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Demonstration of intracellular real-time
molecular quantification via FRET-enhanced
optical microcavity

Yaping Wang1,7, Marion C. Lang1,6,7, Jinsong Lu1,7, Mingqian Suo1, Mengcong Du1,
Yubin Hou2,3,4,5, Xiu-Hong Wang 1,3,4,5 & Pu Wang2,3,4,5

Single cell analysis is crucial for elucidating cellular diversity andheterogeneity
as well as for medical diagnostics operating at the ultimate detection limit.
Although superbly sensitive biosensors have been developed using the
strongly enhanced evanescent fields provided by optical microcavities, real-
time quantification of intracellular molecules remains challenging due to the
extreme low quantity and limitations of the current techniques. Here, we
introduce an active-mode optical microcavity sensing stage with enhanced
sensitivity that operates via Förster resonant energy transferring (FRET)
mechanism. The mutual effects of optical microcavity and FRET greatly
enhances the sensing performance by four orders of magnitude compared to
pure Whispering gallery mode (WGM) microcavity sensing system. We
demonstrate distinct sensing mechanism of FRET-WGM from pure WGM.
Predicted lasing wavelengths of both donor and acceptor by theoretical cal-
culations are in perfect agreement with the experimental data. The proposed
sensor enables quantitative molecular analysis at single cell resolution, and
real-time monitoring of intracellular molecules over extended periods while
maintaining the cell viability. By achieving high sensitivity at single cell level,
our approach provides a path toward FRET-enhanced real-time quantitative
analysis of intracellular molecules.

Molecular studies at single cell resolution have received growing
attention in the last decadedue to the increasing awareness of intrinsic
cellular heterogeneity of gene and protein expression as well as
metabolites production1–3. The big challenge of single cell analysis,
however, is the extremely lownumbersofmolecules, i.e., an average of
only 1 × 105 molecules (nM level) for proteins. Current single cell
techniques, such as laser scanning confocal imaging, surface-enhanced
Ramanspectroscopy, aswell as the sequencing techniques for “omics”,

albeit play crucial roles in obtaining substantialmolecular information,
there are limitations in respect to real-time and quantitative analysis.
Thus, the combination of efficient sample manipulation and highly
sensitive detection is urgently desired.

Optical microcavities, such as microspheres4–6, microrings7–9,
microdisks10,11, and similar configurations12,13, which confine light
within a small cavity, generating whispering gallery modes (WGMs)
due to total internal reflection, have demonstrated great capability in
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bioanalysis due to their high quality factor, ultra-low loss, ultra-long
photon lifetime and ultra-high intracavity power and intensity14–16.
Compared to most single-pass optical devices, such as waveguides17

and optical interferometers18, where light interacts with the analyte
only once; in WGM based approaches, light can interact with the
analyte as often as 105 times16, greatly enhancing the sensing perfor-
mance. In order to achieve ultrahigh sensitivity or ultrafast sensing,
several mechanisms have been explored, including evanescent cou-
pling of the microcavity resonance to a plasmonic nanoantenna19–21,
laser-frequency locking22, exceptional point technique23 and others.
Microcavity-based optical sensors can resolve single molecules or
particles showing promise in the detection and manipulation of viru-
ses, proteins and antibodies for clinical diagnostics and environmental
monitoring15,24–28. Recently, the reach of evanescent and plasmonic
techniques have extended the detection limit down to single biomo-
lecules with dimensions in the single nanometer range15,25. However,
these studies with opticalWGMmicrocavity biosensors are technically
not applicable for intracellular applications due to the adoption of
fiber or prism couplers29–31.

A promising solution is the active mode WGMmicrocavity with
gain material, such as a dye-doped or intrinsically luminescent
optical micro-resonator. While the small volume enables embed-
ding into a cell, it also allows free space excitation with the pump
light without adoption of a coupler. It has been shown that WGMs
can be successfully created from small dye-doped fluorescent beads
(with sizes ranging from sub-micrometer tomicrometer, depending
on the refractive index of the bead material) that are taken up by
individual cells, to oil droplets stained with dye injected into a
cell32–34. Lasers embedded in the cytoplasm of a cell or tissue, have
recently been employed to record transient cardiac contraction
profiles with cellular resolution as well as for high-density optical
barcoding of cells35–37. The intracellular microcavity interacts with
molecules in the cytosol via evanescent mode coupling and can
serve as an optical sensor to detect molecules of interest. However,
intracellular sensing of a molecule-of-interest has not been feasible
so far due to the extreme low quantity of cytosolic molecules at

single cell level. Here, we demonstrate that incorporating Förster
resonance energy transfer (FRET) to an active-mode WGM micro-
cavity platform can greatly increase the sensitivity enabling intra-
cellular quantitative sensing of small molecules at single cell
resolution.

Results and discussion
FRET-assisted dual lasing of a micro-resonator
First, lasing action from a dye-doped microsphere was evaluated
before introducing FRET to the lasing line. A dragon green (DG, MW
369Da) doped polystyrene (PS) microspheres (1% DG doping, n = 1.59)
with diameter of 15 µm (D) was ingrained in ultrapure water (ddH2O)
and excited by a 473 nm pulsed diode-pumped laser (pulse duration
2.5 ns, repetition rate 100Hz, diameter of pump spot on sample
30 µm). A typical WGM emission patternwas observed (Fig. S1a) with a
center wavelength (CWL) at 534 nm. The center peak consistently
remains the maximum height in the spectral envelope under opti-
mized excitation conditions, so it can be easily identified without
ambiguousness. The lasing thresholdwas26.3nJ. Above this threshold,
the emission intensity increases linearly with the pumping energy (Fig.
S1b). The free spectral range (FSR) of DG obtained from the spectrum
was 3.79 nm, which is in good agreement with the theoretical estima-
tion of 3.81 nm (Fig. S1c).

