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ABSTRACT: Molecular binding in surface-based biosensing is inherently governed by diffusional transport of molecules in solution
to surface-immobilized counterparts. Optothermally generated surface microbubbles can quickly accumulate solutes at the bubble—
liquid—substrate interface due to high-velocity fluid flows. Despite its potential as a concentrator, however, the incorporation of
bubbles into protein-based sensing is limited by high temperatures. Here, we report a biphasic liquid system, capable of generating
microbubbles at a low optical power/temperature by formulating PFP as a volatile, water-immiscible component in the aqueous host.
We further exploited zwitterionic surface modification to prevent unwanted printing during bubble generation. In a single protein—
protein interaction model, surface binding of dispersed proteins to capture proteins was enhanced by 1 order of magnitude within 1
min by bubbles, compared to that from static incubation for 30 min. Our proof-of-concept study exploiting fluid formulation and
optothermal add-on paves an effective way toward improving the performances of sensors and spectroscopies.
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S urface-based biosensing has been regarded as one of the
reliable platforms for the facile separation of analytes and/
or probes from solution to a solid surface through which
surface-confined readout is enabled. Besides optimal pairing of
binding species (e.g., surface capture and probe molecules)
with molecular/surface designs,l’2 there have been multi-
faceted approaches to further improve sensing performance in
terms of throughput and sensitivity. Signal amplification
strategies in which a signal from a single molecular binding
event is amplified by enzymes became a gold standard of
immunoassay. Nanocatalysts,” atom transfer radical polymer-
ization,”* and multiple probes-loaded carriers® were exploited
in efforts of replacing enzymes or further amplification. On the
other hand, color change by the growth of plasmonic
nanocrystals was shown to be an alternative, sensitive signal-
transducing mode for eye detection.”® Apart from the
approaches at the signal transduction side, physical concepts
have also been utilized at the surface capture/binding step.
Binding events in surface-based platforms are governed by
passive diffusional transport of suspending molecules (i.e.,
analytes and/or probes) in the bulk solution toward surface-
immobilized capture counterparts in addition to the binding
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affinity of interacting molecules. In typical a sandwich-type
enzyme-linked immunosorbent assay (ELISA), each surface
binding step takes 30 min to an hour, indicating the diffusion-
driven incubation process as a time-limiting step. In this
context, sensing performance can be improved if the solution is
continuously mixed during incubation or the concentration of
solutes is conditionally enhanced near the surface. Such
diffusion-breaking conditions have been demonstrated with
several concepts: evaporation of a solution on a super-
hydrophobic surface,” acoustic streaming,'’ cavitation micro-
streaming,11 AC electrokinetics in microfluidic sys.tems,12 and

1

. . . . 3
artificial microswimmer ~ as well as thermo- and electro-

. . L1416
phoresis-based approaches in a nanopore setting. "~ °
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Figure 1. Scheme of bubble-enhanced surface capture of proteins and description of biphasic fluid. (a) Schematic illustration of the bubble-
generating PFP-in-water system and (b) bubble-mediated concentration of target proteins near the bubble—liquid—substrate interface. Arrows in
panel a indicate the expansion of the PFP droplet into the bubble. (c) Optical image of PFP droplets (scale bar: 10 #m). The inset of panel c is a
photograph of PFP-in-water fluid. (d) Size distribution of PFP droplets with a total number n = 100.

