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22 Self-propelled micro/nanomotors are emergent intelligent sensors for analyzing extracellular
37 biomarkers in circulating biological fluids. Conventional luminescent motors are often masked by
38 highly dynamic and scattered environment, creating challenges to characterize biomarkers or
ig subtle binding dynamics. Here we introduce a strategy to amplify subtle signals by coupling strong
41 light-matter interactions on micromotors. A smart whispering-gallery-mode microlaser that can
42 self-propel and analyze extracellular biomarkers is demonstrated through a liquid crystal
ji microdroplet. Lasing spectral responses induced by cavity energy transfer were employed to reflect
45 the abundance of protein biomarkers, generating exclusive molecular labels for cellular profiling
46 of exosomes derived from 3D multicellular cancer spheroids. Finally, a microfluidic biosystem
j; with different tumor-derived exosomes was employed to elaborate its sensing capability in
49 complex environments. The proposed autonomous microlaser exhibits a promising method for
50 both fundamental biological science and applications in drug screening, phenotyping, and organ-
g; on-chip applications.
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Cell secretion is a fundamental yet critical process in cell biology in which proteins, ions, and

metabolites are released into the surrounding extracellular environment. Likewise, exosomes are
tiny vesicles known for carrying a multitude of bioactive cargoes (protein, DNA, and RNA) of the
parent cells that travel in our body fluids.!"* Besides their pivotal role as biomarkers, exosomes are
associated with various biological processes such as cell-cell communication, proliferation,
differentiation, and therapeutics.* > However, like all other cell-secreted analytes, exosomes
circulate in our tissues and blood streams with the inhomogeneous distribution. Origin differences
and local concentration differences may also contribute to different levels of biomarker
expressions.’

To address this issue, micro/nanomotors have emerged as active agents for biosensing owing
to their unique ability to propel and travel in biofluids. By converting energy from the surrounding
environment into autonomous movement, self-propelled motor-based biosensors have gained
considerable attention.”'? Studies have demonstrated that the continuous movement of
micromotors can enhance target binding efficiency and sensitivity, allowing direct identification
and isolation of different biological targets.'>!> The significantly improved analyte-receptor
interactions can also be obtained through the increased fluid transport associated with propelled
motions of micromotors. Through the integration of light-emitting fluorophores, self-propelled
motors can continuously monitor and reflect the status of inhomogeneous biological micro-
environment. As of today, self-propelled luminescent micro/nanomotors have been used to detect
exosomes,'® glucose,!” proteins,'> ¥ DNA/RNA, ' 2° endotoxin,?!, and heavy metal ions*2. Most
motor-based biosensors utilize fluorescence or chemical luminescent emissions to identify their
binding events and process. Nevertheless, luminescent motors are oftentimes weak and masked by
the highly dynamic and scattered biological environment from excessive fluorophores and cells,
which makes it challenging to characterize multiple biomarkers or detect small but biologically
critical dynamics in complex fluids or tissues. A key strategy to amplify subtle biological changes

on self-propelled motors is therefore desirable.
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In contrast to fluorescence emissions, stimulated emissions amplified by optical resonators
have shown their great potential in scattered or deep tissue environments in terms of strong
coherence and intensity, narrow linewidth, and high signal-to-noise ratio.”*' Thanks to its
distinctive emission spectra, a number of studies have demonstrated the potential of using
microscale lasers for labeling purposes in cells and tissues.*?** Laser-emitting particles which take
advantage of whispering gallery modes (WGM) are also well known for their strong light-matter
interactions on their cavity interface. Due to its high sensitivity to surrounding environment
changes, WGM laser particles have been employed as molecular sensors in various applications.?
35,36 What is missing is an intelligent laser particle that can self-propel and self-detect cellular
secretion (e.g., protein, DNA, mRNA) in a complex environment.

