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We implement a whispering-gallery-mode microbubble resonator (MBR) as a multifunctional compo-
nent for all-optical photoacoustic inspection of materials in a platform combining microfluidic design and
high sensitivity to spectral absorbance. In our setup, the MBR acts both as the acoustic transducer and as
the vial for a sample causing the photoacoustic event, thus dictating its operational frequency and removing
any need for impedance-matching media. We challenge our setup in the assessment of the photostability
of gold nanorods to demonstrate its validity. We develop a numerical model to qualitatively interpret the
experimental signal as a transient shift of the resonance condition of the MBR. Possible implementations

of the MBR in photoacoustic sensors are discussed.
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I. INTRODUCTION

Whispering-gallery-mode (WGM) resonators have been
proposed for a remarkable variety of sensors due to
their high @ factor, high resonance peak -contrast,
and mechanical robustness [1—-3]. The main operational
principle exploits the change of their resonant condi-
tion due to a perturbation in the refractive index of
their environment of physical (pressure, temperature,
strain, etc.) or biochemical (host-guest recognition) origin
[1,2].

Recently, WGM resonators have been proposed as ultra-
sound detectors with broadband response [4] based on a
transient modification of their optical features on impact
of a pressure wave that may typically propagate from
a remote source through an impedance-matched medium
[5-71.

This application is particularly promising in the field
of all-optical photoacoustic (PA) imaging, where a need
for broadband sensitivity arises from the circumstance that
each sample generates its own pattern of acoustic fre-
quencies [8]. Photoacoustics implies the conversion of
short optical pulses from a distribution of pigments into
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a cascade of photothermal and thermoelastic events that
produce ultrasound bursts [9]. The detection of the ultra-
sound signal enables the localization, analysis, or both
of the pigments of interest in diverse contexts, such as
noninvasive medical imaging [9] as well as nonimaging
applications such as flow cytometry [10] and material
analysis, more generally [11].

WGM microbubble resonators (MBRs) are a special
class of hollow devices typically fabricated by inflating a
silica capillary during an arc discharge [12] or intense laser
heating [13]. Here we report the implementation of MBRs
for nonimaging photoacoustics, where the microfluidic
cavity serves to confine the PA source, dictates its power
spectrum, and removes the need for impedance-matched
media. At variance with the use of integrated resonators
as broadband receivers for PA microscopy or tomography
[6,8], or that of capillary-based devices to probe an exter-
nal pressure field [7], our setup takes full advantage of the
peculiar features of MBRs and exploits their excellent opti-
cal features as well as their high mechanical Q factors. We
pursue the sensitive interrogation of ultrasmall fluid vol-
umes to target new devices as compact and portable PA
flow cytometers aimed at, for example, liquid biopsy and
drug discovery, the development of contrast agents, or the
analysis of gases.

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.014062&domain=pdf&date_stamp=2019-07-31
http://dx.doi.org/10.1103/PhysRevApplied.12.014062

GABRIELE FRIGENTI et al.

PHYS. REV. APPLIED 12, 014062 (2019)

II. EXPERIMENTAL SETUP AND METHODS

To demonstrate our device, we conceive an experiment
where a MBR s filled with a PA contrast agent, exposed to
a short optical pulse from a pump laser triggering the PA
event, and coupled to CW light from a probe laser to read
the perturbation of one of its WGM resonances induced
by the PA transient (see Fig. S1 in Supplemental Material
[14]). Therefore, by implementation of a MBR both as the
vial containing the sample and as the acoustic transducer,
our system is compact, requires no impedance matching
material, and takes advantage of the mechanical resonance
of the microbubble to achieve high sensitivity.

We decide to use a tapered fiber (taper) to efficiently
couple the MBR to the probe laser, and to test gold
nanorods (GNRs) as the PA contrast agent, due to their
relevance in the realm of PA applications [11]. In par-
ticular, the MBR presented in this article is fabricated as
in Ref. [12], has a diameter of 430 um and a capacity
of 41 nl, is filled with an aqueous suspension of GNRs
(1.3 nM), which are synthesized by the seed-mediated
approach described in Refs. [15,16], display a plasmonic
resonance around 1064 nm, and have an average size of
70 nm (length) x 10 nm (diameter).