We have demonstrated the capability of photothermally
generated microbubbles to accumulate and print colloidal
particles at the bubble—liquid—substrate interface through
Marangoni convection.'” The concentration by bubble
generation can even induce supersaturation of ions high
enough to enable the crystallization of immiscible metallic
nanoalloys."® Owing to its fast buildup of a strong convective
flow based on a surface tension gradient and subsequent
accumulation of solutes near the substrate, a microbubble is a
fascinating candidate as an advanced sensor component for
improvements both in time and sensitivity. Biological studies
based on the photothermal bubble concentration have been
reported for sensing of small molecules'® and deposition of
bacteria.””*' However, the application of a bubble-generating
scheme to protein-based sensing imposes a major challenge,
stemming from high temperatures (>100 °C) to generate a
bubble in the aqueous system. Direct exposure of proteins to
such a high temperature, which is inevitable in a typical
surface-immobilized sensing scenario, affects the structure of
proteins, leading to the loss of their immunobinding
properties”*’ (see Figure S1 for the optothermal effect on
the immunobinding property of surface-coated immunoglobu-
lin G). Given that the denaturation temperature varies among
proteins (25—99 °C),** the temperature issue will be more
critical when proteins with low thermal stability are applied.
Although enlarged bubbles, compared to a laser spot diameter,
can be used to minimize the thermal damage at the three-phase
contact,””*" the high temperature required to initiate the
bubble generation remains a potential risk in practical surface-
based sensing.”* "%’
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To overcome this limitation, we hypothesized that a bubble
could be optothermally generated at the lower optical power
and temperature if volatile liquid droplets suspended in an
aqueous medium are present on a plasmonic substrate.
Accordingly, criteria for selection of such liquids include low
melting point, minimal water miscibility, and inertness toward
protein. Among a wide variety of candidates available,
attention was given to a material category, called perfluor-
ocarbons (PFCs). PFCs have been considered in the
biomedical field as a candidate material for ultrasonography,
a blood substitute, and liquid breathing due to their
bioinertness, high gas solubility, hydro-/lipo-phobicity, and/
or low boiling point.”*~** Spurred by these unique material
properties along with photothermal control over flow
dynamics, we hereby report a biphasic fluid system where
PEC droplets are emulsified in an aqueous medium for low-
power bubble generation and enhancement of protein—protein
binding at the substrate driven by bubble-mediated local
concentration (Figure la,b). Perfluoropentane (CF,,, PFP)
was chosen for its low boiling temperature (~30 °C) and high
gas solubility as a bubble-generating component. The thresh-
old optical power for bubble generation was reduced to 33% of
that in a pure aqueous medium. The generated bubble was able
to induce Marangoni flow due to a surface tension gradient,
which was large enough to accumulate proteins from the bulk
solution near the bubble—liquid—substrate interface. For the
further demonstration of bubble-enhanced protein binding, a
plasmonic substrate with a strong optothermal conversion
efficiency was modified with zwitterionic molecules in order to
address a printing issue (i.e., analytes were unintentionally
adsorbed on the substrate) witnessed during the bubble-
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Figure 2. Bubble generation and concentration of protein. (a) Growth behavior of bubbles arising from PFP droplets with different diameters. (b)
A series of optical images showing the evolution of bubbles arising from PFP droplets with different diameters (scale bar: S gm). (c) Temporal
evolution of fluorescence intensity (FITC-anti-rabbit IgG, 10 pg/mL in PBS) around the laser spot for two PFP droplets of different sizes and (d)
corresponding fluorescence images after 60 s of bubble duration (scale bar: S ym). The zero time point indicates the light incident. Fluorescence
intensity was measured from the defined region of interest around the laser spot. (e) Simulated velocity profile near the 15 ym bubble. Arrows

indicate normalized velocity.

induced concentration of analytes. One-order-of-magnitude
enhancement of surface capture was observed within 1 min in a
single protein—protein binding model, compared to diffusion-
limited incubation for 30 min.