In this study, we introduce a self-propelled laser particle that can detect extracellular vesicles
and binding dynamics in complex biological fluids at various locations (Figure 1(a)). The
autonomous microlasers were formed and studied by utilizing liquid crystal (LC) microdroplets
undergoing micellar solubilization in a surfactant solution. To obtain sensing functionality,
Coumarin 6 (C6)-doped liquid crystal droplets (donor) were functionalized with antibodies to
capture specific proteins on extracellular vesicles. Nile Red (NR)-labeled extracellular vesicles
served as the gain medium (acceptor) to report binding events on the surface of the microcavity.
Upon binding events, radiative and non-radiative energy transfer would occur on the cavity
interface, causing laser emissions to shift from green emission bands to red emission bands.”*
By monitoring the spectrally integrated laser intensities induced by interfacial cavity energy
transfer, the number of exosomes and biomarkers can be analyzed. Subsequently, self-propelled
droplet microlasers were applied directly in the cellular environment, including 2D cell culture
and 3D tumor spheroids. Spectral responses of the protein biomarkers were analyzed in different
tumor spheroid types/subtypes (e.g., A549, PANC-1, MDA-MB-231, and MCF7), generating
exclusive molecular labels for cellular characterization. Finally, a microfluidic chip was used to
resemble different extracellular vesicles released from different organs. Multiple self-propelling

microlasers were decorated with different antibodies respectively to identify exosomes and analyze
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the abundance of protein biomarkers expression simultaneously.

In this study, all the WGM microlasers were formed by using nematic liquid crystals doped
with dye. To ensure all the droplets are monodisperse and uniform, LC microdroplet lasers were
developed by a microfluidic chip, where surfactant solution plays a critical role in preventing
coalescence. The propulsion is induced by a self-sustained gradient adsorbed on the interface
between LC droplet and the surrounding liquid phase when surfactant concentrations reach above
a critical micelle concentration.*>#! This gradient in surface energy or a spatially inhomogeneous
chemical reaction leads to the internal convection of the droplet and Marangoni stresses along the
interface (shown in Figure 1(b)), thereby creating a flow pattern.*>* The polarized optical image
of a self-propelled LC droplet clearly indicates a structural change in LC molecule orientations
during propelling motions. The self-propelling droplet was still able to generate strong WGM
lasing due to total internal reflection on its spherical surface, as shown in Figure 1(c). However,
the slow dissolution of nematic LC molecules triggered a small blue-shift tendency in the spectrum
due to stokes shift and two-photon absorption.** 4> Interestingly, the swimming motions and
trajectories of microlaser change with the droplet diameter, including random, zigzag to straight
motions (Figure 1(d)). This phenomenon is consistent with a phenomenological theory about self-
propelled objects: linear motion becomes unstable under a large diameter or high velocity, then
helical motion spontaneously appears.**® Under a fixed droplet size, the velocity can also be
manipulated by changing the surfactant concentrations (Figure 1(e)). When the surfactant
concentration is too high, the process of disintegration of micelles limits the swimming motion of
droplets as well. The self-propelling behavior of microlasers can address the nonuniform
distribution of biotargets and promote environmental convection, which is beneficial to enhance

target—substrate interactions.*’
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41 Figure 1 (a) Schematic concept of self-propelled lasers functioning as sensors in a biological fluid
environment with cancer spheroid released extracellular vesicles. (b) Marangoni flow triggers
44 internal convection and self-propelled motion. Left panel: Illustration of the motion direction
45 (yellow arrow) and distorted nematic director field (green dashed lines) of the microdroplet laser.
Right panel: The corresponding polarized image of the self-propelled microlaser. Scale bar: 10 um.
48 (c¢) Lasing emission of NR-doped lasing swimmer under 0 min and 4 min. (d) Typical trajectories
49 of swimmers with various diameters. (e) Dependence of the velocities of 20 um self-propelled
50 microlaser under different SDS concentrations.
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Next is how to convert self-propelled microlasers into smart probes with sensing functionality.
The sensing mechanism is illustrated in Figure 2(a), in which we employed interfacial energy
transfer at the cavity interface to identify binding events of extracellular vesicles. Lasing
microdroplets formed by C6-doped liquid crystals exhibited a strong WGM laser emission at its
initial state (Figure S1). Before any binding events, only pure green lasing peaks (500-560nm)
could be generated. No lasing signals in the red emission band exist. After red-fluorescent labeled
extracellular vesicles bind to the droplet, vesicles will absorb energy from the green emission, and
new lasing peaks will emerge in the red emission bands (600-650nm). Both radiative and non-
radiative energy transfer plays a critical role at the microcavity interface within the distance of
strong evanescent fields.>” %0 This phenomenon is due to the excellent spectral overlap between
the emission band of droplet and the absorption band of exosome (Figure S2). Note that the
exosomes carry red-fluorescent gain materials (Nile Red); hence will extend the gain profile from
550nm to 650nm when extracellular vesicles bind to the cavity surface. Benefiting from both
energy transfers at the cavity interface, stronger light-matter interactions could be obtained under
free-space coupling.*

