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ABSTRACT: Phycobiliproteins are a class of light-harvesting ﬂuorescent
proteins existing in cyanobacteria and microalgae, which harvest light and
convert it into electricity. Owing to recent demands on environmentalfriendly and renewable apparatuses, phycobiliproteins have attracted
substantial interest in bioenergy and sustainable devices. However,
converting energy from biological materials remains challenging to date.
Herein, we report a novel scheme to enhance biological light-harvesting
through light−matter interactions at the biointerface of whispering-gallery
modes (WGMs), where phycobiliproteins were employed as the active gain
material. By exploiting microdroplets as a carrier for light-harvesting
biomaterials, strong local electric ﬁeld enhancement and photon conﬁnement at the cavity interface resulted in signiﬁcantly enhanced biophotoelectricity. A threshold-like behavior was discovered in photocurrent
enhancement and the WGM modulated ﬂuorescence. Systematic studies of
biologically produced photoelectricity and optical mode resonance were carried out to illustrate the impact of the cavity quality
factor, structural geometry, and refractive indices. Finally, a biomimetic system was investigated by exploiting cascade energy transfer
in phycobiliprotein assembly composed of three light-harvesting proteins. The key ﬁndings not only highlight the critical role of
optical cavity in light-harvesting but also oﬀer deep insights into light energy coupling in biomaterials.
KEYWORDS: light-harvesting, whispering-gallery mode, optoﬂuidic microcavity, energy coupling, biological ﬂuorescent proteins
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INTRODUCTION
Fluorescent proteins have emerged as an active material with a
promising functionality in biological applications and photonic
devices over the past decade.1−5 One of the most well-known
ﬂuorescent proteins is the green ﬂuorescent protein, which has
been extracted from jellyﬁsh (Aequorea victoria) and is now
commonly used for engineering cells and molecules.6 Another
family of ﬂuorescent proteins which are capable of harvesting
light and converting it into electricity through biochemical
machinery is called phycobiliproteins. Such proteins are widely
involved in photosynthetic light-harvesting antenna complex of
cyanobacteria and microalgae.7 Owing to its unique lightemitting and photosynthetic properties, phycobiliproteins have
demonstrated promising potential in biotechnology and solidstate devices.8−10 Recent demands for environmental-friendly
materials and energy renewability have further driven the ﬁeld
in bioenergy devices. In this frame, photoactive structures and
light-harvesting proteins, such as phycobiliproteins, can be
envisaged as the most perfected materials. One of the key
eﬀorts is optimization of the light-harvesting and conversion
eﬃciencies.
The development of a light-harvesting apparatus has been at
the heart of organic photonic and optoelectronic devices. In
© XXXX The Authors. Published by
American Chemical Society

order to enhance the photon conversion eﬃciency, various
schemes have been elaborated, involving the use of plasmonic
nanoparticles,11−13 metasurfaces,14 and resonant cavities.15−18
To date, whispering-gallery mode (WGM) microcavities have
garnered broad interest due to the signiﬁcantly prolonged
photon lifetime as a result of total internal reﬂection between
the resonant cavity and the surrounding medium. Thanks to
the extremely high qualify factor (Q-factor) and enhanced
light−matter interaction, WGM microcavities have been
extensively explored in biosensing,19−23 imaging,24,25 solar
cells,26−28 and photocatalytic applications.29 In comparison to
the vast majority of passive resonators, active resonators
containing a gain medium have emerged as a promising tool to
amplify biological signals through optical emissions, such as
optoﬂuidic biolasers.23,30−36 Although several milestones in
WGM microcavities have been achieved, the possibility of
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Figure 1. (a) Schematic illustration of the WGM-enhanced photoelectricity from light-harvesting protein microcavity assemblies. The
phycobiliproteins are adhered to the external surface of LC microdroplets and excited by LED light. (b) Fundamental mechanism of WGMenhanced photoelectricity, in which the phycobiliproteins absorb photons and then produce photons and electrons. Enhanced bio-photoelectricity
and modulated ﬂuorescence emission are expected owing to the WGM. (c) Top: schematic diagram showing the working principle and the
structure of the device which comprises two separated copper tape electrodes to harvest the electrons. The anode and the cathode are connected to
a potentiostat via spring-loaded clips in a two-electrode measurement setup. Bottom: photograph of the device being excited by blue light. (d)
Fluorescence background-subtracted spectra of RPE based on a single microdroplet illuminated by blue light under diﬀerent illumination densities.
The spectra were accumulated 10 times, and the curves are vertically shifted for clarity. (e) Photocurrent measured vs time from RPE illuminated
by blue light under diﬀerent illumination densities, without the WGM cavity and with WGM cavities. The red line and the black line represent the
photocurrent with and without the WGM cavity, respectively. (f) SNR extracted from (d) as a function of illumination density. (g) Photocurrent
ratio as a function of the illumination density derived from (e).