Results and Discussion. Description of Bubble Gen-
eration in the PFP-in-Water System. PFP-in-water emulsion
was prepared by adding PFP into the aqueous medium under
sonication. As a working buffer for protein, phosphate buffer
saline (PBS) was used as the aqueous medium. The fluid
system consisted of microscale PFP droplets near the
plasmonic substrate with an average size of 1.8 um, which
was estimated from the optical microscopic image (Figure
lc,d). The plasmonic substrate consisted of arrays of gold
nanoislands (Au NIs). We observed stationarity of some of the
droplet population on the substrate, termed as surface droplets.
Other droplets were suspended in a colloidal state throughout
the host medium. Surface droplets did not disappear or
collapse throughout the duration of monitoring, i.e., around 30
min, implying that PFP droplets were stabilized by their high
vapor pressure at room temperature”>* on the solid surface. A
continuous-wave laser beam (532 nm in wavelength) was
focused on the substrate under the surface droplets to generate
a microbubble in a setting of an inverted optical microscope
(Figure S2). The threshold optical power density for bubble
generation was around 0.26 mW/ ,umz, one-third of that in pure
PBS (Figure S3), at which the maximum temperature of the
substrate reached 36 °C at the laser beam center. The
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maximum substrate temperature under water-bubble-generat-
ing conditions was measured to be higher than 90 °C (Figure
S4).

As shown in Figure 2a,b, the growth behavior of bubbles
under continuous light exposure has a dependence on the
initial size of PFP droplets. While a droplet of 1.4 ym does not
evolve to a bubble, droplets larger than 2.0 ym quickly undergo
bubble transformation, reaching more than 10 ym within a few
seconds upon the light irradiation. After the sharp rise in
bubble size, a relative plateau regime was observed with a
gradual increase. Similar growth kinetics was observed in
droplets of different sizes: larger final bubbles from larger initial
droplets. It shall be noted that the bubbles do not collapse
upon switching off the heating laser beam (Figure SS).

This bubble growth behavior would originate from the
intrinsic characteristics of PFP. In particular, PFP exhibits
lower thermal conductivity, the lower heat of vaporization, and
the higher gas solubility of PFP than water (see Table S1 for
physical properties of PFP and water). For bubbles smaller
than the critical size, the limited contact area between a PFP
droplet and a substrate would drive thermal energy created by
the laser-irradiated substrate to be readily dissipated through
the water continuum in contact. Note that the laser beam
diameter is around 1.0 ym, which is comparable to droplet
sizes examined. Above the critical size of PFP droplets (around
2.0 um) and the concomitant critical contact area between
PFP and substrate, sufficient heat could accumulate in the
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Figure 3. Zwitterionic surface modification to reduce bubble printing of proteins. (a) Schematic illustration of surface-modified Au NIs and their
contact angle with a water droplet (3 L) at each modification step. (b) Optical images of initial droplets and generated bubbles and fluorescence
images of substrates after bubble concentration of fluorescent proteins (FITC-anti-rabbit IgG, 10 ug/mL) for 1 min and subsequent washing (scale
bars: 10 um). The top row is for the bare Au NIs substrate as indicated by <bare>. The bottom row is for the DPPC-coated substrate as indicated
by <lipid>.

basal region of PFP droplets due to low thermal conductivity
of PFP, resulting in the onset of vaporization. The initial
explosive growth is attributable to the high gas solubility and
volatile nature of PFP. Assuming that the PFP droplets are air-
saturated, the large amounts of air gas (N,, O,, and CO,)
dissolved in PFP would contribute to the large expansion of
bubbles in addition to PFP vapor once vaporization begins.
Moreover, the low heat of vaporization of PFP could accelerate
the vaporization of residual liquid PFP within the growing
bubble.

The steady state afterward would be reached by a balance
between heat supply from the plasmonic substrate and heat
loss through the bubble—liquid interface and by evaporation.
Upon the bubble formation, gas molecules in the aqueous
phase would be directed toward the bubble—liquid—substrate
interface and taken up by the bubble as suggested in the cases
of water” and n-alkanes.”® There would exist a critical bubble
diameter above which the mass transfer of gas into the bubble
exceeds that out of the bubble.””** Stable bubbles that do not
collapse and even slowly grow after light-oft may be ascribed to
this gas influx.