To capture exosomes more efficiently and specifically, electrostatic interactions between poly
L-lysine (PLL) and a layer of streptavidin (SA) molecules were decorated on the surface of droplet.
Biotinylated-antibody functionalization was subsequently employed to capture NR-stained
extracellular vesicles. To confirm lasing action from the new emerging peaks after binding, the
lasing spectra and spectrally integrated output intensities from donor lasing (green) and acceptor
lasing (red), were both analyzed respectively under various pump energy densities in Figure 2(b).
The nonlinear response of the emission intensity to the pump fluence marks the onset of lasing
(Figure 2(c)). As seen in the inset of Figure 2(c), laser emission along the circled boundary is in
accordance with a typical characteristic of the WGM resonator. When the pump energy density is
above the lasing threshold, significant linewidth narrowing was observed. The laser mode numbers
are provided in Figure S3 (few modes may be suppressed due to mode competition).>!">* We also

investigated the lasing thresholds of donor and acceptor after adding different concentrations of

ACS Paragon Plus Environment

Page 6 of 21



Page 7 of 21

oNOYTULT D WN =

Nano Letters

exosomes (Figure S4). As the exosome (acceptor) concentration increases, more energy will be
absorbed and thus, the threshold for donor droplet begins to increase, while the threshold for
exosome (acceptor) decreases. To confirm that the red laser emission is not directly excited by blue
pump laser, we also compared the lasing threshold of NR-stained vesicles attached to blank LC
droplets (without C6 doping) in Figure SS. Under a fixed NR-stained vesicle concentration, a
tremendously high threshold was required to achieve lasing. This result supports the existence of
interfacial energy transfer from LC droplet.

We also noticed that the effect of surface-to-volume (S/V) ratio would also strongly influence
detection sensitivity. ¥ Higher S/V ratio, in general, should provide a higher spectral response or
sensitivity under a fixed target concentration. In Figure S6, we compared the WGM lasing spectra
generated by cavity with a diameter of 20 and 43 pm when applied with the same amount of
extracellular vesicle concentration. Owing to changes in S/V ratio, it is obvious that a smaller
microcavity leads to stronger lasing emission. Different S/V ratios affecting the acceptor/donor
ratio will contribute to different interfacial energy transfer efficiencies and lasing intensities.
Considering the influence of S/V ratio on detection sensitivity, we adopted microlasers with a
cavity diameter of 20 um (5 wt% SDS) for extracellular vesicle detections throughout the rest of

this study.
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Figure 2 (a) Sensing mechanism of self-propelled microlaser for detecting cell-derived exosome.
The inset shows the concept of interfacial energy transfer through cavity interface from green
lasing emission to red lasing emission. (b) Photoluminescence spectra were recorded at the donor
and acceptor lasing regions after exosome binding. Left and right panel shows lasing spectra under
different pump fluences independently. (¢) Full-width-at-half-maxima (FWHM) and derived
lasing threshold plot from the green emission band (C6) and red emission band (NR). Inset:
microlaser droplet after exosome binding. Scale bar: 10 um.

Based on the above-mentioned sensing mechanism, next, we evaluated the sensing performance
under different extracellular vesicle concentrations in Figure 3. For better quantification, purified
exosomes were extracted from A549 cell culture medium by using a commercialized kit and
subsequently stained with Nile Red. Detailed isolation procedures and materials are provided in
Supporting Information, Note S1. The modal size of exosomes is approximately 79 nm, as
characterized by Nanoparticle Tracing Analysis (NTA) in Figure S7. To demonstrate its specificity
to exosomal proteins, modification of anti-CD63 on the surface of microlaser droplets was
conducted. CD63 was selected because it is well-known as typical tetraspanins and exosomal
markers in many cancer cells. Upon binding of exosomes, red fluorescent-stained exosomes will

act as the second laser gain medium. The high binding affinity between antigen-antibody resulted
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in the emergence of lasing peaks in the red emission region (600-650nm). Different concentrations
of exosomes will lead to different energy transfer efficiencies at cavity interface. As presented in
Figure 3(a), the CCD images of self-propelled microlasers changed from green to red emission as
the exosome binding increased. Figure 3(b) presents the lasing response of low and high densities
of NR-stained exosomes. Higher concentrations of exosomes showed a higher intensity and larger
redshift tendency in terms of lasing peaks than that of lower concentrations. Figure 3(¢) shows a
linear relationship between exosome concentrations and integration intensity. To elucidate the
underlying mechanisms for the redshift of emergent laser emissions, the required population
inversion was calculated in Note S2 and Figure S8.