Subsequently, a DG microbead was embedded in 50 µM rhoda-
mine 6G (R6G) solution and pumped with the same laser. The optical
setup is shown in Fig. 1a. After overcoming the lasing threshold, two
subsets of lasing peaks were observed: one group of peaks with CWL
around 520 nm, attributed to DG emission; and a second group of
peaks with CWL around 565 nm, attributed to R6G emission (Fig. 1b).
The lasing outputs of the two sets of peaks depend on the pumping
power. As shown in Fig. 1c, the relationship between output intensity
and pump energy exhibits a characteristic s-shaped curve, similar to
Fig. S1b. The lasing thresholds are 209 nJ and 309 nJ for DG and R6G,
respectively. During 10min of continuous laser operation, or 1 × 103

pump pulses, the lasing frequency remained unshifted (Fig. 1d, e),
determined by peak fitting to the lasing spectra (n = 3), although the
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Fig. 1 | Dual-lasing of DG and R6G via an optical microcavity. a Schematic
representation of the optical set-up (for details please see Methods section).
b Typical lasing spectra of a DG microsphere in 50 µM R6G under varied pumping

energy from 60.3nJ to 1262nJ. c Lasing thresholds of DG (green) and R6G (pink) are
at 209nJ and 309nJ, respectively. d, e Lasing frequencies of DG (green) and R6G
(pink) are independent of pumping duration (d) and number of pulses (e).
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output intensities of DG and R6G decreased over time due to photo
bleaching (Fig. S2a, b).

As a control experiment, a sodalime glass microsphere (n = 1.59,
D = 15 µm)) without fluorophore-doping was embedded in 50 µM R6G
and excited under the same conditions. In this case, we only observed
broad fluorescence emission of R6G, with a maximum @558 nm (Fig.
S2c). Increasing the R6G concentration to 500 µMand pumpenergy to
as high as 10,000 nJ resulted in intensified fluorescence (Fig. S2c, d),
however, did not generate lasing output. This control experiment
indicates that R6G lasing depends on the DG emission.

The lasing action of R6G can be a consequence of two possible
mechanisms. First, the DG lasing output functions as a pumping
source to excite the R6G molecules; or secondly, Förster resonance
energy transfer (FRET) between DG and R6G takes place38. To test
the first hypothesis, a 15 µm sodalime glass microsphere was
embedded in the same R6G solution, and a 532 nm nanosecond-
laser was used as a pumping source, which provides a similar
wavelength to DG lasing but with much higher single-pulse energy.
However, only spontaneous emission rather than lasing of R6G was
observed (Fig. S3a), ruling out the first hypothesis (Here we would
like to clarify that with the described setup, R6G lasing can be rea-
lized, however, much higher R6G concentration (>5mM) and
pumping energy (>mJ) are required, please see Fig. S3b, c). The
second option, FRET, requires a strong overlap between the emis-
sion spectrum of the donor, DG, and the absorption spectrum of the
acceptor, R6G, to ensure energy conservation, which is clearly ful-
filled for DG and R6G (Fig. 2a). A second prerequisite for FRET is the
distance between donor and acceptor, meaning that if the distance
between DG and R6G is within 1–10 nm, efficient energy transfer via
FRET can occur. As the polystyrene microsphere is negatively
charged, the cationic dye R6G would be readily adsorbed on the
anionic surface, thus meeting the distance requirement for FRET
(c.f. SI Fig. S4 for charging properties of the microspheres and
molecules). Therefore, presumably, the two fluorophores form an

ideal FRET pair, in which DG acts as donor (D) and R6G acts as
acceptor (A).

To investigate this hypothesis further, we analyzed the fluores-
cence decay curves of DG in the presence of R6G, as the FRET process
would affect the fluorescence decay of the confined donor DG in the
presence of a suitable acceptor. A time-correlated single-photon
counting (TCSPC) was applied to evaluate the fluorescence decay
curve after excitation with a short pulse of light. The fluorescence
decay of DG in the absence of R6G (τD) was determined to be 4.12 ns
(mean value) regardless of the location of ROI (region of interest), Fig.
S5 (DG-H2O). In contrast, in the presence of R6G, the decay time (τDA)
of DG locatedon the surface of themicrospherewas reduced to 2.14 ns
(Fig. 2b, and Fig. S5 DG-R6G), whereas the decay time for the interior
DG of the microsphere remains unchanged (4.10 ns, Fig. S5). Con-
sidering the high spectral overlap between thedyes, clearly, the energy
transfer mechanism from surface DG to R6G was further evidenced as
Förster type via dipole-dipole coupling. The energy transfer process is
illustrated in Fig. 2c. The un-altered τ value of interior DG molecules
(Fig. S5) indicates no energy transfer occurred in this situation.

FRET efficiency (EFRET) was determined to be 48% (EFRET = (τD-
τDA)/τD)39, which is high compared with the published data40–42. The
ultra-high FRET efficiency is very likely owing to the evanescent field of
WGM, as evidenced in the literature that an evanescent field would
enhance the fluorescent energy transfer43,44. Due to the adjustment in
spatial distance between donor and acceptor molecules and the var-
iation of R6Gmolecular orientation, FRET efficiencymay vary. Indeed,
we obtained different τDA values (Fig. S5) for different ROIs on the
microsphere surface, corresponding to EFRET of 52%, 47% and 42%, 43%
and 59%, respectively. The data indicate that R6G lasing is a joint result
of FRET and WGM.

By measuring the FSRs of DG and R6G on the observed spectra at
different R6G concentrations, we found FSRDG is always smaller than
FSRR6G (c.f. Table S1). We also calculated the cavity sizes for DG and
R6G using FSR = λ2/nπD. The resonant cavity for R6G is constantly

R6G

DG
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c

Fig. 2 | FRETdeterminesR6G lasing. aAbsorption andemission spectra ofDGand
R6G show a strong overlap of DG emission and R6G absorption spectra, indicating
good energy conservation. b Time-resolved fluorescence decay of DG in the

absence (green) and presence (pink) of R6G. The shorter fluorescence lifetime of
DG in the presence of R6G indicates FRET fromDG to R6G. c Schematic illustration
of energy transfer via FRET at the interface of the microcavity.
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larger than that of DG (c.f. Table S2). The decreased FSR of DG can be
contributed to the increased refractive index near the sphere surface.
Due to the layer of R6G, the DG observes a little bit refractive index
increase. Whereas for R6G, since, somehow, the gain position is a little
outside, its WGM might be pulled outward slightly.