Bubble-Mediated Accumulation of Proteins at Substrate
Surfaces. The bubble-mediated concentration of proteins was
examined by the time-course measurement of fluorescence
intensity near bubbles in PFP-in-water fluid, wherein
fluorescent proteins are dissolved in the aqueous phase. With
a 1.4 ym PFP droplet, fluorescence intensity is indistinguish-
able from the laser-only signal (Figure 2c,d). Since the droplet
of this size does not generate a bubble as seen in the previous
section, the possibility of any nonbubble-related accumulation
could be excluded. For a 2.0 gm PFP droplet, a sharp rise in
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the average fluorescence intensity was observed in the initial
stage of bubble generation, followed by a gradual increase until
50 s of light exposure. These results indicate that the transport
of proteins from the bulk solution to the substrate surface
occurs quickly at the onset of bubble formation and gradually
for the duration of the bubble. The degree of protein
accumulation was similar in a size range of droplets from 2.0
to 3.6 pum, above which a decreasing trend was observed
(Figure S6), implying the limited protein accumulation due to
the reduced temperature gradient in larger bubbles. From the
simulation shown in Figure 2e, a 15 um bubble with a
temperature difference of 4 K along the bubble—liquid
interface is able to build up Marangoni flow with a maximum
velocity of 0.04 m/s near the bubble—liquid—substrate
interface. Please see the Supplementary Note and Figure S7
in the Supporting Information for more details. Although the
maximum velocity is much lower than that in pure water (~0.3
m/s) with a 60 K temperature difference,'”*” this biphasic
system was capable of delivering and confining proteins to the
substrate surface region.

Surface Modification to Prevent Bubble-Driven Printing
of Proteins on the Substrates. Another issue in applying the
concept of bubble concentration to immunosensing has been
the direct printing of proteins on the substrate at the three-
phase contact line. This phenomenon, known as bubble
printing or bubble-pen lithography, was reported in the
aqueous medium with micro- and nanoparticles.'”'® In an
ideal case of the bubble-enhanced protein—protein interaction,
proteins should be concentrated near the substrate by the
bubble without any subsequent printing of the proteins on the
substrate that could contribute to the background signal. The
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Figure 4. Bubble-enhanced surface capture of proteins. (A) Schematic diagrams of surface immobilization of the capture protein and two assay
models: (i) bubble-concentrated and (ii) diffusion-limited static incubation as a reference. (B) Surface binding profile of FITC-protein A/G in the
bubble-concentrated model (bubble concentration for 1 min) in comparison to the reference (incubation for 30 min). Fluorescence intensity in the
bubble-concentrated model is the average of peak intensity at the ring patterns (n = 3, individual bubble generation), and background intensity was
subtracted. (C) Fluorescence images of substrates after the bubble concentration of FITC-protein A/G at varying concentrations, i.e., 0, 10, 20, 50,

and 75 nM (scale bar: 5 um).

surface antifouling coating was considered to overcome this
challenge. Zwitterionic groups have been proposed as a good
candidate for such a coating, in which the presence of positive
and negative charges contribute to the formation of a rigid
hydration shell and steric hindrance as well as their hydrophilic
nature.*"*!

Among the zwitterions, phosphatidylcholine (PC), a major
component of cell membranes, was chosen for our system.
Zwitterionic moieties were introduced to gold substrates
through a hybrid lipid bilayer membrane that comprises a
supporting alkanethiol self-assembled monolayer (SAM) and a
cover layer of PC lipid.*”** This scheme was adopted because
of the high structural integrity stemming from a strong
hydrophobic interaction between the two layers as well as a
strong thiol—gold interaction and minimal fluidity of
membranes by highly crystalline SAM.** Figure 3a shows the
schematic of surface modification and the measured contact
angle of the Au NIs substrate with water at each step to verify
the modification process. The modification with alkanethiol
(hexadecanethiol, HDT) makes the substrate more hydro-
phobic, increasing the contact angle from 95.4° to 106.9°.
After incubation of this substrate with unilamellar liposomes
(Figure S8) made of 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) and subsequent washing, an extremely high
hydrophilic surface was obtained, characterized by almost
perfect wetting of water. As shown in Figure 3b, the number of
fluorescent proteins that remained on the substrate after
bubble concentration and washing was significantly reduced in
the DPPC-coated substrate, compared to the unmodified
substrate.

