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Fluorescence and bioluminescence are widely used to study biological systems from a molecular to a whole organism
level. However, their broadband emission is often a bottleneck for sensitive spectral measurements and multiplexing.
To overcome the limitation, the emitters can be coupled with optical cavity modes to generate narrow spectral lines. Here
we demonstrate several types of emitter—resonator complexes made of fluorescent or bioluminescent proteins and ar-
tificially or naturally formed optical resonators. We engineered cells to express green fluorescent protein (GFP) fused
with ABHD5, which binds to oil or lipid droplets supporting whispering gallery modes (WGM:s). The genetically in-
tegrated complexes feature well-defined WGM spectral peaks. We measured WGM peaks from GFP-coated BaTiO;
beads (2.56 pm in diameter) during mitosis. Finally, we demonstrate cavity-enhanced bioluminescence using luciferase-
coated beads and biochemical excitation. The ability to tailor spontaneous emission via cavity resonance inside

biological systems should have applications in biological sensing, imaging, and cell tagging.
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1. INTRODUCTION

Lasers are widely used for biomedical applications, providing pho-
tons for sensing and imaging and delivering optical energy for
photothermal and photochemical effects. While the lasers today
are built on inanimate engineered materials, and mostly in macro-
scopic sizes, efforts have recently begun to redesign lasers with
biocompatible materials and microscopic scales so that they are
more seamlessly integrated with biological systems. At the heart
of this new initiative is a biological laser in which all three basic
elements of the laser—namely, gain medium, resonator, and
pump energy—are provided by biological systems themselves.
One of the first steps in this endeavor was the demonstration
of protein lasers, where fluorescent proteins in cells allowed lasing
[1-4] and optical amplification [5,6]. The genetically produced
gain medium provides a means to connect the optical properties
of the laser with the genetic and functional phenotypes of the host
cell. All the previous protein lasers, however, used external
resonators, such as mirrors, placed outside cells. Another major
advance in the quest for biological lasers was the recent demon-
stration of intracellular lasers, made possible by using micrometer-
sized spheres made of organic polymers or oil droplets, in
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conjunction with organic dyes, as the gain materials [7-9].
Besides the unique characteristics of lasing and stimulated emis-
sion, the coupling of the luminescent molecules with optical
resonators can alter spontaneous emission kinetics due to
wavelength-dependent changes in the optical density of states.
This interaction results in emission characteristics distinctly dif-
ferent from the materials’ intrinsic luminescence, even at pump-
ing levels below the lasing threshold. At the resonant wavelengths
of the cavity, the emission exhibits multiple narrow spectral lines
that are enhanced by the optical resonant modes of the cavity
[10]. Because of their small mode volumes and high Q factors,
whispering-gallery-mode (WGM) cavities are especially efficient
in exhibiting cavity-enhanced fluorescence. The effect has been
widely studied theoretically and experimentally in solid [11]
and droplet [12-14] WGM cavities.

Here, we present steps toward all-biological luminescent
material, resonator, and pumping by demonstrating several differ-
ent embodiments of protein-cavity assemblies capable of generat-
ing spontaneous emission with multiple narrow spectral lines.

First, we demonstrate recombinant green fluorescent protein
(GFP) beads in cells, which exhibit distinct WGM features.
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Second, we build a cellular system based on genetically modified
adipocytes, which makes both a fluorescent material and a reso-
nator genetically integrated and produced by self-assembly.
Finally, we integrate cavity resonance and bioluminescence to
realize WGM-modified emission driven by chemical energy, with-
out the need for any external light source for optical pumping.