It is worth noting that the shift of the laser gain profile will induce inhomogeneous broadening,
which may cause spectral hole burning on the resultant lasing peaks. Some lasing modes may
therefore be suppressed through mode competition; however, the total integrated lasing intensity
should remain the same due to energy conservation. Consequently, spectrally integrated lasing
intensity in the red emission region (600-650nm) was employed to quantify the exosome binding
events. To quantify the binding of exosomes, all the lasing peaks from 600-650 nm were integrated
and calculated by [ I(1) dA, such as in Figure S9. I(1) refers to the lasing intensity at the
respective emission wavelength.

To investigate the stability of microlasers, we excited the microlasers over a period of time
and monitored their integrated lasing intensity. Our findings show that the integrated lasing
response remains stable regardless of displacement or environmental variations (Figure S10).
Accordingly, we recorded all the integrated spectral responses of exosomes after 8 minutes of
binding interaction with self-propelled microlasers in a cell medium. Due to energy conservation,
the integrated lasing intensity remained similar regardless of mode competition in the spectrum
(maximum deviation is 2.2%, which is quite acceptable). To analyse the accuracy of the proposed
strategy, we compared our lasing results with the golden standard- Nanoparticle tracking analysis
(NTA), under different exosome concentrations. The comparison shows the recovery rates are

93.97% and 94.35%, and the relative standard deviation was less than 9.26% (Figure S11 and
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Table S1).

To further investigate its sensitivity in complex biological fluids, various exosome concentrations
were also evaluated by adding pure fetal bovine serum (FBS) to cell-derived exosomes after
isolation (Figure S12), indicating its sensing capability of around 1.1x10% particles/ul. As one can
see, the integrated lasing response increases quasi-linearly with the increase of exosome density,
which shows that the integrated lasing response is proportional to the number of binding exosomes.
By comparing the sensitivity with previous works for exosome molecular profiling in Table S2,
our method presented a comparable sensitivity for molecular profiling in clinical samples or in

vitro studies.
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Figure 3 (a) Real-time recorded WGM lasing images of self-propelled microlaser binding with
different concentrations of exosomes (from top to bottom: 1x10%, 1.5x10% 2x10% 2.5x10%, 3x10*
particles/uL). Scale bar: 10 um. (b) Lasing spectra of self-propelled microlaser when binding with
lower and higher density of exosomes. (¢) Spectrally integrated laser intensity (from 600 nm to
650 nm) as a function of different exosome concentrations.

Moving forward, we investigate the possibility of analyzing exosomes directly in a cellular
environment (conditioned medium) without additional enrichment. Nile Red is a fluorophore

that binds specifically to neutral lipids, which exhibit strong fluorescence in the presence of a
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hydrophobic environment. When 2.8 nM NR is applied to conditioned medium, exosomes will be
labeled by NR directly due to the lipid membrane structure of exosomes. As mentioned in Figure
2(a), only exosomes binding to the cavity interface will contribute to WGM laser emissions thanks
to the short distance of the evanescent field. Excessive fluorophores or unbonded exosomes can
barely contribute to lasing emission. Self-propelled microlasers decorated with Anti-CD63 were
therefore injected into A549 conditioned medium and recorded after 16 minutes of interactions. A
stable and strong lasing emission was observed (Figure S13). We also evaluated the selectivity by
preparing a self-propelled microlaser coated with Anti-Rabbit IgG as a control experiment. Owing
to the non-specificity between antibody (human) and antigen (bovine), exosomes derived from cell
medium with 10% FBS only resulted in a very weak or no lasing signal (Figure S14). The
significant differences in the lasing spectral responses directly provide the basis for exosome
detection in the cell culture medium.