Our experimental setup is sketched in Fig. 1 and is
a practical realization of the concept outlined in Fig.
S1 in Supplemental Material [14]. The pump laser is a
custom-made pulsed Nd:YAG system (Asclepion Laser
Technologies, Jena, Germany; pulse duration 3.3 ns,
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FIG. 1. The experimental setup. BS, beam splitter; EM, pyro-
electric detector for energy measurement; PC, polarization con-
troller; PD, photodiode; SCN, waveform generator used to adjust
or scan the laser wavelength; TRG, waveform generator used to
trigger laser bursts and oscilloscope acquisition.

repetition rate 10 Hz, pulse energy 40 nJ) emitting light at
a wavelength of 1064 nm, thus overlapping with the optical
absorbance of the GNRs, and focused onto the MBR with
a spot diameter of 200 um. The optical fluence is tuned
with a polarizer and monitored with a pyroelectric detector
(QES8SP, Gentec-EO, Quebec, QC, Canada).

The probe laser is a low-noise single-frequency sys-
tem (Koheras ADJUSTICK, NKT Photonics, Birkerad,
Denmark; spectral range 1550—1551 nm), and its emis-
sion is directed through the taper to an InGaAs photo-
diode (PDA400, Thorlabs Newton, NJ, USA; bandwidth
10 MHz). A polarization controller is used to optimize the
coupling and resonance contrast against the off-resonance
transmission, while a voltage ramp from a waveform gen-
erator (Keysight 33210A, Agilent Technologies, Santa
Clara, CA, USA) is used to adjust or scan the laser
wavelength around the WGM resonance. A second wave-
form generator (Keysight 33220A, Agilent Technologies)
is used to trigger both the pump laser and the photodiode
acquisition through an RTO1004 digital oscilloscope from
Rohde and Schwarz (Munich, Germany). A long-working-
distance microscope (custom model, Navitar, Rochester,
NY, USA) and a set of micrometer stages are used to
optimize the MBR-taper positioning.

The MBR is also connected to a microfluidic circuit
powered by a peristaltic pump (Minipuls 3, Gilson, Mid-
dleton, WI, USA). The capillary and the taper are placed
inside a glass-floor box to isolate the MBR-taper system
from disturbing air currents [17].

In practice, after filling the MBR with the aqueous sus-
pension of GNRs, we scan the wavelength of the probe
laser to search for a narrow and deep WGM resonance.
Figure 2(a) shows the resonance used for the experiments
(0 =5.2x10° FWHM = 37 MHz), where sop is the
optical transmission through the MBR-coupled taper nor-
malized to its off-resonance value, Ap,r = 1550.081 nm
and vpar = ¢/Apar are the wavelength and frequency,
respectively, at half minimum, and v — vyyy¢ is the respec-
tive detuning. The red curve in Fig. 2(a) is a theoretical fit
according to the line shape described in Ref. [18], which
demonstrates the assignment of the experimental fringe to
a WGM-like resonance. During this scan, the pump laser
and peristaltic pump are disabled to prevent mechanical
perturbations.

Next, while still recording the optical transmission
through the MBR-coupled taper, we set A = Anyr and
stop scanning, thus obtaining a flat trace [see Fig. 2(b),
black curve rendered as a frequency shift of the reso-
nance, as explained below]. The system showed good
stability even without active feedback or thermal lock-
ing. We then enable the pump laser to trigger the PA
generation from the suspension of GNRs and find oscil-
lations of the type shown by the blue curve in Fig. 2(b).
To translate these fluctuation in optical transmittance in
terms of a frequency shift of the resonance §v, based on
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FIG. 2. (a) Resonance used for the experiments (blue curve),
along with its theoretical fit based on Ref. [18] (red curve). The
inset compares this fit (red curve) with a parabolic fit (black
curve) used for interpolation over a smaller range. (b) Frequency
shift of the resonance shown in (a) with the pump laser off
(black curve) or on (fluence F = 6 mJ/cm?, blue curve). (c)
Comparison between the Fourier spectrum of the experimen-
tal signal in (b) (blue curve) and its ab initio simulation by
finite-element-method modeling (red curve).

the assumption that its line shape remains constant during
shifting, we establish and reverse a relationship between
Sopt and v — V¢ through a numerical interpolation of the
experimental fringe in Fig. 2(a). We opt for an empirical
parabolic fit for analytical convenience.

III. NUMERICAL MODEL

In an attempt to corroborate the hypothesis that §v is
a resonance shift induced by a PA burst originating from
the optical absorbance of the GNRs, we develop a finite-
element-method (FEM) model of the experimental setup
by the use of COMSOL MULTIPHYSICS. The geometry of

the simulation features a bulgy segment of glass capillary
filled with an aqueous suspension of plasmonic parti-
cles, immersed within a continuum of air or water and
exposed to an optical pulse impinging the entire bulge.
The thickness of the glass wall is retrieved from that of
the unperturbed glass capillary according to a spherical
approximation [19]. The model recapitulates a complex
cascade of steps triggered by an optical pulse (i.e., pho-
tothermal conversion from the GNRs, propagation of heat,
thermoelastic conversion, propagation of ultrasound [20],
and elastic deformation of the walls of the MBR [21,22])
and returns the shift of the resonant condition of the
MBR for comparison with the experimental measurable
(more details are reported in Supplemental Material [14]).
At variance with the quasistatic formulation implemented
by other authors [7], our model inherently accounts for
the frequency response of the system and so conveys a
more-faithful description of its vibration.