2. RESULTS
A. GFP-Coated Beads In Vitro

We have prepared BaTiOj; glass beads (n = 1.95) coated with
GFP. Polydisperse BaTiO3 beads with a size distribution of
1-40 pm (GLO175B, Mo-Sci) were used. Eukaryotic cells can
spontaneously internalize microbeads with diameters up to a con-
siderable fraction of the cell size, via endocytosis, without any
measurable decrease in their viability [7-9,15]. We have found
that the viability of HeLa cells 24 h after engulfing one or more
polystyrene beads (>6 pm) was 98.4% =+ 0.6%, compared to
99.4% = 0.2% for cells without beads, and the cells containing
the beads underwent normal cell division up to several genera-
tions. The beads were washed once with acetone, centrifuged
at 5,000 g for 5 min, and redispersed in acetone containing
2% v/v 3-aminopropyltriethoxysilane for 15 min with mixing.
The beads were then washed twice with acetone and then washed
with water and dried at 120°C for 30 min, after which they were
incubated in a 10% solution of glutaraldehyde for 1 h. Then the
beads were washed three times with water and redispersed in
27 pM GEFP solution in phosphate-buffered saline (PBS; pH 7.4).
After mixing for 2 h, the beads were washed five times with PBS
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using centrifugation. This protocol produced GFP-coated
BaTiO; beads. For in situ real-time measurement of GFP bind-
ing, BaTiO; beads after incubation with glutaraldehyde were
added into a 14 nM GFP solution prepared by adding 10 pl
of 0.27 pM GFP solution in 200 pl medium (PBS), so that
the amine-reactive surface of the beads accumulated free-floating
GFP molecules over time [Fig. 1(a)].

An inverted microscope setup coupled with pump light
sources and a spectrometer was used to study the GFP-coated
beads (see Fig. S1 of Supplement 1). For the illumination of the
GFP and collection of the fluorescence, a 100 x 1.40 NA or 40 x
1.25 NA oil immersion objective (Olympus) was used. Either a
CW 491 nm laser (Cobolt Dual Calypso) or a 455 nm light-
emitting diode (LED) (Thorlabs) with a bandpass filter centered
at 469 nm and a FWHM of 35 nm was used. Both light sources
produced similar results. The collected light was sent through a
dichroic mirror (edge at 500 nm) and split 50:50 to a camera
(Luca, Andor) and imaging spectrometer (300 mm focal length,
0.05 nm resolution, Andor).

When pumped by a CW blue light at 455 nm, the GFP mol-
ecules on the surface emit fluorescence light, which is coupled
evanescently into the WGMs of the cavity. Real-time spectral
measurement showed that for the initial period of about 30 s,
only broad fluorescence emission was measured, but distinct
WGM peaks started to appear as increasingly more dispersed
GFP molecules were attached onto the bead’s surface [Fig. 1(b)].
After ~100 s, both the broad fluorescence and WGM peak in-
tensity began to decrease, presumably as the GFP molecules in
the solution and on the bead’s surface were photobleached
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GEFP on high-index microspheres. (a) Illustration of GFP molecules binding onto the surface of a BaTiO; bead. (b) Fluorescence spectra

measured at 30 and 100 s, after adding a GFP solution to beads in dispersion. (c) Intensity of the WGM peaks and background fluorescence after
the addition of GFP. (d) A BaTiO; glass bead coated with GFP molecules. The fluorescent light from the GFP molecules is coupled into
WGMs. (e) Fluorescence spectrum of a BaTiOj3 bead. Curve fitting indicates the oscillation of the first- and second-order radial modes (marked)
and predicts a bead diameter of 4.85 pm. Insets show bright-field (left) and fluorescence (right) images of the bead. (f) The output spectrum from
a 2.56 pm bead, showing the excitation of only the first-order radial modes. Scale bars, 5 pm.
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[Fig. 1(c)]. It should be possible to form GFP layers on internal-
ized beads in vitro in GFP-producing cells. This process requires
the beads to escape from the endosomes or lysosomes that would
trap the beads initially after cellular uptake, so that free-floating
GEFP in the cytosol interact with the exposed bead’s surface.