Next, we utilized this approach to investigate the heterogeneity among different cell-derived
exosomes. Four types of commonly used protein biomarkers (HSP70, CD9, CD63, and CDS81)
were selected to analyze protein expressions in A549 extracellular environment. As shown in
Figure 4(a), self-propelled microlasers were investigated in 2D extracellular environment as well
as 3D tumor spheroid extracellular environment. By modifying the surface antibody of microlasers,
the expression of various exosome biomarkers can be mapped through WGM lasing responses.
Figure 4(b) shows the corresponding lasing spectral responses in 2D extracellular environment
under an observation window of 16 minutes. From the results, it was clear that the integration
intensities of WGM spectra from four protein targets all gradually increased with the incubation
(reaction) time, and a linear correlation was found for all groups. Different lasing responses and
slope values from the linear plot reveal the different expression levels of HSP70, CD9, CD63, and
CD8]1 (lasing spectra provided in Figure S15(a)). A relatively high level of HSP70 and CD63 were
detected, while a low abundance of CD9 was detected in A549-derived exosomes, which was also
consistent with the previous works>>’. Each data point in Figure 4(b) was collected over five

self-propelled microlasers. To investigate the repeatability of this approach, we also tested
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expressions of CD9 and CD63 in A549-derived exosomes from different cell culture Petri dishes,
as shown in Figure 4(c). We can see that the expression level remains similar among different
dishes; however, slight heterogeneity still exists owing to various microenvironment.

In addition to 2D cell culture, 3D multicellular spheroids can exactly fill the gap between 2D
cell cultures and animal models, contributing to an understanding of cell mechanisms closer to
human tissue physiology in drug screening (Figure 4(a)).’®>° To better mimic the complex tumor
microenvironment, we analyzed the lasing spectral responses from A549 spheroid-derived
exosomes by injecting self-propelled microlasers into the spheroid culture medium in Figure 4(d).
Four common biomarkers (HSP70, CD9, CD63, and CD81) were analyzed and compared (lasing
spectra provided in Figure S15(b)).
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Figure 4 (a) Illustration and bright-field image of 2D cell cultures (top) and 3D tumor spheroid
models (bottom). Green droplets indicate microlasers. (b) Statistics of lasing spectral responses
measured from self-propelled microlaser with different antibodies (A549 2D cell culture-derived
exosomes). (¢) Lasing spectral response for A549-derived exosomes collected from different cell
culture dish. (d) Statistics of lasing spectral responses measured from self-propelled microlaser
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with different antibodies (A549 3D spheroid-derived exosomes).

To explore the potential of sensing exosomes in clinical samples, we prepared pooled human
serum to represent health donors and human serum added with characterized exosomes from A549
to represent human patients with high-level expression of CD63 biomarker in Figure S16. When
applying microdroplet lasers functionalized with anti-CD63 in different concentrations of A549-
derived exosomes, our results demonstrated that laser spectral responses maintained a sufficient
sensitivity even in human serum.

Finally, a microfluidic biosystem was built to mimic an environment with different tumor-
derived exosomes, as shown in Figure 5(a). The ability to identify different exosome biomarkers
in a complex tumor environment is also very important. As such, three different types of
multicellular 3D spheroids were cultured, respectively, including Panc-1 (pancreatic cancer cell
line), MDA-MB-231 (breast cancer cell line), and MCF7 (breast cancer cell line). Extracellular
mediums from three types of spheroids were then transferred to a microfluidic chip with three inlet
channels (Figure 5(b)). Subsequently, self-propelled microlasers coated with Anti-CD9 were
injected into the other end of the microfluidic chip. Microlasers will swim randomly and propel
into different channels. Laser emissions are then collected and analyzed by individual droplets
from each channel, resulting in the yellow color bars in Figure 5(c). Similar experiments were
then repeated by altering the antibody on the surface of microlaser droplets, including Anti-CD63,
Anti-CD81, and Anti-HSP70. The experimental lasing spectral responses were plotted in Figure
S17 and summarized in Figure 5(c) in yellow, orange, pink, and purple color bars, respectively.
Figure 5(c) provides information on exosome biomarkers detected from respective tumor
spheroids in complex environments. According to the relative abundances of CD9, CD63, CD81,
and HSP70, exosomes derived from 3D cancer spheroids are summarized in the heat map in Figure
5(d). The heat map represents different exosome protein biomarkers (CD9, CD63, CD81, and
HSP70) released in the biofluids from different 3D tumor spheroids (A549, Panc-1, MM231, and

MCF-7). Heterogeneity resulting from different tumor spheroid-derived exosomes can be analyzed
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through protein biomarkers on a chip.
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Figure 5 (a) [llustration and (b) image of a microfluidic chip for multiple exosome detection in an
extracellular environment. Scale bar: 20 um. (¢) Lasing spectral responses characterizing the
abundance of protein biomarker expression from Panc-1, MDA-MB-231 (MM231), and MCF7
3D tumor spheroids. (d) Heat map representation of different exosome protein biomarkers (CD9,
CD63, CD81, and HSP70) released in the biofluids from different 3D tumor spheroids (A549,
Panc-1, MM231, and MCF-7).