As described previously16,45, for a reactive WGM sensor, by first
order perturbation theory, the frequency shift (Δω) can be estimated
by Eq. (1):

4ω
ω

= � αex ∣Eðr0Þ∣2
2
R
ε∣EðrÞ∣2dV

ð1Þ

where ε is the permittivity of themediumand αex is the polarizability of
the particles (molecules) bound to the microcavity; Eðr0Þ and EðrÞ are
the modal field amplitudes at the binding site r0 and throughout the
mode, respectively. The frequency shift produced by a molecule
binding to the microcavity is proportional to the intensity ∼E2(r0)
encountered at the binding site r0. Therefore, once a molecule is
boundon the surface of aWGMmicrocavitywhere the evanescentfield
strength E(r) is high, the molecule will become polarized at the optical
frequency ω. The energy that is needed to polarize the molecule and
induce the dipole moment is ½αexE(r0)2. Since FRET enables effective
energy transfer from DG molecules to R6G molecules, located on the
binding site r0, which contributes extra energy Ex(r0) on top of the
evanescent field. Anymechanism that can amplify the field intensity at
the binding site will dramatically increase the sensitivity in molecule
detection, as evidenced by the plasmonic effect in the field46,47.
Therefore, we hypothesize that FRET-coupled WGM (FRET-WGM)
would exhibit higher sensing performance than its non-FRET counter-
part (non-FRET-WGM).

Resonant energy transfer greatly enhances WGM sensing
performance
To test this hypothesis, we compared the sensing performance of
FRET-WGM and non-FRET-WGM. First, a DG microsphere was
embedded in various concentrations of R6G solution and pumped
with a 473 nm laser. Depending on the concentration of R6G, different
resonance shifts were observed (Fig. 3a, only the center peaks are
shown here. for the full spectra please refer to SI figure S6a, b). As the
concentration of R6G increased, the CWL of DG lasing shifted toward
shorter wavelengths (blue shift), i.e., from 534 nm in pure water to
520nm in 50 µM R6G solution. Correspondingly, the CWL of R6G las-
ing shifted toward longer wavelengths (red shift) (Fig. 3a).

By measuring eleven different concentrations (0, 10 nM, 50 nM,
100nM, 500 nM, 1μM, 5μM, 10μM, 50μM, 100μM and 500μM) and
repeating themeasurement forfive times, themean valueof resonance
wavelengths, λDG and λR6G, were taken to draw the concentration-
dependent curve (Fig. 3b). The average wavelength distances between
CWLS of DG and R6G (Δλ = λR6G-λDG) at different R6G concentrations
show an exponential increase with increase of R6G concentration. The
log-scale curves are shown in Fig. 3c (for a mathematical model please
see Table S3). The inset shows linear fit to the curve. For a R6G con-
centration of 500 µM, the wavelength distance Δλ is 53.5 nm; a con-
siderable distance of 12.8 nm is already observable at a R6G
concentration of 1 µM; and for 10 nMR6G, theΔλ value is 6.2 nm. Thus,
the observed changes in frequency shift could be a sensitive means to
quantify the extra-cavity acceptor molecules in solution. The calcu-
lated limit of detection (LOD) for R6G is 15.2 pM (we define the LOD as
equal to the linewidth FWHM (δλ), i.e., ΔλLOD = δλ), opening up the
potential to detect very small concentration changes of the acceptor
dye with high sensitivity.

In the second experiment, we addressed the FRET effect onWGM
sensing. Therefore, a mirror-study of “non-FRET-WGM” was per-
formed. To minimize errors caused by non-FRET factors, such as
molecular size and dipolemoment, a non-fluorescent R6G analog, R6G

hydrazide (R6GH), was synthesized48, utilizing the unique property of
rhodamine transformation from the fluorescent ring-opened form
(R6G) to the non-fluorescent spirolactam (R6GH) (Fig. 4a).WhileR6GH
and R6G both are positively charged (Fig. S4) and have similar mole-
cular size (MW457 vs 479Da, confirmed by ESI-MS, Fig. 4a right panel,
for the full mass spectrum refer to Fig. S7) and polarity, R6GH mole-
cules do not absorb or emit energy in the visible region (Fig. 4b).
Therefore, there is no energy transfer between DG and R6GH. Time-
resolved fluorescence decay also confirmed this (τ values of DG in the
presenceofR6GHremains same as inH2O regardless of the location of
the measurement, Fig. S5 DG-R6GH). A DGmicrosphere was ingrained
in various dosages of R6GH solution and excitedwith a 473 nm laser. In
clear contrast to the aforementioned FRET-WGM results, the presence
of R6GH molecules resulted in a dose-dependent red-shift of the DG
resonance wavelength (Fig. 4c, for full spectra please refer to SI
fig. S6c). From curve fitting of the Δλ-concentration plot (Fig. 4d), the
LOD for R6GH was calculated to be 747.4 nM (again using ΔλLOD = δλ,
see table S3 for detailed mathematical model). The comparison of DG-
R6G with DG-R6GH shows that the evaluated LODFRET-WGM is around
5 × 104 times lower than that of the non-FRET-WGM system. Clearly,
introducing FRET to the active-mode WGM sensing system greatly
increases the sensing performance.

Comparing theobtained spectra at the sameconcentrationofR6G
andR6GHadditionally shows that the lasing threshold of DGFRET-WGM is
much higher than that of DGnon-FRET-WGM (Fig. 4e). This finding further
indicates that energy in fact is transferred from DG to R6G, increasing
the losses for the DGWGM system. An increased concentration of R6G
also leads to ahigher lasing threshold ofDG (Fig. 4f), sincemore energy
is transferred from DG to R6G, causing more losses for the DG system.

It is interesting to note the switch of the resonance wavelength
shift of DG (λDG) when the concentrations of R6GH and R6G increase,
respectively, from a red-shift in the R6GH-case to a blue-shift in the
R6G-case, indicating different underlying mechanisms. In the non-
FRET-WGM system, as documented in many publications, the shift to
longer resonance wavelength occurs because the bound R6GH mole-
cules will effectively “pull” part of the optical field to the outside of the
microsphere by Δl 49, thereby increasing the roundtrip path length by
2πΔl. This increase in path length produces the shift (Δλ) to lower
frequencies (red-shift). The shift of the resonance wavelength mainly
depends on the refractive index change. For the investigated R6G
concentrations, the change of the refractive index (Δn) is small (c.f. SI
table S4), corresponding to a small shift of the resonance wavelength
Δλ. This explains the much lower sensitivity of a pure active WGM.

