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Metal ions are known to play various roles in living organisms; therefore, the detection of metal ions in water
resources is essential for monitoring health and environmental conditions. In contrast to artificially fabricated
materials and devices, biological-friendly materials such as microalgae have been explored for detecting toxic
chemicals by employing fluorescence emissions and biophotovoltaic fuel cells. However, complicated fabrica
tion, long measurement time, and low sensitivity remain the greatest challenge due to the minimal amount of
bioelectricity generated from whole-cell microalgae. Herein we report the novel concept of a microalgae living
biosensor by enhancing photocurrent through nanocavities formed between copper (Cu) nanoparticles and the
Cu-electrode beneath. The strong energy coupling between plasmon cavity modes and excited photosynthetic
fluorescence from Chlorella demonstrated that photoelectrical efficiency could be significantly amplified by more
than two orders of magnitude through nanocavity confinement. Simulation results reveal that substantial nearfield enhancements could help confine the electric field to the electrodes. Finally, the microalgae sensor was
exploited to detect various light and heavy metal ions with a breakthrough detection limit of 50 nM. This study is
envisioned to provide inspirational insights on nanocavity-enhanced electrochemistry, opening new routes for
biochemical detection, water monitoring, and sustainable optoelectronics.

1. Introduction
Metal ions are commonly found throughout nature and are known to
play various functions in biology and living organisms (Avila et al.,
2013; Cheney et al., 1995). However, the pollution of freshwater sys
tems by heavy and light metal ions poses a significant threat to aquatic
life and humans at the same time. As such, sensitive detection of metal
ions from water supplies is essential for human health. Numerous
methods have been developed to sense metal ions, including spectros
copy, colorimetry, and electrochemical techniques (Siddiqi et al., 2020;
Chouler et al., 2019). Both optical and electrical-based techniques have
seen increased interest for their high sensitivity, including the use of
liquid crystals with polarised optical microscope (Siddiqi et al., 2020),
whispering gallery modes (Duan et al., 2019), fluorescence probes (De
Acha et al., 2019; Guo et al., 2017), and electrochemical devices (Cui

et al., 2015; Reay et al., 1996; Walters et al., 2020). In contrast to arti
ficially fabricated micro/nanomaterials, algae itself serves a model or
ganism whose growth is sensitive to various molecules (Safi et al., 2014)
and is known to produce electrical current when used with bio
photovoltaic (BPV) cells (Bombelli et al., 2015; Wey et al., 2019; Saar
et al., 2018; Ng et al., 2018; Roxby et al., 2020). In recent years,
microbial-based sensors have been explored for the detection of toxic
chemicals by employing fluorescence emissions (Durrieu et al., 2004;
Wong et al., 2013; V�edrine et al., 2003) and electrochemical fuel cells
(Chouler et al., 2019; Wey et al., 2019; Chouteau et al., 2005; Tsopela
et al., 2014, 2016). Nonetheless, most of these sensors still lack high
sensitivity, rapid detection, and simplicity. Typically, device designs
have incorporated biofilms and membranes, which increase design
complexity, costs, and may interfere with sensitivity and measurement
time.
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Fig. 1. Schematic illustration of the
photosynthetic microalgae biosensor
with nanocavity. (a) A microfluidic chip
designed with a copper tape bottom layer is
injected with Chlorella sp. and excited with
violet light. Metal ions can then be injected
into the device. The bottom panel shows the
split copper tape electrodes to harvest elec
trons from Chlorella sp. (b) Concept of FabryPerot like nanocavity formed between
nanoparticles and copper film beneath. The
microalgae will absorb the reflected and
scattered fluorescence emission. Strong
plasmon coupling is also expected to form
hotspots when the CuNPs are closely adhered
to the electrode surface, therefore enhancing
the photocurrents. (c) Photo of the sensing
device in which Chlorella sp. are being
excited by violet light. (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)

When a small amount of living microalgae (Chlorella sp.) is
embedded into an optofluidic BPV device, the photosynthetic activity of
the microalgae responds immediately upon metal ions injection in
water. Since microalgae only generate a small amount of electricity, it is
barely possible to measure any observable photocurrent directly from
whole cells. In this study, we introduce the novel concept of microalgae
living biosensor for metal ion detection by boosting bio-photocurrent
with copper nanocavities (Fig. 1), in which resonance is formed be
tween Cu-nanoparticles (CuNPs) and the Cu electrode beneath. The
excited photosynthetic fluorescence then generates strong energy
coupling with the cavity modes, resulting in an amplification of photoelectrochemical signals. The results demonstrate that when the reso
nant wavelength of the nanocavities matches with the excited fluores
cence of Chlorella sp., the photoelectrical output would be significantly
enhanced. More importantly, our findings show that nanocavity can
substantially increase the photocurrent by more than two orders of
magnitude. The simulation also verified resonance hot spots formed by
CuNPs would help confine the electric field to the electrodes. Lastly, we
exploited the algae sensor to detect various metal ions, including cad
mium, iron, chromium, and manganese ions. A detection limit of 50 nM
was achieved for heavy and light metal ions in water, which is three
orders better than the exposure threshold defined by the World Health
Organization (Environmental Prote, 1989). We envisage that this work
has implications and applications for the biosensing, water recycling,
bioenergy generation, and sustainable optoelectronics fields.