which is similar to that of modulated ﬂuorescence. Our results
demonstrate that the biological photocurrent increases as the
microcavity Q-factor increases, which can be attributed to the
strong photon conﬁnement and electric ﬁeld enhancement at
the cavity surface. By utilizing the tunable optical and
structural properties of liquid crystal (LC) droplets, we
systematically investigated the impact of the optical microcavity on photocurrent generation, including the internal cavity
structures, refractive indices, and resonator sizes. Both the

exploiting WGM cavities to amplify biological electricity has
never been explored.
In this study, we report a novel scheme to enhance biological
light-harvesting through light−matter interactions at the
biointerface of optical microcavities. The concept of lightharvesting protein microcavity assemblies by exploiting WGMs
is illustrated in Figure 1a. Due to the energy coupling between
the WGM cavity and photosynthetic ﬂuorescence, the
photocurrent increased signiﬁcantly as the pump increases,
B
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Figure 2. (a) Schematic diagram showing WGM microcavities of diﬀerent sizes, in which CPC molecules are attached to the droplet surface. (b)
CCD images of LC microdroplets in the part of the device corresponding to diﬀerent LC WGM cavity sizes. The microdroplets maintain the same
size in a single measurement. (c) Modulated ﬂuorescence spectra of CPC based on a single microdroplet with diﬀerent cavity diameters. The insets
show the corresponding ﬂuorescence images of microdroplets. The spectra were accumulated 15 times. (d) Q-factor as a function of the
microdroplet diameter. (e) FSR as a function of the microdroplet diameter. The solid line was calculated using the formula: FSR = λ2/neff.πD. (f)
Comparison between the photocurrent obtained from CPC with various microdroplet sizes. (g) Comparison between the power obtained from
CPC with diﬀerent microdroplet sizes.

experimental and simulation results veriﬁed that electric ﬁeld
enhancement formed by the resonant microcavity largely
contributes to photocurrent generation. Finally, to demonstrate the potential application of light-harvesting protein
microcavity assemblies, a biomimetic system was explored by
using a phycobiliprotein complex composed of three major
light-harvesting proteins [R-phycoerythrin (RPE), C-phycocyanin (CPC), and allophycocyanin (APC)]. With the
existence of the Förster resonant energy transfer (FRET)
eﬀect, the light energy was captured and funneled eﬃciently
into the resonant cavity surface to generate abundant
photoelectricity. The discovery made in this study exhibits
the critical role of the WGM microcavity in amplifying the
photoelectric energy in light-harvesting biomaterials. The
concept can be widely applied to potential areas such as
bioinspired devices, artiﬁcial photosynthesis, and bioenergy
applications.

■

from light-harvesting photosynthetic proteins adhered to the
surface. As shown in Figure 1b, both ﬂuorescence emissions
and photocurrents are generated simultaneously when the
ﬂuorescent proteins are excited by light. Owing to the strong
local electric ﬁeld enhancement and photon conﬁnement at the
cavity interface, the emitted photons will be enhanced by the
WGM cavity and collected by the spectrometer, while the
generated electrons will be collected by the electrodes beneath
the droplet. Both optical signals and electrical signals were
analyzed. A detailed working mechanism is illustrated in Figure
1c. A microscope with blue light-emitting diode (LED) light
was used to illuminate the photosynthetic apparatus placed on
the split-copper electrode device. Electron donors are
contributed by the H2O molecule in the phosphate-buﬀered
saline (PBS) solution, while electron acceptors are contributed
by O2 in water. Upon light excitation, electrons produced by
light-harvesting proteins will be transported to the anode and
generate an electric current ﬂowing to the cathode. Note that
the electrons produced by light-harvesting proteins should
transfer to the electrode surface through the PBS buﬀer since
the electron transport capability in PBS solution is several
orders larger than that in LCs (LC: 10−10 to 10−12 S/cm; PBS:
10−2 S/cm).37 To demonstrate the coupling between the
WGM cavity and photosynthetic ﬂuorescent proteins, RPE was

RESULTS AND DISCUSSION

Concept of Light-Harvesting Protein Microcavity
Assemblies. To begin with, we explored the possibility of
obtaining ampliﬁed photoelectricity with WGM optical
microcavities. Figure 1a,b illustrates the concept of using a
WGM microcavity to boost the photoelectricity generated
C

https://doi.org/10.1021/acsami.1c09845
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