In the case of FRET-WGM, the refractive index change of R6G (Δn)
is equally small to that of non-FRET-WGM (c.f. SI table S4). However,
the exceptionally high FRET efficiency suggests FRET plays the dom-
inating role in the sensing process, overcompensating the effect by the
refractive index change, although the mechanism is not yet fully
understood at the moment. For more comprehensive insights into
energy transfer of the microcavity, we applied rate equations to
simulate the intensity for every single mode and thereby obtain the
efficiency of cavity energy transfer, please refer to SI section 3. Ana-
lyzing each mode of the rate equations reveals that FRET effect is
sufficient to achieve population inversion, that is to say, FRET dom-
inates the process for R6G lasing. With FRET being the dominating
factor, the mechanisms of the active-mode WGM system investigated
here are fundamentally different from the mechanisms underlying a
non-FRET-WGM system. The described FRET-WGM configuration
allows energy transfer from inner cavity to out cavity, distinguishing
from intra-cavity FRET reported previously50–53.

To validate the theoreticalmodel, we altered the surface charge of
the microsphere to abolish the distance requirement for FRET to
occur. To this end, we used PAH molecule (Poly (allylamine hydro-
chloride), MW 10,000–20,000Da) to coat the microsphere to achieve
a positively charged surface. TEM image confirmed a ~5 nm layer
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formed around the microsphere (Fig. S8a, b). The measured zeta
potential of the DG microspheres after PAH modification was 15.9mV
(Fig. S8c). The positively charged microsphere was embedded in
50μM R6G solution and pumped with 473 nm pulsed laser. We ran-
domly selected 5 microspheres and the data are shown in Fig. S8d. We
observed solely DG lasing instead of DG and R6G dual lasing. The CWL
of DG lasing spectrum is 535.8 nm, which is comparable with that in
pure H2O (red-shifted by 1.8 nm due to the increased refractive index
caused by the PAH modification). It is assumed that the positively
charged DG microsphere repels R6G molecules and thus R6G mole-
cules are distanced from the microsphere, interfering with the energy
transfer via FRET, as a result, R6G fails to lase. The data further support

the mechanism of FRET playing a leading role in the FRET-WGM sen-
sing system.

In the FRET-WGM format, the shift of DG toward shorter wave-
lengths indicates that with increased R6G concentration, the energy
transfer from DG to R6G becomes more effective, leading to higher
losses in the DG lasing process and a higher gain in the R6G lasing
process. The FRET-WGM is analogous to a quasi-3-level lasing system,
where increased losses lead to a frequency shift toward shorter
wavelengths54. This is because increased losses require a higher gain
and subsequently a higher excitation level. This in turn means the
maximum gain of the system is at a shorter wavelength. This is what
can be observed for the DG lasing: higher R6G concentration increases
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Fig. 4 | The non-FRET-WGM sensing system. a Structural formula of R6G and
R6GH. R6GH is a R6G analog with similar structure andmolecular size. Right panel
shows themolecular weight of R6GH determined by ESI mass spectrometer (cf. Fig
S8 for full mass spectrum). b Absorption and emission spectra of DG and R6GH.
Unlike R6G, R6GH does not absorb and emit light in the visible region. c Dose-
dependent lasing spectra of DG in the presence of various concentrations of
R6GH (solvent is 90%H2O+ 10%EtOH. Only center peaks are shown, full spectra in

SI Fig. S6c). d Wavelength shift (Δλ)-concentration curve of DG in the presence of
R6GH. Δλ = λDG-in-R6GH-λDG-in-solvent. Data are presented as mean values ± SD (n = 3).
e Threshold of DG in the presence of R6G (pink) or R6GH (red). Due to FRET, the
lasing threshold of DG in R6G ismuch higher than that of R6GH. f Lasing thresholds
of DG and R6G. As the R6G concentration increases, the thresholds of DG rise,
indicating an increased energy loss of DG molecules.

a

c

b

Fig. 3 | The FRET-WGM sensing system. a Dose-dependent lasing spectra (only
showing the CWL) of DG and R6G displaying wavelength blue-shift of DG and red-
shift of R6Gwith increase of R6G concentration.bMeanwavelength-concentration
plot of DG (green) and R6G (pink) of five experiments. Data are presented asmean

values ± SD (n = 5). c log-scale Δλ-concentration curve showing that the wavelength
gap (Δλ) exponentially increases as the R6G concentration increases (for a math-
ematical model ref. SI table S3, Δλ = λ2(R6G)-λ1(DG)). Data are presented as mean
values ± SD (n = 5).
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the loss for DG lasing, becausemore of the energy is transferred to the
R6G transition, leading to a shift toward shorter excitation wave-
lengths. The R6G emission, on the other hand, shifts to longer wave-
lengths, because here the gain is increased at higher concentrations.
Supporting this explanation is that with increasing R6G concentration
also a higher lasing threshold for DG lasing was observed (Fig. 4f). The
relationship betweenwavelength gap (Δλ) and acceptor concentration
can be further quantitatively simulated via absorption/emission cross
section analysis (please refer to SI section 4).

The initial concentration of DG will determine the absolute value
of CWL and sensitivity to R6G concentration. Increasing DG con-
centration in the microsphere to 2.0% (w/w), similar lasing perfor-
mancewasobserved. TheCWLof2%DGmicrosphere inH2O is 539 nm,
red-shifted by 5 nm due to higher gain molecule quantity in the reso-
nator. Embedding the microsphere in various concentrations of R6G
and pumping with a 473 nm laser, similarly, we observed dose-
dependent blue- and red-shift of DG and R6G CWLs, respectively (Fig.
S9a, b). At the same R6G concentration, the wavelength distance
between DG and R6G (Δλ = λR6G-λDG, Fig. S9c) is larger for 2% DG-R6G
than that of 1%DG-R6G, as shown inTable 1. The LODFRET-WGMof the 2%
DG microcavity sensor, which is calculated to be 3.2 pM, is lower than
that of 1% counterpart (15.2 pM). The data, on the one hand, further
confirmed the aforementioned results; more importantly, also provide
a valid path to optimize the sensitivity of the FRET-WGM platform. In
order to rule out detrimental effects by the ambient temperature, the
frequency difference between DG and R6G lasing at higher tempera-
ture (30 °C) was investigated. Increasing temperature resulted in an
overall blue shift of both DG and R6G resonant peaks, however Δλ
(λR6G-λDG) value remained unchanged (Fig. S10), compared to the
room temperature (20 °C) data.

Themagnitude of the resonant wavelength shiftΔλ (Δλ/λ =Δω/ω)
is inversely proportional to the mode volume Vmode given by the
denominator in Eq. (2)55:

4λr
λr

=
αexσ

ε0 n2
s � n2

m

� �
R

ð2Þ

where ns and nm are the refractive indices of the sphere and exterior
medium, respectively, and σ is the surface density of bound biomole-
cules. Therefore, reducing the size (modal volume) of the optical
resonator would further boost the sensing capability. Meanwhile,
usage of a high Q microcavity would also increase the sensitivity of a
FRET-WGM microlaser.