In this study, we developed a smart autonomous microlaser that can self-propel in a complex
fluid environment and detect exosome protein biomarkers. The novel concept of integrating strong
light-matter interactions on a self-propelled motor offers new opportunities to sense and amplify

subtle molecular events on the fly at any location. Here we demonstrated the ability to analyze
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various protein biomarkers secreted from 2D cell culture and 3D spheroid environment, even in
complex environments containing different tumor-derived exosomes. Taking advantage of
interfacial energy transfer on droplet cavity interface, spectrally integrated laser intensity was used
as a parameter to identify the density of exosomes binding on the surface of microlasers. Our
findings demonstrate that microdroplet lasers could potentially be a powerful tool to identify and
amplify specific exosome binding, without the need for further enrichment or removal of excessive
background dyes. The functionality of self-propelled microlasers can simply be extended to detect
a wide range of cell-secreted molecules, including but not limited to mRNA, circulating DNA, and
small metabolites by modifying the surface functionalization of microdroplet. The wavelength of
propelled microlasers can also be flexibly designed by changing the gain material in LC droplets.
Multiplexing is, therefore, a possible application due to the narrow linewidth of laser emissions.
The propelling mechanism demonstrated in this work can be significantly improved and replaced
by other chemical reactions in the future. Currently, the laser emission is not related to its
propelling action or motions. It would be very useful if laser emission changes (wavelength shift,
intensity, etc.) could be used to reflect its propelling motions related to surface reactions.

For real world applications in the future, it is more advantageous to use single-mode laser.
This can be solved using WGM microlasers with higher refractive indexed materials and smaller
diameters (smaller mode volume). Today, many groups have developed single-mode WGM lasers
that are good enough for sensing in biological environments.>?> Another approach is establishing
an imaging sensor system that can directly calibrate the wavelength shift from a camera.’® ¢! To
perform in vivo sensing applications, the material of the current study can be replaced by
biocompatible materials to form biolaser droplets, such as albumin or other types of liquid
crystals.®? 63 We envision the proposed study as a useful tool for fundamental biological science

and applications such as drug screening and organ or tissue-on-chip applications.
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Materials and Methods; Calculation of required population inversion (threshold); Table S1-
Recovery experiments for exosome quantification; Table-Comparison with other methodologies
for exosomes sensing; Lasing spectrum of the pure C6-doped microlaser sensor, C6-doped
microdroplet after adding exosomes (without NR stained), and C6-doped microdroplet after
adding the NR solution; Normalized absorption and emission spectra of dyes (C6, and NR); Mode
analysis- radial (q) and angular (I) mode numbers of the microlaser; Lasing thresholds after adding
low, intermediate, and high concentrations of stained exosomes measured at donor and acceptor
lasing regions; Lasing threshold plots of lasing microdroplet without and with donor in droplet;
Lasing spectra after applying exosomes to a microdroplet with different sizes; SEM image of A549
exosomes. Particle size distribution of exosomes characterized by NTA; Fraction of Nile Red
molecules in the excited state required at lasing threshold; Illustration of the calculation of
integrated intensity; Lasing responses from microlaser recorded under 3 seconds; Comparison
between NTA and microlaser-based method; Spectrally integrated laser intensity (from 600 nm to
650 nm) as a function of different exosome concentrations in FBS solution; Lasing spectra of
microlaser decorated with Anti-Rabbit IgG (control group) and Anti-CD63 for exosome sensing;
Lasing spectral responses of antibody coated microlasers in FBS-cell medium; Lasing spectra of
microlasers with different antibodies decorated for A549 cell-derived and A549 tumor spheroid-
derived exosomes; Exosomes sensing in human serum with and without high-level of CD63
biomarker; Lasing spectra of microlasers with different antibodies decorated for Panc-1, MM231,
and MCF7 tumor spheroid-derived exosomes; Image of microdroplet lasers fabricated by
microfluidic technology; Fluorescence emission images of microcavities coated with different
antibodies.
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