ACS Applied Materials & Interfaces

www.acsami.org

selected as a proof-of-concept to serve as the active material.
Figure 1d presents the background-subtracted WGM-modulated ﬂuorescence spectra when the ﬂuorescent RPE molecules
adhere to the droplet, resulting in strong evanescent ﬁelds
between the resonant cavity and RPE. In the presence of the
WGM cavity (LC microdroplets), the measured photocurrents
of the RPE solution were found to be signiﬁcantly larger than
those measured without the WGM cavity, as shown in Figure
1e. Note that the WGM-modulated ﬂuorescence spectra were
collected from a single microdroplet due to the experimental
setup.
In order to demonstrate the correlation between the
modulated ﬂuorescence and photocurrent, we further studied
the WGM spectra and photocurrent under various illumination
densities in Figure 1f,g, respectively. In Figure 1d, the intensity
of WGM cavities becomes stronger as the illumination density
increases, resulting in a higher signal-to-noise ratio (SNR).
This result is consistent with the previous research.38,39
Meanwhile, the full width at half-maximum (fwhm) of
ﬂuorescence decreased rapidly when the illumination density
reaches above 2.08 mW/cm2. (Detailed calculation for fwhm is
provided in Figure S1.) The rapid reduction of fwhm
represents the transition from ﬂuorescence to the modulated
ﬂuorescence. The sum of SNR and of fwhm extracted from
Figure 1d are plotted in Figure 1f, indicating a threshold-like
behavior for the WGM-modulated ﬂuorescence. The threshold-like behavior of the SNR and the fwhm is mainly due to
the losses compensated by the gain input (higher pump
energy). At lower illumination densities, the losses are
relatively large due to the optical scattering and material
absorption. Thus, one can barely observe the WGMmodulated ﬂuorescence peaks at low pump energies (Figure
S1a). At higher illumination densities, an increased amount of
ﬂuorescence generated from the light-harvesting proteins
couples with the WGM resonance, so that the losses are
compensated. On the other hand, the photocurrents measured
with and without the WGM cavity are compared in Figure 1e,
where the photocurrent enhancement signiﬁcantly increased
beyond an illumination density of 2.0 mW/cm2. The sum of
photocurrent enhancement (ratio) extracted from Figure 1e is
plotted in Figure 1g, revealing a threshold-like behavior similar
to that of the WGM-modulated ﬂuorescence. At lower
illumination densities, the photocurrent enhancement produced by the WGM cavity remains similar; however, the
photocurrent enhancement increased dramatically at higher
illumination densities owing to WGM resonance. We would
like to emphasize that when we compared the photoelectricity
without cavity and with cavity in the article, the total number
of protein molecules in the active region of illumination is the
same for the entire article. To exclude eﬀective absorbance
enhancement due to protein aggregation on the surface of
droplets, we have measured the ﬂuorescence generated from a
single droplet and compared it with its surrounding bulk
medium (Figure S2). As one can see, the modulated
ﬂuorescence peaks demonstrate that the total proteins attached
to the surface only generate a total emission intensity similar to
that of the surrounding medium. We note that the protein may
aggregate on the droplet surface, but there are almost no
protein molecules inside the droplet. However, the photoelectricity still shows a much larger enhancement as compared
to the surrounding medium. Additionally, we studied the
correlation between the ﬂuorescence and the photocurrent at
diﬀerent excitation wavelengths (Figure S3). The ﬂuorescence