FRET-WGM microlasers for intracellular molecule sensing
For intracellular operation of the FRET-WGMmicrolasers, a DG bead
was first internalized into a cell (T47D, human breast cancer cell
line) via simple co-culture and endocytosis. The 3D confocal image
of the cell confirms theDGmicrobeadwas truly inside the cell rather
than sitting on top of the cell (Fig. S11a and supplementary video).
Most beads enter cells following 4 h of incubation. Cells harboring
beads grow and divide as usual (Fig. S11b, c). A single cell harboring
one DG bead was excited with 473 nm pulsed laser. We observed
typical WGM emission of DG with CWL @ 537 nm (Fig. S12a), which
is red-shifted by 3 nm compared to that in H2O due to the higher
refractive index of cytoplasm (ncytoplasm 1.37 vs nH2O

1.33). The

intracellular lasing threshold (60.3 nJ, Fig. S12b) is also higher than
in ddH2O (Fig. S1b).

For the measurement of intracellular R6G concentration,
100 μM R6G solution was co-cultured with T47D cells harboring DG
microspheres for 30mins to allow R6G molecules to enter the cells.
R6G molecules passively penetrated the plasma membrane and
dispersed in the cytoplasm (Fig. 5a). A single cell harboring a
microsphere was pumped with 473 nm laser. In the presence of
intracellular R6G, two subsets of WGM lasing peaks could be
observed (Fig. 5b, c), which is similar to the data obtained in the
extracellular setup. During 10mins of continuous laser operation or
1 × 103 pump pulses, the lasing frequency remained un-shifted
(Fig. 5d, e), however, the lasing intensities of DG and R6G
decreased over time due to photo bleaching (Fig S12c, d). The lasing
thresholds of DG and R6G are higher than the non-cellular setup
(Fig. 5f vs Fig. 1c) due to more energy loss in cell.

This finding demonstrates an advantage of using the wavelength
rather than lasing intensity as a measure to quantify the concentration
(although in fact, data acquisition is completed within seconds, far
before severe photo bleaching occurs). Fluorescence intensity often is
a measure for cross-examining cellular events and pathophysiologic
conditions in small animal models of human diseases. While intensity
measurements are convenient in the laboratory, they are often
inadequate and sometimes imprecise in real-world situations. It is
impossible to know the probe concentration at each point of the
image. In addition, fluorescence intensity changes may be due to
photo bleaching, photo-transformation and/or diffusiveprocesses and
so forth. On the contrary, molecular quantification using lasing wave-
length can provide unique or complementary information, which is
more accurate since it is not influenced by photo bleaching.

By measuring the wavelength gap between DG and R6G (Δλ)
(Fig. 5g), the intracellular concentration of R6G after 5mins incubation
can be determined via the standard concentration-Δλ curve shown in
Fig. 3c (Although the intracellular refractive index is slightly higher
than pure water, Δλ would not be affected. Therefore, the standard
curve is also applicable for the intracellular study). The measured Δλ
value is40.74 nm, corresponding to an intracellular R6Gconcentration
of 46.12μM (Fig. 5g, h). The discrepancy between the intracellular and
the extracellular R6G concentration is due to the barrier function of
the cell membrane. Similarly, 10μM and 50μM of R6G solution were
incubated with T47D cells harboring DG microspheres, the intracel-
lular concentrations of R6G after 5mins incubation were determined
to be 1.54μM and 18.55μM, respectively (Fig. 5 g, h). The cells
remained alive after pumping experiments were completed (cells on
the slide grow and proliferate normally).

In summary, we presented a FRET-enhanced active-modeWGM
sensing platform, which allows free space excitation and enables
sensitive intracellular detection of R6G at single cell resolution,
providing a method for fast (no amplification is needed) and cost-
effective real-time molecular analysis at single cell resolution. FRET
has been used extensively throughout biology, materials science,
chemistry, suggesting a great potential for studying molecular
interactions, energy transfer and conservation. WGM lasers offer
multiple options via altering the gain medium configuration,
including doped in the resonator and cross-linked on the surface of
the resonator.

Table 1 | Δλ (λR6G-λDG) values at same R6G concentration with different DG-doping

R6G
Conc.

10 nM 50nM 100nM 500nM 1 µM 5µM 10µM 25µM 50µM 75 µM 100µM 200µM 300µM 400µM 500µM

Δλ(nm)
(1%DG)

6.15 8.93 9.63 14.59 18.81 20.81 32.53 36.54 42.29 45.52 47.50 49.49 50.75 53.36 55.23

Δλ(nm)
(2%DG)

3.56 8.68 11.93 17.17 20.85 26.93 35.61 41.44 45.23 47.71 49.92 53.35 55.41 56.75 57.07
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The presented approach combining FRET and WGM could be
used for studying real-time molecular interactions or sensitive
detection, either extracellularly or intracellularly, by means of a
suitable acceptor-donor combination and WGM format. Fig. S13
gives an example for potential intracellular sensing applications.
Instead of the DG-R6G combination, more cell-friendly FRET pairs,
e.g., CFP-YFP, which can be co-expressed with the host protein in
cytoplasm, could be considered in the future. To increase the sen-
sitivity and reduce the mode volume, microcavities fabricated with
higher refractive index materials, such as aqueous-stable per-
ovskites, luminescent semi-conductor materials, OLED and so forth,
could be employed.

Intracellular sensing to reveal the real-time information at sin-
gle cell resolution, such as protein/protein (or protein/DNA, DNA/
DNA) interactions, regulations of signaling molecules upon stimuli
and aberrant expression under pathological conditions, can bring
fundamental information and understanding of biological processes
in health and disease. It also enables novel diagnostics and precise
interventions for treating diseases like cancers and diabetes. The
FRET assisted WGM platform provides an operative approach for
realization of non-destructive intracellular sensing at single cell
resolution. Further optimizing the detection limit and smart designs
of FRET-WGM sensing probe to provide real-time intracellular
dynamic information will be embarked in future.