We analyzed in more detail WGMs in the spectrum emitted
by BaTiO; glass beads coated with a chemically conjugated
monolayer of GFP [Fig. 1(d)]. The output emission showed
periodic WGMs on top of a broad fluorescence background.
Curve fits [16] indicated the oscillations of the two lowest radial
modes with Q factors as high as 1900 for diameters of 4-5 pm
[Fig. 1(e)]. Distinct resonance with a Q factor of 560 was mea-
sured with diameters as small as 2.56 pm [Fig. 1(f)].

For intracellular operation, the GFP-coated BaTiO; beads
were incubated with and internalized into Hela cells in culture.
HeLa cells (ATCC) were grown at 37°C with 5% CO, in full
growth medium (Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum and 1% pen-strep), and
they were incubated in full growth medium supplied with
GFP-coated beads for 12 h prior to optical measurements with
pumping by blue LED light. The fluorescence from the cells with
intracellular beads exhibited typical WGM spectra (see Fig. S2 of
Supplement 1). Cells were viable over a few days, which is the
maximum period we have monitored. During this period, we
observed cellular division, after which the bead in the parent cell
was passed on to one of the two daughter cells [Fig. 2(a)]. We
observed dynamic changes in WGM resonance wavelengths, typ-
ically by 20-30 pm during cytokinesis [Fig. 2(b)]. This tiny, but
measurable, modal shift is due to the change in the bead’s sur-
rounding environment, which affects the effective refractive index

of the WGMs.
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Fig. 2. Intracellular GFP-coated glass bead during cell division.
(a) Bright-field images showing the transmission of the bead during telo-
phase (r = 0 's) and after cytokinesis (# = 2000 s). Scale bars, 5 pm.
(b) Measured spectral shifts of the WGM peaks from telophase to the

completion of mitosis.
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B. In Situ Assembly of GFP on Injected Oil Droplets

We have previously achieved intracellular lasing by injecting dye-
doped polyphenyl ether (PPE) oil (» = 1.69) into the cytosol to
form a microdroplet laser [8]. To demonstrate 7 vitro fluorescent
material formation, we designed a cellular system based on oil
droplets and lipid-binding GFP fusion proteins. We chose a/f
hydrolase domain-containing protein 5 (ABHD5), which is
known to play roles in intracellular phospholipid metabolism
and localize on the surface of lipid droplets [17,18]. For
expression of GFP fused to ABHD5 (CGI-58), a plasmid was
engineered (pLV[Exp] - EF1A > EGFP:mAbhd5[ORF037106],
Cyagen) (see Fig. S3 of Supplement 1). For transduction, the vec-
tor was delivered to adipocytes or Hela cells by HIV-1-derived
lentivirus (Cyagen) with a titer concentration of (3.31 £ 2)x
107 transducing units (TU)/mL, at a multiplicity of infection
of 50, with an addition of 8 pg/ml hexadimethrine bromide
(Polybrene, Cyagen), and incubated for 48 h. The cells were
washed with fresh medium and incubated for an additional 4 days
before the optical measurements. Transduction of HeLa cells with
a lentiviral vector encoding the GFP-ABHD5 gene resulted in
bright GFP fluorescence with relatively uniform intensity through-
out the cytoplasm.

