M) in the case of with/without AuNPs, respectively.
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5 monitoring of the WGM spectral shift of the biosensor at various L-histidine
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Figure 5 Relative spectral response of the DNAzyme-based, LC-AuNP hybrid-
amplified optofluidic biosensor against different amino. (All other compounds have a
concentration of 5x107 M).
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Table 1 Recovery experiments of determination of L-histidine in urine samples. (n =
3).

Spiked (nM) Found (nM) Recovery (%)
0 6.72 -
1 7.62 98.7
5 12.09 103.2
50 59.16 104.3
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2 Support Information

Capture Probe  |NHz2-(CH2)s-TTTTTTCCGTCACATGATCTATGT

SH-(CH,)6-
AGATCATGTGACGGACATrAGGAAGAGATGTTTTTTTT
TTCATCTCTTAACGGGGCTGTGCGGCTAGGAAGTAAT
GTCCTCC

DNAzyme

5

6  Table S1 The synthesized oligonucleotides (5'-3").
7
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Figure S1 (a) Bright-field of LC-filled microcavity with a shape of microbubble. (b)
Polarized images of DNAzyme-based, LC-AuNP hybrid-amplified microcavity under
various L-histidine concentrations (from 5x10°'® M to 5x10-7 M, and 0 M as a control
group). Scale bar: 100 um.
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Figure S2 Illustration of the transduction method of DNAzyme-based biosensor by LC-
AuNP hybrid-amplificated optofluidic resonator. To realize the phase matching and the
efficient coupling, the tunable bracket was employed to adjust the gap between the
micro-resonator and the fiber taper (as an evanescent-wave coupler). A tunable laser
was guided to the resonator via the fiber taper to produce WGMs. Corresponding WGM
spectral signals were recorded by the power meter.
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Figure S3 The definition of the total wavelength shift. The total wavelength shift can
be calculated by the sum of the absolute value of the red-shift and the absolute value of
the blue-shift. The red-shift equals the Y-axis coordinate of point A (i.e, the distance of
the red line); The blue-shift equals the Y-axis coordinate of point A minus the Y-axis
coordinate of point B (i.e, the distance of the blue line).
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Figure S4 WGM spectral signal of LC-AuNP hybrid-amplified optofluidic biosensor
under a control experiment (0 M L-histidine) at 0 min and 7 mins.
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Figure S5 The spectral responses from the micro-resonator when it was continuously
and cyclically exposed to different concentrations of L-histidine (5x1077, 5x1071? and
5x10°1°M).
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