intensity under diﬀerent excitation wavelength bands correlated well with the photocurrent density. The optimal
absorption of light will lead to a larger photocurrent. The
stability of the photocurrent produced by light-harvesting
protein microcavity assemblies is also considered (Figure S4).
The results clearly show that the photocurrent output
maintains stability before aqueous evaporation.
Investigation of the Eﬀect of Q-Factor on Photoelectricity Generation. Next, we systematically studied the
relationship between the optical cavity resonance and the lightharvesting-protein-generated photoelectricity. In Figure 2, we
investigated the impact of the cavity Q-factor by adjusting the
WGM droplet cavity size. The schematic in Figure 2a shows
that the optical Q-factor changes with the diameter of droplets.
LC droplets with four diﬀerent sizes were prepared with a
microﬂuidic chip (controlled size of droplets), as shown in
Figure 2b. Thanks to the evanescent ﬁeld existing at the
interface between the microcavity and proteins, the WGMmodulated ﬂuorescence spectra from the ﬂuorescent protein
CPC were compared for diﬀerent droplet sizes (Figure 2c).
Based on diﬀerent cavity diameters, the corresponding Q-factor
was calculated and measured (Figure S5). Note that the Qfactor we measured (free-space coupling) is the far-ﬁeld
component which is not equal to the intrinsic Q-factor of the
cavity. The far-ﬁeld component of the Q-factor is determined
by the surface scattering, and we can collect the modulated
spectra only when the scattering rate is faster than or
comparable to the internal loss mechanisms (low far-ﬁeld Qfactor). Owing to the fact that the reciprocal of the total Qfactor of WGM cavity is the reciprocal sum of all components
of Q, the total Q-factor is determined from the relatively low
components of the Q-factor. Therefore, the far-ﬁeld
component of the Q-factor can aﬀect the total Q-factor in
our spectral measurement regime.40 Figure 2d demonstrates
the average Q-factor as a function of microdroplet diameter, in
which the Q-factor increases as the diameter increases. It is
well known that the Q-factor of the optical cavity represents its
capability in photon conﬁnement and electric ﬁeld enhancement. As such, the trend in Figure 2d reveals that larger
microdroplets possess higher photon conﬁnement capability
and electric ﬁeld enhancement. The free spectral range (FSR)
value decreases with the increment of the droplet diameter, as
plotted in Figure 2e. This agrees well with the theoretical
calculation of FSR = λ2/neff.πD,41,42 where λ is the wavelength,
neff. is the eﬀective refractive index, and D is the WGM cavity
diameter. The corresponding photocurrent and power
obtained for various cavity sizes (Q-factors) are presented in
Figure 2f,g. Although the number of proteins on the surface of
a single droplet increases while the droplet diameter increases,
the density of the LC volume in water was controlled for
various diameter groups. As such, the total surface volume
which could be generated will increase with the number of
droplets (after forming into droplets). Note that the surface-tovolume ratio increases as the droplet diameter decreases. The
smaller droplets have a larger surface-to-volume ratio and thus
will have a larger eﬀective surface area (and molecules)
involved in the WGM. Under the same conditions, the
photocurrent and power increased unambiguously, reﬂecting a
higher capability to generate photoelectricity with a higher Qfactor.
In addition to optical cavity Q-factors, we studied how the
number of optical resonators will inﬂuence the output of
electricity. The photocurrent produced by CPC with diﬀerent
D
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Figure 3. (a) Comparison between RLC and CLC microdroplets. Left: CCD images of RLC (top) and CLC (bottom). Middle: conﬁguration
diagrams of RLC (top), in which LC molecules are parallel to the radial orientation, and CLC (bottom), in which LC molecules are perpendicular
to the radial orientation. Right: schematic diagrams of the electric ﬁeld direction of TM modes in RLC (top) and CLC (bottom). The green prolate
ellipsoid represents the uniaxial dielectric tensor of the LC. (b) FDTD numerical simulations of 10 μm diameter WGM resonators displaying the
electric ﬁeld distribution (internal refractive indexes are equal to 1.71 and 1.54). (c) Simulated ﬂuorescence spectra of RLC and CLC. (d)
Experimental modulated ﬂuorescence spectra of CPC based on a single microdroplet. The inset shows the ﬂuorescence image. The spectra were
accumulated 30 times. (e) Photocurrent measured vs time from CPC illuminated by green light, without a cavity and with CLC and RLC cavities.
(f) Power vs photocurrent of CPC without a cavity and with CLC and RLC cavities (applied voltage, 0−300 mV). (g) Modulated ﬂuorescence
spectra of RPE based on a single microdroplet. The inset shows the ﬂuorescence image illuminated by blue light. The spectra were accumulated 30
times. (h) Photocurrent vs time of RPE, without a cavity and with CLC and RLC cavities. (i) Power vs photocurrent when RPE was deposited onto
the device without a cavity and with CLC and RLC cavities (applied voltage, 0−300 mV).

