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Abstract—Microbubble whispering-gallery resonator with the
intrinsic microfluidic channel is a promising platform for biochem-
ical sensing due to their ultrahigh quality (Q) factor and ultralow
detection limit. In this work, we realize a packaged microbub-
ble resonator (PMBR) of ultrahigh-Q factor (~3.52 x 10°) in a
moisture curable polymer for practical applications. The long-term
stability and thermal response of a PMBR are measured. Further,
we demonstrate the dynamic hydrogel gelation transition from
hydrophilic to hydrophobic state by detecting the resonant wave-
length shift and mode broadening in a filled PMBR simultaneously.
The refractive index changes of hydrogel during the transition is
explicitly modelled. Our work shows the versatility of PMBR for
practical optical sensing and may open a new route to microfluidic
dynamic reaction.

Index Terms—Hydrogel gelation, microcavities, WGM

resonator, packaged microbubble, optical sensing.

1. INTRODUCTION

PTICAL microresonator sensing is widely used in
O environmental monitoring [1]-[3], biological/chemical/
physical sensing [4]-[7] and medical diagnostic [8], [9]. Par-
ticularly, whispering gallery mode (WGM) resonators are con-
sidered as the most promising system in the field of ultrasen-
sitive and label-free biochemical sensing due to their ultrahigh
quality (Q) factor, small mode volume and ultralow detection
limit [10]-[19]. So far, various WGM resonators have been
utilized for biochemical sensing, such as microspheres [9], [20],
microtoroids [21], and microrings [22], [23]. Several different
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coupling schemes are proposed for coupling light in/out to these
WGM resonators, including prims, angle-polished fibers and
fiber tapers [24]. While the fiber tapers enable high coupling
efficiency (> 95%), the long term stability of the resonator-
taper coupling system is inevitably limited by the fragility of
fiber tapers, the susceptibility to the pollution from the ambient
environment and the mechanical drift of coupling system.

Packaging coupling system has been demonstrated as an
effective technique to improve the stability of near-field coupler.
At present, several packaging schemes for WGM resonators
including microtoroids [25], [26], microspheres [27], [28] and
droplet resonators [29] have been proposed. However, packaging
WGM resonators in polymers makes them difficult to interact
with outside target analytes. In contrast to the solid-core res-
onators mentioned above, the microbubble resonator (MBR)
has the inherent hollow channel, which enables microfluidic
biological/chemical sensing [30]. Moreover, the packaged mi-
crobubble resonator (PMBR) can be easily immobilized in a
box, enabling a wider range of practical applications in various
surroundings [31].

Here we experimentally realize a robust and ultrahigh-Q
PMBR for practical optical sensing. The MBR and fiber taper
are packaged in a moisture curable polymer with low refractive
index of ~1.33 (in visible spectra). The long-term stability and
thermal response of a PMBR are demonstrated. Moreover, the
PMBR is used for in situ measurement of hydrogel hydrophilic-
hydrophobic transition by continuously monitoring both the
WGM wavelength shift and linewidth broadening, which results
from the changes of refractive index and light scattering of the
hydrogel, respectively [32]. The refractive index changes of hy-
drogel during the transition process is explicitly modelled. Our
work steps further for optical microfluidic sensing in practical
scenarios.

II. FABRICATION AND EXPERIMENTAL SETUP

The measurement system of hydrogel sensing is shown in
Fig. 1(a). In our experiment, the fabrication of MBR includes two
steps: First, a silica capillary with diameter of ~30um are drawn
through heat-and-pull method. Next, two counter-propagating
CO; laser beams focus onto the internally pressured capillar-
ies [33], and an MBR with intrinsic Q factor of more than 107 is
formed. The WGMs are excited by a tunable laser at wavelength
of ~780 nm through a coupling fiber taper. The transmission
spectra are collected by an electrical photodetector (PD) and
recorded by a data acquisition system (DAQ). Fig. 1(b) shows
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Fig. 1. (a) Schematic of the experimental setup. Light from tunable laser (TL)
is evanescently coupled into a packaged microbubble resonator (PMBR) via
a fiber taper. FPC: fiber polarization controller, PD: photodetector, DAQ: data
acquisition system. Inset: Photograph of packaged microbubble-taper coupling

system and CCD image of microbubble filled with hydrogel. Scale bar: 50 pm
(b) Schematic of of sequential packaging process.

the sequential process of packaging the MBR. Firstly, the relative
position between the MBR and fiber taper is tuned to achieve
optimal coupling with the assistance of the CCD camera and
optical transmission spectra. Next, small droplets of moisture
curable polymer (MY Polymers, Israel, MY 133 MC) is dropped
onto coupling position while monitoring the transmission signal
in real time. The polymer curing requires around 1 hour, which
enables us to modify and maintain optimal coupling until the
polymer is solidified. Then, more polymers are dropped to cover
the whole coupling system. After around 24 hours in air, the
packaged system is solidified, achieving a robust and portable
PMBR as shown in the inset of Fig. 1(a).