The GFP-transduced HeLa cells were injected with a non-
toxic, low-viscosity, high-index PPE oil (SL-5267, Santolubes).
The injection was performed using a microinjector (FemtoJet,
Eppendorf) and a glass micropipette with a 1.0 pm outer diam-
eter (Femtotip, Eppendorf). The size of the injected droplets was
controlled by the injection time, ranging from 0.2 to 1 s, with an
injecting pressure of 1700 kPa. The viability of cells 24 h after the
injection with PPE, measured using ethidium homodimer-1, was
82% = 3%, compared to 99.6% = 0.2% for noninjected cells in
the same culture dish. This decrease in viability is probably due to
the physical injection. Upon injection of undoped PPE oil using a
micropipette [Fig. 3(a)], within less than 1 h an apparent accu-
mulation of GFP on the surface of the droplets was observed
under fluorescence microscopy [Fig. 3(b)]. The output spectrum
from a single cell when illuminated with a CW laser light
(491 nm) showed typical WGM spectral peaks [Fig. 3(c)]. We
intentionally photobleached the GFP in the cells [Fig. 3(d)] by
extensive exposure to high-intensity CW light for 10 s. Within
6 h after photobleaching, we observed partial, yet significant, re-
covery of fluorescence brightness both in the cytosol and on the
surface of oil droplets [Fig. 3(e)]. This experiment demonstrates
the self-healing nature of the genetically integrated, self-assembled
fluorescent macterial.

C. Self-Assembled Fluorescent Material and Resonator
in Adipocyte Cells

To realize both biologically formed fluorescent material and an
optical cavity inside a cell, we transduced 3T3-L1 cells, fully dif-
ferentiated to form large lipid droplets, with a GFP-ABHDS len-
tiviral vector [Fig. 4(a)]. 3T3-L1 preadipocytes (ATCC) were
grown in glass-bottom 96-well plates at 37°C with 5% CO,.
The preadipocyte medium (ZenBio) was changed every 2 days
until the cells were confluent. Once confluent, the cells were in-
cubated an additional 48 h, after which the medium was ex-
changed with differentiation medium (ZenBio). After 3 days
the medium was replaced by adipocyte maintenance medium
(ZenBio), and the medium was exchanged every 3 days for
4 weeks. The adipocytes were then transduced the same way
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Fig. 3. Microcavities in cells with GFP fluorescent material formed in situ. (a) Bright-field image of two GFP-ABHD5-producing HeLa cells 2 days
after injecting PPE oil droplets into the cytosol. (b) Fluorescence image of the cells, showing bright green fluorescence from the accumulated GFP on the
surface of the droplets. (c) Typical output spectrum from the cell under CW pumping. (d) Reduced fluorescence emission after photobleaching by high-
intensity optical pumping. (e) Increased fluorescence by continuous production and replenishment of GFP in vitro over 6 h after the bleaching. Scale bars,

10 pm.

as the HelLa cells and incubated for an additional 4 days before the
optical measurements.

The GFP-ABHDS5 fusion protein was found to locate at
higher concentrations around the lipid droplets, as was apparent
from the bright fluorescent rings [Fig. 4(b)]. The binding mecha-
nism, although not fully understood [19], should involve peril-
ipin, a protein that coats lipid droplets and protects them from
lipases. The emission spectrum from a single droplet pumped by
CW blue laser light (491 nm) showed a weak, yet well defined,
periodic mode structure at a spacing corresponding to the droplet
diameter, superimposed on typical broadband GFP fluorescence
[Fig. 4(c)]. The WGM peaks were less prominent above the
broadband fluorescence because they are wider, with a lower
Q factor. The measured Q factor was 460, lower than the theo-
retical radiation-loss-limited Q factor of 4300 for a droplet of the
same size (22 pm). This discrepancy is reasonable considering
the possible unresolvable mode splitting due to droplet deforma-
tion [20] and possible scattering loss at contacts with other smaller

lipid droplets in the cytoplasm. In contrast to the GFP-ABHDS5-
transduced cells, GFP-transduced 3T3-L1 cells showed uniformly
dispersed GFP molecules in the cytosol and failed to produce any
noticeable cavity-modified spectral features in the fluorescence
(see Fig. S4 of Supplement 1).

We illuminated a droplet of a GFP-ABHD5-transduced adi-
pocyte with high-intensity blue laser light (300 pW) for 200 s to
induce bleaching of the GFP, causing a significant reduction in
both fluorescence background and WGM structure (see Fig. S5 of
Supplement 1). After incubation in the dark for 18 h, the same
cell exhibited partial recovery of the fluorescence intensity at the
same pumping condition [Fig. 4(d)]. This experiment also dem-
onstrates the remarkable self-healing capability of the biologically
formed fluorescent material resonator system.