electrolytes were ﬁxed in all experiments, the interfacial
electron transport rate should not alter for diﬀerent measurements.
Investigation of the Eﬀect of Refractive Index on
Photoelectricity Generation. Subsequently, we investigated
how the geometry and the refractive index of the optical cavity
may have an impact on the photocurrent, I−V curves, and
power performance. Taking advantage of the tunable structural
properties of LC droplets, we prepared two types of LC
microcavities with nematic and cholesteric LC materials.
Figure 3a shows the schematic diagrams and polarized optical
images of the two cavities, the radial-oriented LC (RLC)
droplet and the cholesterol LC (CLC) droplet. Note that the
transverse magnetic (TM) modes and transverse electric
modes in WGM polarizations correspond to the electric ﬁeld
oscillating in parallel and perpendicular to the radial
orientation, respectively (Figure S7). To evaluate the optical

numbers of WGM resonators (Figure S6a), where all the
microdroplets are ﬁxed under the same diameter (see Methods
and Materials). Under speciﬁed conditions, photocurrents of
385, 414, and 474 nA/cm2 were obtained, respectively, as the
number of microdroplets increases. This trend can be
attributed to the increasing amount of WGM microcavities
since more light-harvesting proteins are coupled to WGM
resonance and thus more photocurrent can be obtained.
However, the LC itself does not play a role here for electron
transport due to low electron transportability (10−10 to 10−12
S/cm) compared to that of PBS solution. To conﬁrm this
eﬀect, the photocurrent with diﬀerent volumes of pure LC
solutions was measured (Figure S6b). A decreasing trend of
photocurrent was observed when additional LC was added to
the solution. Note that the interfacial electron transport rate is
only dependent on the interface between the electrolyte and
the electrode in this study. Since all the electrodes and
E
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Figure 4. (a) Left: schematic diagram illustrating the energy transfer in the phycobiliprotein complex composed of RPE, CPC, and APC. Right:
normalized absorption spectra and emission spectra of the three phycobiliproteins. (b) Fluorescence emission spectra of RPE, CPC, APC, and the
phycobiliprotein complex. All the concentrations were ﬁxed at 0.13 mg/ml. (c) Modulated ﬂuorescence spectra of the phycobiliprotein complex
based on a single microdroplet. The inset shows the corresponding ﬂuorescence image of a single microdroplet when excited by UV light. (d)
Photocurrent vs time measured for the phycobiliprotein complex, without a cavity and with CLC and RLC cavities. (e) Power vs photocurrent for
the phycobiliprotein complex without a cavity and with CLC and RLC cavities (applied voltage, 0−300 mV).

resonance diﬀerence among the RLC and CLC droplets, the
ﬁnite diﬀerence time domain (FDTD) method was utilized to
simulate the WGM electric ﬁeld distribution and the WGM
spectrum, as shown in Figure 3b,c (see Methods and
Materials). In theory, the RLC droplet possesses a much
stronger resonance than the CLC droplet due to a higher
refractive index in terms of TM modes. Experimentally, a
stronger modulated ﬂuorescence was also observed from RLC
upon binding to ﬂuorescent proteins (Figure S8), as compared
to CLC. Note that the diﬀerence between the SNR peaks of
RLC and CLC is much smaller than the simulation one in
Figure 3c due to many experimental factors. Herein, the
abovementioned two LC cavities represent strong optical
resonance and weak optical resonance, respectively. To
compare the resonance eﬀect, we used two diﬀerent
ﬂuorescent proteins as the light-harvesting gain material in
the following analysis.
Figure 3d displays the WGM-modulated ﬂuorescence
spectra from CPC based on the RLC microcavity. The
photocurrents generated from CPC under green light
excitation are shown in Figure 3e, by comparing in the