Methods
Optical set-up
The setup is based on a 473nm microchip laser (BrightSolutions Co.
Model FP2-473-10-0.1, 473 nm 10μJ pulse energy, pulse duration 2.5 ns,
repetition rate 100Hz) for exciting WGM. The beam shape is elliptical,
so a plastic prism (Thorlabs Inc.) was used to expand the smaller axis
and get a better illumination of the back aperture of the objective. The
laser was then focused on the sample via an objective lens (Thorlabs
Inc., 40×, NA=0.6) (Fig. 1a). The pump laser was focused to a 30 µm

large spot and amaximum pulse energy of 1–50 nJ was used depending
on resonator size and tissue scattering. Emission from the microlaser
was collectedby the sameobjective, separated from thepump light by a
dichroic mirror (Thorlabs Inc. Transmission band: 505–800nm,
Reflection band: 380–475 nm) and passed to the camera port of the
microscope. Subsequently the fluorescence was collected via a second
objective (Thorlabs Inc. 60×, NA =0.85), the excitation light is blocked
by a long pass filter (Thorlabs Inc., 490nm) and the signal was detected
by a spectrometer (Zolix Instruments Co., Omni-λ500i, resolution =
0.4 nm, 100ms acquisition time). In the backward direction, the
microbead is imaged onto a webcam to control the position of the
microbead andmake sure that there is only onemicrobead in focus for
the measurements.

Laser threshold characteristics were acquired on the same set-up
by varying the pumppowerwith a set of neutral density filters. Spectra
were integrated over 800 pump pulses below the threshold, whereas
between 100 and 200 pump pulses were used above the threshold.
100 spectra were analyzed for each pump energy.

Cell culture and assays
Breast cancer cell lines MCF7 and T47D were purchased from the
American Type Culture Collection (ATCC). All cells were cultured in
DMEM medium (Thermo Scientific) supplemented with 10% FBS, 1%
Glutamax, 1% penicillin and 1% streptomycin in an incubator with 5%
CO2 and 80% humidity at 37 °C. Cells in the logarithmic growth phase
were used for all experiments. To count the number of cells, a Coun-
tesst automated cellcounter (Invitrogen, USA) was used.

For viability assay, cells were incubated in a 96-well plate (5000
cells per well, in triplicate) with appropriate culture medium for 24 h.
Subsequently, the initial medium was replaced with fresh medium
containing the various concentrations of microbeads and incubated
for another 24h. The culturemediumwasgently removed and the cells
were washed twice with sterile PBS. Then 10μl cell counting kit-8
(CCK-8) solution was added to each well, the absorption (OD) at

a

gfe

dcb

h

Fig. 5 | Real-time intracellular R6G quantification. a Image of A T47D cell har-
boring a DG (microsphere (green) following incubation with R6G (red) for 5mins.
The cell membrane (blue) was stained with CellMaskTM. The experiment was
repeated independently three times with similar results. Scale bar 10μm. b Dual
lasing of DG and R6G within a T47D cell. c Schematic illustration of intracellular
dual lasing via FRET from a cell harboring a FRET-donor doped optical microcavity
and implanted in cytoplasm containing a FRET-acceptor.d, e Lasingwavelengths of
DG and R6G remain un-shifted following 10mins of continuous pumping (d) and
1000 pulses (e). f The intracellular lasing thresholds of DG and R6G are 309 nJ and

447 nJ, respectively, higher than that of the extracellular setup (Fig. 1c). g Real-time
measurement of Δλ. Intracellular lasing spectra of DG and R6G are recorded fol-
lowing 5mins incubation with 10μM, 50μM and 100μM R6G solutions, respec-
tively. The experiments were conducted 3 times with similar results, as-shown is a
representative. h Intracellular R6G quantification using Δλ-concentration standard
curve. The determined intracellular R6G concentrations following 5mins incuba-
tion of R6G are 1.54, 18.55 and 46.12μM, respectively. Data are presented as mean
values ± SD (n = 3).
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450nm was measured with the microplate reader after a 3 h co-
cultivation. The following formula was used to evaluate cell viability:
Cell viability (%) = (mean of Abs. value of treatment group/mean Abs.
value of control) × 100%.

Sample preparation for optical experiments
Preparation of Poly-d-lysine coverslips. Glass coverslips were wipe-
cleaned with ethanol and left until dry. 20 µl of Poly-d-lysine (PDL,
Sigma-Aldrich) was added on the top of the coverslip; the liquid was
allowed to spread out to cover the entire coverslip. The samples
were left at room temperature for 10mins to ensure PDL molecules
were fully adhered on the coverslip surface. Then the excessive PDL
was removed and the coverslips were washed 3× with ddH2O. The
coverslips were stored at room temperature on a dry place
over night.

Preparation of DG microbeads samples. On the top of the PDL cov-
erslip, 20 µl dragongreen (DG)microbeads suspension (1:20dilution in
ddH2O) was added, after 10mins, which allowed the microbeads to
settle down, the samplewas coveredwith a clean coverslip, and excess
liquidwas carefully removed. The samplewasmounted on a glass slide
and sealed with nail polish. After the nail polish was dry, the glass slide
was mounted on a holder and the sample was fixed in the
measurement setup.

Preparation of cells harboring DG microbeads. A clean 18 × 18mm
coverslip was placed in a 35mm cell culture petri dish. A mixture of
2μL DG microbeads (103 beads μl−1) and 300μL log-phase growing
cells (102 cellμl−1) was gently dropped on the coverslip to ensure
microbeads and cells evenly cover the slip. The coverslip was stored in
the CO2 incubator for 4 h to allow the cells adhere on the coverslip and
themicrobeads to be internalized into the cells. Then the coverslipwas
washed three times with phosphate buffered saline (PBS) to remove
un-internalized microbeads.

For intracellular real-time R6G quantification, two coverslips with
live cells harboring DGmicrobeads were prepared as aforementioned.
On the top of the coverslip, 15μL 50μM R6G solution was added and
the samples were incubated at 37 °C for 5mins. One coverslip was
washed with PBS and the cell membrane was stained with DP for
confocal imaging (please see SI for details). The other coverslip was
washed and coveredwith a cleanpieceof coverslip, thenmountedon a
glass slide as described above and sealed with nail polish.

Additional experimental methods please refer to SI.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the main data supporting the findings of this
study are available within the paper and its Supplementary Informa-
tion files. Raw data used in this study are available from the corre-
sponding author upon request.