III. RESULT AND DISCUSSION
A. Performance of PMBR

Fig. 2(a) shows the transmission spectra of a PMBR. The
typical Q-factor of 3.52 x 10% is obtained via Lorentz fitting
of the transmission spectra at wavelength near 779.06 nm, as
shown in Fig. 2(b). In our platform, the PMBR keeps stable for
hours since the resonator-coupler system is well insulated from
the surroundings by the thick polymer coatings. To demonstrate
the stability of PMBR, we monitored the resonant wavelength
shift and corresponding linewidth change of an air-filled PMBR
at room temperature as shown in Fig. 2(c). The maximum
wavelength shift and linewidth change of PMBR are 0.32787 pm
and 0.01287 pm, respectively. As for the thermal response
of PMBR, a thermo-electric cooler (Meerstetter Engineering,
resolution <0.01°C) is employed to heat the PMBR, and the
resonant wavelength shift is monitored as shown in Fig. 2(d).
The resonant wavelength shift is mainly contributed by the
thermo-optic and thermal expansion effect of silica and encapsu-
lating polymer [34]-[36]. The black line in Fig. 2(d) shows that
the resonant wavelength experiences a blue shift of 61.20 pm
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Fig.2. (a) Transmission spectra of PMBR. (b) Zoom-in-view spectra near the

wavelength of 779.06 nm in (a). (c) Real time stability of the proposed PMBR.
The maximum linewidth broadening and wavelength shift are 0.01287 pm,
0.32787 pm, respectively. (d) Thermal response of PMBR. Resonant wavelength
experiences a blue shift (black line) of 61.20 pm when temperature is increased
from 30 °C to 35 °C with step of 0.5 °C, and a red shift of 56.76 pm (red line)
when temperature is decreased from 35 °C to 30 °C with step of 0.5 °C.

when the temperature is increased from 30 °C to 35 °C with
step of 0.5 °C, implying the negative thermo-optic response of
the polymer considering the positive thermo-optic effect of the
silica. Then, the temperature is decreased to be 30 °C with the
same step and the resonant wavelength experiences a red shift
of 56.76 pm (red line in Fig. 2(d)), which shows an excellent
reversibility of PMBR for temperature sensing. Moreover, the
temperature sensitivity of 12.24 pm/°C and 11.35 pm/°C for
increased and decreased temperature are obtained respectively
by linear fitting.

B. Dynamic Hydrogel Sensing With PMBR

As a biomaterial, hydrogel has been widely used in the field
of medical science such as drug delivery, nucleic acid assays
and cell culture [37]-[39]. Various methods are proposed to
investigate the phase transition of hydrogel, including nuclear
magnetic [40], calorimetry [41] and rheology [42]. However, op-
tical measurement methods have not been thoroughly employed
for dynamical process monitoring. In the previous work, we
experimentally demonstrated hydrogel gelation transition via
MBR by all-optical modulation technique [43]. Here, we use
PMBR to characterize the dynamical hydrophilic-hydrophobic
transition of hydrogel, and explicitly model the refractive index
changes, which presents the advantages of ultrahigh sensitivity,
low detection limit and long-term stability. In this experiment,
we choose poly (N-isopropylacrylamide)-based (PNIPA) hydro-
gel as the modeling material, since PNIPA has been extensively
investigated in various fields including materials separation [44],
enzyme immobilization [45] and drug release [46]. The PNIPA
exhibits the enhanced temperature dependence, enabling us
to manipulate dynamic transition process by controlling the
surrounding temperature. Herein, the phase transition process
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Fig.3. (a) Transmission spectra of PMBR filled with hydrogel when temper-

ature increases from 22.2 °C to 24.2 °C. (b) Wavelength shift (black line) and
linewidth broadening (red line) of a WGM in PMBR with temperature variation.
(c) Fitting of 3, with temperature changes. Inset: zoom-in-view image of the
linear fitting before hydrophobic transition. (d) Retrieved refractive index of
hydrogel with increase of temperature.