presence of diﬀerent cavities and without cavity over three
cycles. In this part, the microdroplets in one group were not of
the exact same size since we used the vortex method to prepare
the LC microdroplets. With a ﬁxed control of other variables, a
photocurrent of 186 nA/cm2 was observed without the WGM
cavity. To our surprise, photocurrents of 278 and 496 nA/cm2
were obtained with the introduction of CLC and RLC
microcavities, respectively. It is noteworthy that a signiﬁcant
improvement of more than 250% was achieved in photocurrent
when the ﬂuorescence was modulated by the RLC cavity, while
only 150% enhancement was obtained with the CLC cavity.
Furthermore, similar improvements were observed in the
polarization curves (Figure S9a). A peak power of 410 nW/
mm2 was obtained from the RLC cavity, which is improved by
230% (Figure 3f). The same experiment was conducted again
by changing the ﬂuorescent protein to RPE. Figure 3g shows
the WGM-modulated ﬂuorescence spectra from RPE based on
the RLC microcavity. The photocurrents resulting from RPE
under blue light excitation are shown in Figure 3h, wherein
photocurrents of 175, 316, and 429 nA/cm2 were observed for
without a cavity, with the CLC cavity, and with the RLC cavity,
F
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respectively. Similar to the results shown in Figure 3e, the
photocurrent increased remarkably around 250% in the
presence of a cavity compared to that obtained without a
cavity. The same trend can be observed in the polarization
curves (Figure S9b). A peak power of 580 nW/mm2 was
reached when RPE emission was modulated by the WGM
microcavity, demonstrating a signiﬁcant enhancement by over
300% (Figure 3i).
Applications of Light-Harvesting Protein Microcavity
Assemblies. Finally, we employed this mechanism in a
biomimetic system to demonstrate the potential application of
light-harvesting protein microcavity assemblies. Phycobiliproteins are the ﬂuorescent components of the photosynthetic
light-harvesting antenna complexes of cyanobacteria, algae, and
cryptomonads. Three major categories of phycobiliproteins,
including RPE, CPC, and APC, can be classiﬁed according to
their absorption energy. Taking advantage of the FRET eﬀect,
the light energy can be harvested more eﬃciently to the
microcavity surface. Herein, we investigated the bio-photoelectrical transfer based on this biomimetic structure.
Figure 4a shows the schematic diagram of the three lightharvesting proteins, including RPE, CPC, and APC. The
normalized absorption and emission spectra corresponding to
three light-harvesting proteins are also shown in the right panel
of Figure 4a. When three proteins were mixed, the ﬂuorescence
intensity of RPE was remarkably reduced, while the
ﬂuorescence emission from APC was enhanced (Figure 4b).
By comparing the ﬂuorescence intensity of donor emission
with and without the acceptor, the energy-transfer eﬃciency
can be obtained as 55% (1 − Fd/Fda). In order to prove that
the nonradiative energy transfer occurs between RPE and the
other two proteins, we measured the time-resolved ﬂuorescence emission (Figure S10). The lifetime of a donor (RPE)
without an acceptor was measured to be τd = 1.73 ns, while the
donor emission lifetime of the three proteins (donor
concentration remains the same) was measured to be τda =
1.29 ns. According to the FRET eﬃciency formula (Ef = 1 −
τd/τda), the FRET eﬃciency can be obtained as 25.4%. It can
be noted that when molecules (donor and acceptor) are
coupled with the photonic modes, radiative energy transfer
plays an important role in the energy-transfer process, resulting
in transfer improvement or suppression.35,43−45 Therefore, the
FRET eﬃciency and radiative energy-transfer eﬃciency may be
changed on the surface of microdroplet due to the WGM
resonance.46−48 Next, we immersed the phycobiliproteins with
RLC microdroplets to investigate the optical/electrical properties with the WGM cavity. Figure 4c illustrates the WGMmodulated ﬂuorescence spectra, showing that phycobiliproteins adhered to the microdroplet. With the existence of the
WGM microcavity, an extremely large photocurrent of 693
nA/cm2 was achieved upon ultraviolet (UV) illumination,
while only 242 nA/cm2 was obtained without the cavity
(Figure 4d). This result provided us with improvements of
close to 250%, which support the concept of WGM-cavityenhanced bioenergy harvesting and the potential application
on artiﬁcial photosynthetic systems. It is noteworthy that
without the addition of electron mediators, the eﬀect of the
cavity-enhanced photocurrent was still evident. Furthermore,
similar improvements were also observed in the polarization
curves (Figure S11) and output power curves (Figure 4e),
where the increasing downward gradient indicated masstransfer limitations.

In addition to light-harvesting proteins, the most important
key component in photosynthetic light-harvesting is chlorophyll molecules, including chlorophyll a and chlorophyll b in
the reaction center of plants and algae. Finally, we explored the
possibility of using WGM microcavities to enhance photoelectric generation by using chlorophyll as the active gain
material. As a proof-of-concept, we integrated the photocurrent
performance of chlorophylls incorporated with microdroplets
(Figure S12). As shown in the results, a signiﬁcant photocurrent enhancement was obtained, indicating the potential to
amplify bio-photocurrents from a wide range of species with
chlorophylls.