The results of the model for the MBR used in this exper-
iment are overlapped in Fig. 2(c) on the Fourier transform
of the experimental data shown in Fig. 2(b). In spite of
the numerous assumptions and simplifications made within
the model and in the description of the WGM resonance,
the overall amplitude and the spectral composition of the
oscillations point to a remarkable agreement, especially in
the range from 2 to 10 MHz. Instead this fidelity tends to
break down both at lower frequencies that hang on distal
unknowns of the capillary [23] and at higher frequencies
that fall outside the bandwidth of the photodiode. Overall,
the model succeeds in capturing the essence of the process
and highlights the roles of the optical absorbance of the
GNRs and the mechanical properties of the microbubble.

To demonstrate that the spectral composition of the sig-
nal is a mechanical fingerprint of the microbubble, we
perform a series of measurements at different pump flu-
ences. Figure 3(a) shows the power spectra of this series
and proves that, despite a remarkable change in amplitude,
the frequency composition remains almost identical and
displays a sequence of sharp peaks that correspond to the
breathing eigenmodes of the microbubble.

Since MBRs display a high mechanical Q factor easily
exceeding 103 [7,23], our setup provides spectral finger-
prints of interest for sensitive detection and suitable for
enhancement by, for example, lock-in amplification, in
this regard recalling the pulse-echo configuration in use
in ultrasonography or ultrasonic testing. By contrast, inte-
grated WGM transducers present a broadband response
[24], because their operating principle depends more on
a modulation in refractive index rather than a mechanical
heterostructure.

Also, to further demonstrate that the resonance shift pre-
sented in Fig. 2 largely relates to the optical absorbance of
the GNRs, Fig. 3(a) reports the oscillation measured when
the MBR contains plain water. With respect to the presence
of the GNRs, §v with plain water maintains a compatible
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FIG. 3. (a) Frequency spectra of various PA signals recorded
at different pump fluences. For comparison, we also show the
spectrum of a PA signal measured when the MBR is filled with
plain water. Signals are offset by 5 kHz for readability. (b) Peak-
to-peak range of the PA signals v versus fluence of the pump
laser. For each value of the pump fluence, a series of PA traces
are recorded and analyzed in terms of the average and standard
deviation. The latter are given as error bars to provide an idea of
the stability of the measurement. The broken line is a guide for
the eye.

spectral composition but much lower amplitude. In partic-
ular, in the case of plain water, it takes a pump fluence of
around 30 mJ/cm? to achieve an amplitude comparable to
the PA signal observed at 1 mJ/cm? in the presence of the
GNRs.

IV. RESULTS AND DISCUSSION

To show a real application case of the MBR system,
we challenge the potential of our sensor in a well-known
benchmark: the photostability of the GNRs [25]. On exci-
tation with short pulses in a regime of interest for PA
applications, GNRs transiently overheat and tend to irre-
versibly reshape, thus losing their plasmonic fingerprints.
In this framework, we previously developed protocols to
measure the damage threshold of the GNRs based on their
PA response as a function of pump fluence [26]. Here we
repeat this experiment by replacing the standard piezo-
electric transducer with the MBR setup and recording
the amplitude of the PA signals [defined as peak-to-peak
range equivalent to max (6v) — min (§v)] as a function of
pump fluence. The resulting plot [Fig. 3(b)] shows the
typical trend featuring three distinct regimes associated
with two changes in slope [27]; that is, an earlier cutoff

around 10 mJ/cm? corresponding to the damage thresh-
old of the GNRs and then a later cutoff around 20 mJ/cm?
corresponding to the onset of nonlinear processes as pho-
tocavitation [27].