of hydrogel is characterized by monitoring the mode shift and
linewidth change simultaneously. Fig. 3(a) shows the evolved
transmission spectra of the PMBR filled with hydrogel when
the temperature is increased from 22.2 °C to 24.2 °C with step
of 0.2 °C. The typical resonant wavelength shift and linewidth
change of PMBR is shown in Fig. 3(b). It is observed that the res-
onant wavelength experiences a small blue shift and linewidth is
slightly broadened at the temperature range 0of 22.2°Ct023.0°C,
because the negative thermo-optic response of encapsulating
polymer dominates over the positive themo-optic response of
silica and hydrogel. As the temperature continues to increase
over the gelation point, i.e. 23 °C, the sharp increase of red
shift and mode broadening are observed. The hydrogel transition
from hydrophilic state to hydrophobic state is accelerated, which
results in significantly increased refractive index and enhanced
light scattering [32]. The maximized wavelength red shift and
linewidth broadening of 65.51 pm and 4.75 pm are obtained,
respectively.

The relationship between resonant wavelength shift of PMBR
and temperature change can be expressed as [47], [48],

dx:<5k

Ong
where o5 = 1.1 x 107°/°C, 0, = =3 x 107*/°C are themo-
optic coefficients of silica and polymer, respectively. (), de-
scribes the change of hydrogel refractive index with temperature.
Note that 3y, is highly temperature dependent for hydrogel in the
hydrophilic-hydrophobic transition process [49]. The relatively
small thermal expansion effect is ignored in our platform [47].
We employ the finite element method in COMSOL to calcu-
late coefficients (‘% of formula (1). The wavelength of light
is approximately 780 nm, the diameter and the wall thickness
of PMBR are 80 um and 1.9 pm, respectively. The simulated
results of 22, 24 and 2% are 477, 47 and 7.8. Considering
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Fig. 4. Continuously monitoring resonant wavelength shift (black line) and

linewidth broadening (red line) in a PMBR filled with hydrogel. The temperature
is increased from 23.0 °C to 24.2 °C.

the continuous hydrophilic-hydrophobic transition of hydrogel
before the critical point [S0], the 3}, can be expanded into power
series with respect of temperature changes AT [51],

Bn = Bo+ AAT + BAT? + CAT? + - - )

where 3y is the initial value, (i.e. 8y = 9.315 x 10~%/°C). We
find that the numerical curve fits well in the third order, as shown
in Fig. 3(c). The polynomial fcitting results are expressed as

9.315 x 1074, AT € [0,0.8]

9.315 x 1074 + 8.215 x 1074AT
—2.309 x 10 3AT?

+1.505 x 1072AT3, AT € (0.8,2.0]

Bn 3)

The refractive index dependence on temperature for hydrogel is
obtained via indefinite integration of S, as shown in Fig. 3(d).
Here, the initial refractive index of hydrogel is set as 1.34,
which is comparable to water [52]. The numerical fitting shows
that the refractive index is increased by ~ 0.0035 when the
temperature changes from 22.2 °C to 24.2 °C. Furthermore, the
resonant wavelength shift and linewidth change are measured in
real time to achieve the continuous monitoring of hydrophilic-
hydrophobic transition of hydrogel, as shown in Fig. 4. The
resonant wavelength shift is obtained by using peak-finding
algorithm and the linewidth is extracted from Lorentz fitting
with iteration of weighed least squared regression [21]. The
vertical black line represents the time when the temperature is
increased. Generally, the linewidth of an optical resonant mode
is mainly influenced by the hydrogel scattering effects in the
gelation transition, where the strong light scattering originates
from the spatial inhomogeneity of gel structure and thermal
density fluctuations [53]. In addition, the wavelength shift is
contributed by the multiple components as discussed in formula
(1). Fig. 4 shows that the linewidth of a resonant mode is
monotonically increased with temperature increase as expected.
Nevertheless, the resonant wavelength is blue shifted first and
red shifted afterwards in the range of 23.0-23.6 °C. It is because
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during the heating progress, the external heat flux is conducted
first to the negative thermo-optic polymer and then into bulk
microbubble to achieve thermal balance. When the temperature
is higher than 23.8 °C, the fast gelation of hydrogel leads to
significant increase of refractive index, and the slow blue shift
due to nonequilibrium heating is dismissed.

IV. CONCLUSION

In summary, we realize an ultrahigh-Q PMBR of both me-
chanical and optical stability. We demonstrate the microfluidic
dynamic sensing of hydrogel by monitoring the resonant wave-
length shift and linewidth broadening simultaneously. The rela-
tionship between hydrogel refractive index and temperature vari-
ations is explicitly modelled and derived based on experimental
results. The packaged microresonators show great versatility for
environmental monitoring and microfluidic dynamic sensing.
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