Research Article

■

CONCLUSIONS
In this study, we proposed the concept of WGM-enhanced
photoelectricity by exploiting the optical coupling between
cavity modes and photosynthetic protein ﬂuorescence. The
results demonstrate that biologically produced photoelectricity
could be ampliﬁed through light-harvesting protein microcavity
assemblies, in which phycobiliproteins were employed as the
gain medium. For the ﬁrst time, our ﬁndings revealed a
threshold-like behavior in modulated ﬂuorescence and photocurrent enhancement, attesting the function of the WGM
microcavity in biological light-energy harvesting. Strong local
electric-ﬁeld enhancement and photon conﬁnement at the
cavity interface leads to signiﬁcantly enhanced bio-photoelectricity. Both experimental and simulation results veriﬁed
that the electric-ﬁeld enhancement formed by the resonant
microcavity would increase photocurrent generation. Finally, a
biomimetic system was investigated based on the microcavity
to demonstrate the potential application of light-harvesting
protein microcavity assemblies by exploiting the phycobiliprotein complex. Our results not only pave the way for future
applications in biological electricity generation but also provide
comprehensive insights into the relationship between lightharvesting and optical microcavity.
Herein, we would like to discuss several future perspectives
for the light-harvesting protein microcavity assemblies. First,
the overlap factor for the optical mode and the gain medium
are much lower than the value of the gain within the cavity. By
doping the light-harvesting biomaterial inside the microdroplet, the overlap factor can be improved. As such, the
light-harvesting eﬃciency can be fully enhanced. Second,
WGM resonators can be applied to other systems, such as
electrons.49,50 By carefully designing the structure of the WGM
resonator, conversion eﬃciency improvement can be achieved
through the electron-resonant cavity in the future. Moreover,
by further decreasing the mode volume and increasing the Qfactor, the energy-transfer rate between excitons and the cavity
could be involved in the strong coupling regime.18,51,52 We
envision that the concept of light-harvesting microcavity may
have the potential for studying fundamental physics in
photosynthetic energy conversion. Finally, the concept of
this work can be further applied to artiﬁcial photosynthesis and
any other types of photosynthetic apparatuses for electricity
generation.53 The facile approach of using a microdroplet as a
carrier can simply allow the integration of various photosynthetic apparatuses within the microdroplets to enhance the
light-harvesting and conversion eﬃciencies.

■

METHODS AND MATERIALS

Light-Harvesting Material Preparation. The photosynthetic
proteins used in the work were purchased from Sigma-Aldrich. Stock
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solutions of RPE (RPE #52412), CPC (CPC #52468), and APC
(APC #A7472) were all diluted with PBS to a ﬁnal concentration of
0.4 mg/mL. All the proteins were used directly from stock solutions
provided by Sigma-Aldrich. Chlorophyll-a (Sigma-Aldrich #C5753)
was ﬁrst dissolved in ethanol with a concentration of 1 mg/ml and
then diluted with PBS solution to a concentration of 0.1 mg/mL. For
preparing the LC microdroplet aqueous solution, 28.8 mg (0.1 mmol)
of sodium dodecyl sulfate (SDS) was added to 50 mL of PBS solution.
The mixture was stirred magnetically for about 20 min at 1000 rpm to
obtain a homogeneous SDS/PBS solution. To prepare the RLC
microdroplet emulsion, 20 μL of LC (nematic liquid crystal, 5CB, 4′pentyl-4-biphenylcarbonitrile, Sigma-Aldrich #328510) was added to
1 mL of homogeneous SDS/PBS solution. The resulting mixture was
mixed by vortexing for 1 min to produce the RLC microdroplet
emulsion. For preparing CLC microdroplets, 20 μL of LC and 10 μL
of chiral dopant [4-cyano-4′-(2-methylbutyl)biphenyl, CB15, Tokyo
Chemical Industry #C2913] were mixed ﬁrst and then added to 1 mL
of homogeneous SDS/PBS solution. The resulting mixture was mixed
by vortexing for 1 min to produce the CLC microdroplet emulsion.
For the preparation of same-sized LC microdroplets in Figure 2, we
used a microﬂuidic chip purchased from uFluidic; it was connected to
digital syringe pumps (Fusion 200, Chemyx) (Legato 180, KD
Scientiﬁc) to enforce a constant ﬂow rate. The two ﬂows meet before
entering a narrow channel that opens into the run-oﬀ channel. In an
appropriate range of ﬂow rates, the center ﬂuid will pinch oﬀ to form
droplets in the run-oﬀ channel. The 5CB LC was used as the
dispersed phase, and the SDS/PBS solution was used as the
continuous phase. The typical ﬂow rates for the dispersed and
continuous phases were set around 2 and 20 μL/min, which provide
LC droplets with a diameter of around 50 μm. When the ﬂow rate of
the dispersed phase is 1.5, 1.8, and 2.2 μL/min, the droplet diameter
is around 20, 30, and 60 μm, respectively. To produce LC droplets
stably, the ﬂow rates of the dispersed phase and the continuous phase
should be ﬁnely adjusted according to the situation. The ﬂuorescent
proteins were then mixed with the prepared LC droplets directly.
Fluorescent proteins will therefore adhere to the surface of the LC
droplet through physical absorption; this was also conﬁrmed by
ﬂuorescence microscopic images in the insets of Figures 2 and 3. In
each measurement, the density of LC in the solution was kept
constant (2% v/v LC in PBS/SDS solution). In order to control the
density of LC droplets in the solution, we shook the microtube before
we drop-cast the solution into the device. In Figure S6, we ﬁrst
prepared the LC droplets with microﬂuidic pumps to fabricate
monodisperse-sized droplets in 2% v/v LC in a PBS/SDS solution.
Then, we diluted the LC droplets with diﬀerent concentrations of
solutions to obtain diﬀerent numbers of WGM resonators. The ﬁnal
densities of LC droplets in the solution are 0.5, 1, and 2% v/v,
respectively.
Photoelectrochemical Device and Measurements. Copper
tapes bought from local hardware stores were used as the electrode
material. To create an anode and a cathode, two thin copper tapes
were prepared on a transparent glass slide. The resistance of our 6
mm wide copper tape is 0.01 Ω per centimeter. To retain the liquid
droplet at the same position and its shape on the device each time, we
used two transparent glass slides and UV glue to restrict the ﬂuid ﬂow
in the horizontal plane. The potentiostat was then connected via clips
and wired in a two-electrode setup, and a microscope with a LED was
used to illuminate the photosynthetic apparatus.
The photocurrents produced by the photosynthetic protein and
chlorophyll-a were measured within the setup. Toothless crocodile
clips with a prototyping wire were then used to connect to the
potentiostat leads. 10 μL of LC droplets in the SDS/PBS solution
mixture with 10 μL of the photosynthetic protein solution or
chlorophyll-a solution was deposited onto the Cu electrodes. For
measuring the photocurrent in the deformed LC solution, 10 μL of
the SDS/PBS solution mixture with 10 μL of the photosynthetic
protein solution or chlorophyll-a solution was deposited onto the Cu
electrodes and then 0.5 μL of LC was added to keep almost the same
LC/water ratio, as compared to the previous experiments.