References
1. Pennisi, E. Chronicling embryos, cell by cell, gene by gene. Science

360, 367 (2018).
2. Camp, J. G.,Wollny, D. & Treutlein, B. Single-cell genomics to guide

human stem cell and tissure engineering. Nat. Methods 15,
661–667 (2018).

3. Stuart, T. & Satija, R. Integrative single-cell analysis.Nat. Rev. Genet.
20, 257–272 (2019).

4. Chen, Y. J., Schoeler, U., Huang, C. H. B. & Vollmer, F. Combining
whispering-gallery mode optical biosensors with microfluidics for

real-time detection of protein secretion from living cells in complex
media. Small 14, e1703705 (2018).

5. Yang, L. & Vahala, K. J. Gain functionalization of silica micro-
resonators. Opt. Lett. 28, 592–594 (2003).

6. Xiao, Y. F. et al. Low-threshold microlaser in a high-q asymmetrical
microcavity. Opt. Lett. 34, 509–511 (2009).

7. Shopova, S. I., Zhou, H., Fan, X. & Zhang, P. Optofluidic ring
resonator based dye laser. Appl. Phys. Lett. 90, 221101–221103
(2007).

8. Ta, V. D., Chen, R. & Sun, H. D. Lasers: Coupled Polymer Microfiber
Lasers for Single Mode Operation and Enhanced Refractive Index
Sensing. Adv. Optical Mater. 2, 220–225 (2014).

9. Jiang, X. F., Zou, C. L., Wang, L., Gong, Q. & Xiao, Y. F. Whispering-
gallery microcavities with unidirectional laser emission. Laser Pho-
ton. Rev. 10, 40–61 (2016).

10. Guo, Z., Qin, Y., Chen, P., Hu, J. & Wu, X. Hyperboloid-drum
microdisk laser biosensors for ultrasensitive detection of human
igg. Small 16, 2000239 (2020).

11. Tamboli, A. C. et al. Room-temperature continuous-wave lasing in
GaN/InGaN microdisks. Nat. Photon. 1, 61–64 (2007).

12. Shi, C., Soltani, S. & Armani, A. M. Gold nanorod plasmonic
upconversion microlaser. Nano Lett. 13, 5827–5831 (2013).

13. Mehrabani, S. & Armani, A. M. Blue upconversion laser based on
thulium-doped silica microcavity. Opt. Lett. 38, 4346–4349
(2013).

14. Subramanian, S., Wu, H. Y., Constant, T., Xavier, J. & Vollmer, F.
Label‐free optical single‐molecule micro‐ and nanosensors. Adv.
Mater. 30, 1801246.1–1801246.21 (2018).

15. Zhi, Y., Yu, X. C., Gong, Q., Yang, L. & Xiao, Y. F. Single nanoparticle
detection using optical microcavities. Adv. Mater. 29, 1604920
(2017).

16. Vollmer, F. & Yang, L. Review label-free detection with high-q
microcavities: a review of biosensing mechanisms for integrated
devices. Nanophotonics 1, 267–291 (2012).

17. Suter, J. D., Lee, W., Howard, D. J., Hoppmann, E. & Fan, X. D.
Demonstration of the coupling of optofluidic ring resonator lasers
with liquid waveguides. Opt. Lett. 35, 2997–2999 (2010).

18. Fan, X. D. et al. Sensitive optical biosensors for unlabeled targets: a
review. Analytica Chim. Acta 620, 8–26 (2008).

19. Baaske, M. & Vollmer, F. Optical observation of single atomic ions
interacting with plasmonic nanorods in aqueous solution. Nat.
Photon. 10, 733–739 (2016).

20. Dantham, V. R., Holler, S., Barbre, C., Keng, D. & Arnold, S. Label-
free detection of single protein using a nanoplasmonic-photonic
hybrid microcavity. Nano Lett. 13, 3347–3351 (2013).

21. Santiago-Cordoba, M. A., Cetinkaya, M., Boriskina, S. V., Vollmer, F.
& Demirel, M. C. Ultrasensitive detection of a protein by optical
trapping in a photonic-plasmonic microcavity. J. Biophoton. 5,
629–638 (2012).

22. Su, J., Goldberg, A. F. & Stoltz, B. M. Label-free detection of single
nanoparticles and biological molecules using microtoroid optical
resonators. Light.: Sci. Appl. 5, e16001 (2016).

23. Chen,W., Ozdemir, S. K., Zhao, G.,Wiersig, J. & Yang, L. Exceptional
points enhance sensing in an optical microcavity. Nature 548,
192–196 (2017).

24. Vollmer, F., Arnold, S. & Keng, D. Single virus detection from the
reactive shift of a whispering-gallery mode. Proc. Natl Acad. Sci.
105, 20701–20704 (2009).

25. Baaske,M. D., Foreman,M. R. & Vollmer, F. Single-molecule nucleic
acid interactions monitored on a label-free microcavity biosensor
platform. Nat. Nanotechnol. 9, 933–939 (2014).

26. Zijlstra, P., Paulo, P. M. R. &Orrit, M. Optical detection of single non-
absorbing molecules using the surface plasmon resonance of a
gold nanorod. Nat. Nanotechnol. 7, 379–382 (2012).

Article https://doi.org/10.1038/s41467-022-34547-4

Nature Communications |         (2022) 13:6685 8



27. Pang, Y. &Gordon, R.Optical trappingof a single protein.Nano Lett.
12, 402–406 (2012).

28. Kim, E., Baaske, M. D., Schuldes, I., Wilsch, P. S. & Vollmer, F. Label-
free optical detection of single enzyme-reactant reactions and
associated conformational changes. Sci. Adv. 3, e1603044 (2017).

29. Reynolds, T. et al. Fluorescent and lasing whispering gallery mode
microresonators for sensing applications. Laser Photon. Rev. 11,
1600265 (2017).

30. Armani, A.M., Kulkarni, R. P., Fraser, S. E., Flagan, R.C. &Vahala, K. J.
Label-free, single-molecule detection with optical microcavities.
Science 317, 783–787 (2007).

31. Santamaría-Botello, G. A. et al. Maximization of the optical intra-
cavity power of whispering-gallery mode resonators via coupling
prism. Opt. Express 24, 26503–26514 (2016).

32. Humar, M. & Hyun, Y. S. Intracellular microlasers. Nat. Photon. 9,
572–576 (2015).

33. Fikouras, A. H., Schubert, M., Karl, M., Kumar, J. D. & Gather, M. C.
Non-obstructive intracellular nanolasers. Nat. Commun. 9,
4817 (2018).