Bubble-Enhanced Surface Capture of Protein. As a model
to investigate the effects of the bubble on surface capturing of
proteins, a scheme of direct analyte capture with a single
protein pair was adopted. Immunoglobulin G (IgG), a capture
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protein, was confined within the lipid layer using biotin—
streptavidin conjugation, and FITC-labeled protein A/G was
used as a target protein for its high affinity to IgG and for
visualizing the degree of surface binding events (Figure 4a). A
concentration range of the target was predetermined based on
a linear concentration profile after 30 min static incubation of
the substrate in the solution and subsequent washing, which
was considered as a reference. During the preparation of the
protein solution, it was found that proteins were localized at
the PFP-droplet—water interface, resulting in less availability of
free-standing proteins in the solution. We ascribed this
phenomenon to the hydrophobicity of proteins. Thus, the
final formulation was modified to include bovine serum
albumin (BSA), one of the common blocking agents used in
an immunoassay for reducing nonspecific surface binding. In
the presence of BSA with an increased concentration,
fluorescence intensity from the bulk phase was increased
while that from the droplet surfaces was reduced, implying the
BSA occupancy on the droplet surfaces (Figure S9).

For the bubble-enhanced model, bubbles were optother-
mally generated from PFP droplets (~2.0 ym) at the substrate
surface and sustained for 1 min, followed by repeated washing
of the substrate with PBS. As demonstrated in Figure 4b,c, the
bubble-concentrated system has a concentration profile that is
about nine times steeper than the profile of the diffusion-
limited reference system. It was observed that the enhance-
ment factor was almost similar at each protein A/G
concentration examined, maintaining the linearity of the
concentration profiles. Furthermore, this bubble-concentrated
system has a time-efficient feature where it takes 1 min to
obtain the enhanced signal in comparison to 30 min of
incubation in the reference. This result indicates that the local
concentration near the surface is effectively amplified by
bubbles through which the propensity of target—capture
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collision is increased, eventually leading to the enhanced
surface capture as well as a reduction in incubation time. In
addition to the concentration-driven enhancement of surface
capture, there might be a partial contribution from the
enhanced protein—protein binding reaction by elevated
temperatures near the bubble.
In conclusion, a proof-of-concept study on the low-power
bubble-generating system and its application as an in situ
concentrator for enhancing surface capture of proteins have
been demonstrated. The formulation of the volatile and water-
immiscible liquid phase into the aqueous host medium was
found to effectively reduce the optical power threshold for
bubble generation, enabling the bulk-to-substrate accumulation
of proteins with the minimal thermal deterioration of protein’s
activity. The bubble growth behavior could be explained in
terms of the intrinsic properties of PFP. Together with
zwitterionic surface modification, the low-power bubble
generation was able to improve the capture efficiency of
proteins by 1 order of magnitude in sensitivity and by a 30-fold
reduction in time, compared to a diffusion-limited setting.
One of the merits of the bubble-based approach, composed
of fluid formulation and an optothermal add-on, resides in its
compatibility with conventional surface-based assay platforms.
Given the working mode of our concept, the same method can
be sequentially applied to multiple steps of solution-to-surface
conjugation as in sandwich-type ELISA, e.g., capture
protein—protein, antigen/probe antibody, probe antibody/
secondary antibody, and enzyme/substrate. Collective im-
provement of its performance in sensitivity and throughput can
be expected from enhancements in binding events at each step.
To maximize the practical capacity of the presented concept,
size uniformity of droplets may be further improved by
fluorosurfactants,”*® along with uniform placement of
droplets throughout a substrate assisted by predefined
micropatterns.”” The present study will find a wider range of
scientific and clinical applications when combined with rational
designs of sensor configuration, as well as suggesting a way
toward improving the performances of sensors and spectros-
copies.
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