Upon preparation of the device, the device was integrated with an
LED microscope system. The light was ﬁxed with a beam area of 0.07
cm2. To generate appropriate photocurrents, UV light (365−420 nm)
was used for chlorophyll-a; blue light (465−495 nm); green light
(540−580 nm); and red light (600−640 nm) were used for RPE and
CPC, respectively. To generate a potential between the electrodes, we
focused the LED light on one copper tape each time. The light was
turned on for approximately 15 s, then oﬀ for 15 s and this was
repeated for a total of three cycles to illustrate the photoresponsive
nature of the device fully. All the photocurrent experiments were
collected by a Zahner Zennium potentiostat in the chronoamperometry mode, set to 0 V to maximize current without biasing it. I−V and
power curves were collected with the same potentiostat setup in the
linear sweep voltammetry mode at a scan rate of 10 mV/s with no
dwell time. The power was determined by multiplying the voltage and
the current (Ohm’s law). All experiments were run in open air at
room temperature.
Optical System Setup. To illuminate the photosynthetic
apparatus, the device was placed atop a microscope slide and
mounted on a Nikon NI-E microscope with a 10 × 0.3 NA objective
set. Excitation light was generated by an attached LED and ﬁltered for
cubes with diﬀerent ﬁlters, as appropriate. Both bright-ﬁeld and
ﬂuorescence images were collected with a ToupTek CCD camera,
while the ﬂuorescence spectra were collected using an Andor Kymera
328i/Newton 970 EMCCD spectrophotometer. For the WGMmodulated ﬂuorescence spectra measurement, a 100 × 1.3 NA
objective was used for both the excitation and the collection of the
ﬂuorescence. In order to reduce the noise, we accumulated the 0.5 s
time-integrated spectra by 10−30 times. The absorbance spectra were
collected using an Implen N60 nanophotometer.
Simulation Information. The electric ﬁeld intensity distribution
and the spectrum in a single microsphere were calculated by FDTD
simulation (FDTD Solutions, Lumerical Solutions, Inc). The
structure consists of a microsphere (10 μm diameter) with dipoles
(electric dipole or magnetic dipole; emission: 500−800 nm) located
at the surface of the microsphere. The WGM cavities were excited by
the dipoles on the surface of the microsphere.54 To detect the electric
ﬁeld distribution, we used a frequency-domain ﬁeld proﬁle monitor.
To detect the spectrum, we used a ﬁeld time monitor. It can be noted
that the electric ﬁeld intensity showed diﬀerent values at diﬀerent
wavelengths or diﬀerent numbers of dipoles. Thus, the number of
dipoles and the resonance wavelength should remain the same in
order to compare with the RLC and the CLC.
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