The Q factors of intrinsic lipid droplets are not typically suf-
ficient for practical applications in cell tagging and multiplexed
imaging, although they may be used for mechanical force sensing
via deformation-induced spectral broadening [7]. The size of lipid
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Fig. 4. All-biological self-assembled microcavity. (a) Schematic of the intracellular GFP-droplet system. (b) Fluorescence image of GFP-ABHD5-
transduced 3T3-L1 mature adipocytes. The fluorescence is mainly emitted from the edges of the droplets. (c) A typical output spectrum from a single
GFP-bound lipid droplet (inset). (d) Time-lapse variation of the fluorescence intensity during photobleaching and after partial recovery 18 h later. Inset:
fluorescence image at £ = 0. Scale bars, 20 pm.
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droplets can change over time as the cells accumulate or consume
lipids, possibly enabling precise measurement of adipocyte
metabolism.

D. Bioluminescence-Pumped WGMs

Bioluminescence produces a photon as a product of a chemical
reaction of luciferin, a substrate, and luciferase, an enzyme
that catalyses the reaction [21]. To our knowledge, biolumines-
cence—more generally, chemiluminescence—has not been used
before in conjunction with an optical microcavity to generate nar-
rowband spectral peaks. Optically pumped luciferin has been used
previously as a fluorescent gain material for WGM lasers [22]. To
explore a biochemical-energy-driven light source/resonator sys-
tem, we used biotinylated Gaussia luciferase (GLuc; 19.9 kDa)
[23] and conjugated the bioluminescence enzymes onto the strep-
tavidin-coated surface of polystyrene microbeads. SuperAvidin-
coated polystyrene microspheres with a mean diameter of
9.95 pm (Bangs Laboratories) were used. The beads were washed
twice with Tris buffer (pH 7.8). For conjugation, 2 mg of beads
were dispersed in 100 pl of 100 pg/ml biotinylated luciferase and
incubated at room temperature for 1 h. GLuc from Gaussia
princeps (NanoLight) contained biotin covalently attached to
the lysine in the AviTag peptide (GLNDIFEAQKIEWHE,
C-terminus). This streptavidin-biotin binding system is more ef-
fective than nonspecific amine-reactive chemicals, such as gluta-
raldehyde, which can reduce the activity of luciferase by reacting
with the amino groups at the active site [24]. The beads were then
washed five times with Tris buffer and transferred to PBS.
Bioluminescence was initiated by adding 5 pl of 500 pM water-
soluble native coelenterazine (CTZ; Nanolight) in PBS to 100 pg
of beads in 95 pl of PBS, producing a final CTZ concentration of
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25 pM. For optical measurements, the light source was not used
and the dichroic was removed. Instead of a beam splitter a remov-
able mirror was used to direct all the light to either the camera
or spectrometer. The spectrometer slit was open to 50 pm,
compared to the 15 pm used for fluorescence measurements,
to gather more light. The GLuc on the bead’s surface oxidizes
CTZ(423.46 Da) to generate bioluminescence light, which is
evanescently coupled to the WGMs in the bead [Fig. 5(a)]. A
single avidin-coated bead has the capacity to bind 7.9 x 107 bio-
tinylated luciferase molecules (manufacturer data). Since each
luciferase typically produces ~0.2 photons/s [25], one bead pro-
duces a peak power of ~1.74 x 10° photons/s, or 0.72 pW.
When we added CTZ (25 pM) to a medium containing dispersed
GLuc-coated beads, a bright bioluminescence emission was
generated exclusively from the beads’ surfaces [Fig. 5(b)]. The bio-
luminescence intensity reached the maximum typically in 20-40 s
and decayed exponentially (see Fig. S6 of Supplement 1). A
representative output spectrum acquired 23 to 28 s after the ad-
dition of CTZ shows an easily distinguishable WGM structure
[Fig. 5(c)]. Compared to the GFP beads (Fig. 1), the Q factor
and peak-to-background contrast are lower. This is partly due
to different spectrometer settings, in which the entrance slit
was opened larger (50 pm) to collect weak bioluminescence more
efficiently at the cost of spectral resolution (0.5 nm). A best curve
fit to the spectrum predicted an effective bead diameter of
9.378 pum, in reasonable agreement with the manufacturer’s speci-
fied mean diameter of 9.95 pm [Fig. 4(d)]. Despite the time-
dependent variation of the bioluminescence intensity, the spectral
fitting of the WGMs yielded accurate measurement of the bead
diameter, with a standard deviation error of only 1.8 nm during
a 100-s-long measurement [Fig. 5(d)]. Such high precision may
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Fig. 5. Cavity-modified bioluminescence. (a) Schematic of a polystyrene or glass bead coated with luciferase proteins. Upon addition of luciferin, light
is generated and coupled into WGM:s. (b) Bright-field image of polystyrene beads coated with luciferase (top) and bioluminescence emission when CTZ is
added (bottom). Scale bar, 20 pm. (c) A representative bioluminescence spectrum from a luciferase-coated bead. The spectral peaks of WGMs are fitted to
theory to determine the mode orders and bead diameter. (d) The effective bead diameter measured over time. The standard deviation fluctuation (gray