2.2. Photoelectrochemical device and optical system measurements
To assemble the device, a thin-film copper tape (AdaFruit elec
tronics) has adhered to a glass slide while a small cut was made to split
into two electrodes. A home-made microfluidic chip with two injection
holes was then adhered to the top of the glass slide and sealed with UV
glue. Upon injection of the Chlorella sp. and CuNPs, the device was
loaded into a Nikon NiE upright microscope platform for photoelectric
measurements. All photoelectrochemical measurements were taken
with a Zahner Zennium Potentiostat set to 0 V in chronoamperometry
mode, to maximize current without biasing it. Each experiment used a
fresh aliquot of Chlorella sp. and measured over 3 routes. Between ex
periments, a syringe was used to clean the channel with H2O and air.
Cadmium (CdCl2), iron (FeCl3), manganese (MnCl2), and chromium
(CrCl3⋅6H2O) were purchased from Sigma Aldrich, was dissolved in DI
H2O to a concentration of 1 mg/ml, and a 1/10 serial dilution was
performed down to 0.00001 mg/ml, after which 5 μL injections into the
device were used.
Both for the provision of light and measurement of fluorescence, a
Nikon NI-E microscope was used. A 10x objective attachment aimed at
the device focused the light on the width of the chamber and had an area
of 0.071 cm2. Light from a SOLA light engine was passed through a filter
cube to obtain violet light. The excitation wavelength was 375 nm–450
nm, with an average light intensity of 30 W/m2 for all measurements in
this study. An Andor Kymera 328i/Newton 970 EMCCD spectropho
tometer was used to collect all fluorescence spectra.

2. Materials and methods

3. Results and discussion

2.1. Biological material preparation

3.1. Nanocavity enhanced photoelectrochemistry via copper nanoparticles

Chlorella sp. (ATCCC 14854) was grown and prepared as previously
described (Roxby et al., 2020). In particular, 40 μL of Chlorella sp. was
mixed with 5 μL of CuNP solution, vortexed, and then 25 μL of this so
lution was aliquoted into the device. The CuNPs were purchased from
Sigma Aldrich (CAS no. 7440-50-8), and solutions were prepared by
adding 1 mg CuNPs to 1 ml of DI water and vortexed directly to ensure a
homogenous solution. A fixed concentration of 1.18 � 108 cells/ml was
used for all experiments throughout the paper. For all experiments, 25
μL Chlorella sp. and CuNP solution was prepared while additional 5 μL
metal ion solution was added for detection.

The design of a living algae biosensor for metal ion detection is
shown in Fig. 1a. The concept is realized through an optofluidic device
containing copper electrodes (at the bottom substrate), in which
Chlorella sp. are injected into the channel and illuminated by violet light
(375–450 nm). In addition, CuNPs were prepared together to form
nanocavities between the nanoparticles and the bottom electrode
(Fig. 1b). Upon illumination, electricity is generated within the device.
As shown in the inset of Fig. 1a, the chlorophyll-complex in microalgae
harvest light energy during photosynthesis. The energy oxidizes water
molecules into molecular oxygen, protons, and electrons in the photo
system and reaction centers. Most of the electrons released from
2
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Fig. 2. Principle of nanocavity-enhanced photoelectrochemistry with Cu nanoparticles. (a) Energy coupling diagram between nanocavity and photosynthetic
fluorescence. (b) Schematic showing the nanocavity-enhanced fluorescence when Chlorella sp. undergo violet light excitation. Fluorescence emission from the
photosystem will resonance with the CuNPs and reflect back to the microalgae. (c) Top: Electric field distribution of 60 nm CuNPs placed above an ITO glass substrate
at a wavelength of 680 nm. Bottom: Electric field distribution of 60 nm CuNPs placed on Cu electrode at a wavelength of 680 nm. (d) Optical simulated normalized
scattering cross-section of aggregated CuNPs on Cu thin film. Normalized intensity for three copper nanoparticles of sizes 20 nm, 40 nm and 60 nm. The pink area
between 660 and 710 nm shows the resonance regime. (e) Electric field distribution of 20/40/60 nm CuNPs at the resonant wavelength of 680 nm. The side view
shows the near-field enhancement due to Fabry-Perot nanocavity formed between the CuNPs and underneath Cu tape. The top view of 60 nm shows the improvement
due to the interaction of Cu nanoparticles among themself. (f) Photocurrent measured overtime from Chlorella sp. with 20 nm, 40 nm, and 60 nm copper nano
particles in the copper nanocavity microfluidic device and illuminated with violet light. Three intervals are shown with the violet light being turned on and off for 15
s each interval. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