34. Schubert, M. et al. Lasing within live cells containing intracellular
opticalmicroresonators for barcode-type cell tagging and tracking.
Nano Lett. 15, 5647–5652 (2015).

35. Matja, H. & Yun, S. H. Whispering-gallery-mode emission from
biological luminescent protein microcavity assemblies. Optica 4,
222–228 (2017).

36. Schubert, M., Woolfson, L., Barnard, I. R. M., Dorward, A. M. &
Gather, M. C. Monitoring contractility in cardiac tissue with cellular
resolution using biointegrated microlasers. Nat. Photon. 14, 1–7
(2020).

37. Martino, N., Kwok, S. J. J., Liapis, A. C., Forward, S. & Yun, S. H.
Wavelength-encoded laser particles for massively multiplexed cell
tagging. Nat. Photon. 13, 720–727 (2019).

38. Chen, Q., Kiraz, A. & Fan, X. Optofluidic FRET lasers using aqueous
quantum dots as donors. Lab a Chip 16, 353–359 (2016).

39. Shopova, S. I., Cupps, J. M., Zhang, P., Henderson, E. P. & Fan, X. D.
Opto-fluidic ring resonator lasers basedonhighly efficient resonant
energy transfer. Opt. Express 15, 12735–12742 (2007).

40. Zambrana-Puyalto, X. & Ponzellini, P. Nicolò Maccaferri, et al.
Förster-resonance energy transfer between diffusing molecules
and a functionalized plasmonic nanopore. Phys. Rev. Appl. 14,
054065 (2020).

41. Pramanik, A. et al. Forster resonance energy transfer assisted white
light generation and luminescence tuning in a colloidal graphene
quantum dot-dye system. J. Coll. Interfac. Sci. 565, 326–336 (2020).

42. Chakraborty S., & Arshad Hussain S. Fluorescence resonance
energy transfer (FRET) between acriflavine and CdTe quantum dot.
Mater Today: Proc. 46, 6087–6090 (2021).

43. Andrew, P. & Barnes, W. L. Forster Energy Transfer in an Optical
Microcavity. Science 290, 785 (2000).

44. Jana, S. et al. Microcavity-Enhanced Fluorescence Energy Transfer
from Quantum Dot-Excited Whispering Gallery Modes to Acceptor
Dye Nanoparticles. ACS Nano 15, 1445–1453 (2020).

45. Arnold, S., Khoshsima,M., Teraoka, I., Holler, S. &Vollmer, F. Shift of
whispering-gallery modes in microspheres by protein adsorption.
Opt. Lett. 28, 272–274 (2003).

46. Min, B. et al. High-Q surface-plasmon-polariton whispering-gallery
microcavity. Nature 457, 455–458 (2009).

47. Xiao, Y. F., Zou, R. L. & Li, B. B. High-Q exterior whispering gallery
modes in a metal-coated microresonator. Phys. Rev. Lett. 105,
153902 (2010).

48. Zhang, Z., Zheng, Y., Hang, W., Yan, X. & Zhao, Y. Sensitive and
selective off-on rhodamine hydrazide fluorescent chemosensor for

hypochlorous acid detection and bioimaging. Talanta 85, 779–786
(2011).

49. Vollmer, F. &Arnold, S.Whispering-gallery-modebiosensing: label-
free detection down to single molecules. Nat. Methods 5,
591–596 (2008).

50. Sun, Y., Shopova, S. I., Wu, C. S. & Arnold, S. Bioinspired optofluidic
FRET lasers via DNA scaffolds. Proc. Natl Acad. Sci. USA 107,
16039–16042 (2010).

51. Sun, Y. & Fan, X. Distinguishing dna by analog-to-digital-like con-
version by using optofluidic lasers. Angew. Chem. 124, 1262–1265
(2012).

52. Chen, Y.C., Chen Q., & Fan X. Optofluidic chlorophyll lasers. Lab.
Chip. 16, 2228–2235 (2016).

53. Chen, Q. et al. Self-assembled DNA tetrahedral optofluidic lasers
with precise and tunable gain control. Lab. Chip 13, 3351 (2013).

54. Pask, H. M. & Carman, R. J. Ytterbium-doped silica fiber lasers:
versatile sources for the 1-1.2 μm region. IEEE J. Sel. Top. Quantum
Electron. 1, 2–13 (1995).

55. Braginsky, V. B., Gorodetsky, M. L. & Ilchenko, V. S. Quality-factor
andnonlinear properties of opticalwhispering-gallerymodes. Phys.
Lett. A 137, 393–397 (1989).

Acknowledgements
This research was supported in part by the National Natural Science
Foundation of China (No: 92053116 X.H.W., 62035002 P.W., 61905006
Y.H.), the National Research and Development Program of China (No.
2017YFB0405200 P.W.), and Beijing Natural Science Foundations
(L182011 X.H.W., 4192013, X.H.W.). The authors thank Dr. Yan Yinzhou at
BJUT and Dr. Yao Haizi at Fuzhou University for valuable comments on
themanuscript andBJUTCore Facilities for technical support. Part of this
work was performed at the Technology Centre for Protein Sciences
(TCPS) in Tsinghua University and Health Science Centre in Peking
University.

Author contributions
X.H.W. and M.C.L. proposed the idea and designed the experiments.
M.C.L., Y.W., J.L. conducted the measurements. M.C.L, Y.W., J.L., and
X.H.W. wrote the paper. X.H.W. performed modifications of the paper.
X.H.W. and J.L. answered the questions raised by the reviewers. M.S.,
M.D., and Y.H. participated in the data analysis and discussions. X.H.W.
and P.W. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34547-4.

Correspondence and requests for materials should be addressed to
Xiu-Hong Wang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-022-34547-4

Nature Communications |         (2022) 13:6685 9

https://doi.org/10.1038/s41467-022-34547-4
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34547-4

Nature Communications |         (2022) 13:6685 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Demonstration of intracellular real-time molecular quantification via FRET-enhanced optical microcavity
	Results and discussion
	FRET-assisted dual lasing of a micro-resonator
	Resonant energy transfer greatly enhances WGM sensing performance
	FRET-WGM microlasers for intracellular molecule sensing

	Methods
	Optical set-up
	Cell culture and assays
	Sample preparation for optical experiments
	Preparation of Poly-d-lysine coverslips
	Preparation of DG microbeads samples
	Preparation of cells harboring DG microbeads
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