This result proves that a MBR-based PA gauge may
be used in the development and assessment of optical
contrast agents. With respect to standard transducers, the
advantages include high sensitivity to small volumes and
operability in air rather than water. Regarding the latter
feature, we use our numerical model to compare the pre-
dicted performance of a MBR transducer in the air-coupled
configuration presented in this work and a virtual-water-
coupled alternative where the microbubble is immersed in
water, as a typical piezoelectric transducer. The results are
reported in Fig. 4(a) and show that, with respect to the
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FIG. 4. Expected behavior of alternative MBR configurations
simulated by the use of our numerical framework. (a) Compari-
son of the frequency spectra of simulated PA signals for a MBR
placed in air (blue curve) and in water (green curve). Simulated
PA signals (b),(d) and amplitudes (c),(e) for MBRs of the same
shape and different size (b),(c) or obtained by keeping the same
glass capillary and varying both the shape and the size according
to Ref. [23] (d),(e). The same color codes are used in (c),(e) as in
(b),(d), respectively.
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air-coupled signal, the water-coupled counterpart displays
a substantial attenuation of higher-frequency components,
probably due to the stiffness of water. Therefore, the pos-
sibility to work in air rather than water is not only more
convenient but also more desirable in terms of sensitivity
and specificity.

With the assumption that the FEM model is adequate to
capture the principal trends of our sensor and in pursuit
of future directions to increase sensitivity, we simulate the
effect of miniaturization. The results are reported in Figs.
4(b) and 4(c) for systems scaled down with respect to the
experimental configuration (Rexp = 215 pm) but with no
change in shape. In other words, we simulate uniformly
miniaturized versions of the device, comprising the MBR
and the host capillary. Practically, this may be achieved
by blowing a MBR from silica capillaries of smaller size,
as would be commercially available or manufacturable
in house by stretching. We keep the same pump energy
as well as the same particle concentration. The curves
show that miniaturization may be an effective direction to
increase sensitivity.

On the other hand, Figs. 4(d) and 4(e) compare the PA
signals and amplitudes for MBRs realized on the same
glass capillary, but differing in diameter within a range
of experimental feasibility [23]. In practice, at variance
with Figs. 4(b) and 4(c), the microbubbles in Figs. 4(d)
and 4(e) connect to a stump of the same size, and so their
wall thickness becomes smaller as their diameter becomes
larger [23]. Figure 4(e) shows that the PA response of these
MBRs has a similar amplitude and no clear trend, which
leaves little room for optimization when the same glass
capillary is used and suggests that the results presented
in this article are robust with respect to the fabrication
variability from microbubble to microbubble. Instead, the
frequency composition of these oscillations exhibits subtle
variations that may be exploited for multiplexing.

We finally attempt an analysis of the detection limit
of our platform. From Fig. 3(b), we start from a signal
amplitude of about 10 MHz for a pump fluence limited by
the damage threshold of the GNRs and for a particle con-
centration corresponding to an optical density i ~ 4 cm™".
The linearity of all underlying processes would enable an
at least 100-fold dilution of the sample before the noise
level under 100 kHz is reached [see Fig. 2(b)], correspond-
ing to a detection limit below 3 x 10° particles. Given the
simulations in Fig. 3(c) and assuming the same noise level,
for the smallest MBR with a capacity of 0.64 nl, we pre-
dict a detection limit of around 3000 particles within the
damage threshold of the GNRs.

In the context of general interest in photoacoustics such
as blood and its oxygen saturation [28,29], with u ~
112 cm~! at a wavelength of 500 nm for a typical concen-
tration of red cells of 5 x 10° 17! [30], the figures found
for the GNRs translate into a detection limit of around 70
red cells for the experimental configuration and less than a

single cell for the smallest size. By replacing the constraint
given by the damage threshold of the GNRs with that of
red cells, which is larger by more than 3 orders of mag-
nitude [31], we would readily achieve sensitivity below
1% of a single cell, which would probably enable accurate
quantification of its oxygenation by PA spectroscopy.

V. CONCLUSIONS

In conclusion, we implement a WGM microbubble
resonator as an optical transducer in an all-optical PA
platform suitable for the analysis of fluid samples. Our
experimental configuration features the microbubble res-
onator in the double role of an ultrasound sensor and a
microvial, thus enabling the PA inspection of submicroliter
samples without the need for impedance-matching media.

We interpret the optical read-out signal of the trans-
ducer through a FEM model that comprises all relevant
steps, starting from the optical absorption of the PA con-
trast agent and ending with the resonance shift associated
with the structural deformation of the microbubble. We
find that our system supports a set of operating frequencies
that constitute a mechanical fingerprint of the microbubble
and provide high sensitivity.

To validate and assess the performance of this device,
we perform a quantitative characterization of the photo-
physical properties of gold nanorods at a particle concen-
tration of a few nanomoles per liter, which is a representa-
tive case in photoacoustics.

In perspective, further miniaturization of this platform
promises better performance with higher sensitivity easily
down to the level of a single red cell, which may pave the
way to a new generation of nonimaging PA devices for
applications in biosensing, flow cytometry, and material
science.
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