area) is ~190 ppm.
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enable the use of bioluminescence cavity complexes for tagging
and sensing in the same way as fluorescent cavities [8], but with-
out the need for an external source of light.

3. DISCUSSION AND CONCLUSION

We have demonstrated several schemes to generate cavity-
modified luminescence from biological systems by coupling
fluorescent proteins and bioluminescence enzymes with microre-
sonators. The building blocks, apart from beads and oils, were
genetically integrated and self-assembled in the cytoplasm. The
fine spectral features of cavity-tailorable WGMs are suitable
for tagging and sensing, adding extra dimension to broadband
spectra of fluorescence and bioluminescence. All the demonstra-
tions herein describe spontaneous emission at relatively low
pumping levels. Stimulated emission and lasing may be possible
with nanosecond optical pumping, a sufficient amount of gain
molecules, and a high enough Q factor, particularly from
GFP-accumulated beads [5]. The use of a gain material produced
by the cells in the form of fluorescent proteins has several
advantages over externally supplied fluorescent dyes. Namely,
fluorescent proteins are able to be continuously produced and re-
plenished in the cells, which leads to a unique self-healing capabil-
ity. Further, only specific cells with certain phenotypes can be
chosen to express the gain, so only those cells of interest that gen-
erate the desired emission can be studied and tracked. In contrast
to the genetically integrated elements, artificial resonators such as
glass beads and oil droplets require spontaneous cellular uptake or
injection. The GFP-coated BaTiO3 beads with a diameter of
2.56 pm represent the smallest WGM emitters achieved inside
cells. The small size could facilitate the internalization of several
beads into a single cell for multiplexed sensing and tagging with-
out substantially disturbing the cell’s biological functions. Besides
lipid droplets, other types of resonator structures may be devised
using various optical [26,27] and plasmonic elements [28] that
could be genetically encoded and self-assembled [29,30] inside
cells and organisms. The luciferase cavity constructs have the ad-
vantages that they do not require external optical pumping, are
activated simply by injecting substrate (luciferin) molecules, and
have very low background. Moreover, the bioluminescence
proteins can be genetically encoded [31] to specific cells. The bio-
luminescence cavity complexes can be useful for cellular sensing,
tagging, and, possibly, photodynamic therapy [32], particularly in
tissues at depths not reachable by external optical excitation.
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See Supplement 1 for supporting content.
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