microalgae are attracted to the anode and flowed to the cathodic side
through an external circuit to form electrical circuit (Thong et al., 2019).
A photo of the device is given in Fig. 1c. In this work, the electrons from
the microalgae cells are ferried to the electrode through direct electron
transfer. When the injection of metal ions into the microfluidic channel
occurs, algae interact with the metal ions, and the signal changes pro
portionately to the concentration of metal ions. Electrical currents are
expected to increase accordingly upon interaction with metal ions.
Without additional design, the magnitude of electric current generated
is usually very low in free algae cells due to the cell membrane barrier.
To enhance the photocurrent generated from the algae, herein, we
take advantage of nanocavities composed of CuNPs formed on Cu
electrodes, as illustrated in Fig. 1b. By way of the red regime fluores
cence from Chlorella sp., the Cu nanocavity was designed to form optical
coupling with the photosynthetic fluorescence and absorbance
(Fig. S1a). The tiny nanogap between the CuNPs and the bottom copper
electrode forms a nanocavity and a strong resonance in the red emission
wavelengths around 680 nm due to plasmon coupling (Fig. 2a). The
creation of such Fabry-Perot-like cavity was confirmed by high reflec
tivity at the corresponding photosynthetic resonant wavelength
(Fig. S1b). Multiple reflections of emission between the CuNPs and
electrode thus mimic the behavior of a Fabry-Perot resonator. This
phenomenon therefore provides nanocavity-enhanced fluorescence,
which can lead to enhancement of light absorption in photosystems and
bioelectricity generation (Fig. 2b). This also agrees with previous work,
which demonstrated that the efficiency of chemical energy production
of a photosynthetic system can be strongly enhanced in the presence of

plasmonic nanoparticles (Govorov and Carmeli, 2007). This fact became
more explicit by comparing the electric field distribution of CuNPs
adhered on low reflective substrate (ITO glass) and highly reflective
substrate (Cu film). As shown in Fig. 2c (top), very weak near-field
enhancement was found between CuNPs and glass substrate. This is
mainly due to the low light confinement and extremely weak coupling
between CuNPs and glass substrate. On the other hand, a strong
near-field enhancement was observed due to the light confinement and
strong plasmon coupling from the nanocavity, as shown in Fig. 2c
(bottom). Different gap size and resonance enhancement were also
explored in Fig. S2. Additionally, previous studies have also reported the
concept of plasmonic-enhanced electrochemistry (Wang et al., 2017,
2018), indicating that electrochemical reactions can also be accelerated
by plasmonic nanoparticles. As such, the nanocavity hotspots created
between CuNPs and copper electrodes may assist in confining and
couple electric field to the electrodes (Li et al., 2015), resulting from hot
charge carriers generated during plasmon decay.
To optimize the resonance effect, optical simulations of 20 nm, 40
nm, and 60 nm CuNPs systems were evaluated in Fig. 2d. As the size of
the copper nanoparticles increases, the peak intensity redshifts. Appar
ently, 60 nm CuNPs possess the highest spectral overlap with both the
absorption and emission spectra in Fig. S1a (pink area). The near-field
enhancement due to the strong CuNP-film coupling was compared
under different nanoparticle sizes at 680 nm. As seen in Fig. 2e a sig
nificant near-field enhancement between the interface has been ob
tained at a resonant wavelength of 680 nm, where the 60 nm possess the
highest magnitude. Lastly, Fig. 2f shows photocurrent generated from
3
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Fig. 3. Demonstration of nanocavity-enhanced metal ion sensing with photocurrents. (a) Photocurrent measured from Chlorella sp. (red line) in the copper
nanocavity microfluidic device. At t ¼ 4, the violet light is turned on where the photocurrent quickly rises. At t ¼ 11, metal ions are injected, and the photocurrent
increases again. The measurement is defined as the difference between photocurrent and the gradient line (black line) as shown in the inset. The gradient is defined
by the nominal response in the absence of injected metal ions. Inset: a closeup illustrating the measured difference between the red and black lines. (b) Normalized
photocurrent with nanocavity enhancement after injection of different concentrations of cadmium metal ions (CdCl2). The injection occurs at t ¼ 2, and the
photocurrent rises proportionally to the concentration of the metal ions. (c) Summary of photocurrent increment vs. cadmium concentration (with nanocavity), both
on a logarithmic scale with a standard fitting curve. The dots were based on the averages of several curves (N ¼ 3). (d) Normalized photocurrent without nanocavity
enhancement after injection of extremely high concentrations of cadmium metal ions. (e) Summary of photocurrent increment vs cadmium concentration (without
nanocavity), both on a logarithmic scale with a standard fitting curve. (N ¼ 3). (f) Photocurrent and photosystem fluorescence measured in parallel from the
nanocavity microfluidic device. The metal ions are then injected at 15 s and quickly interact with the algae, resulting in further increases in the fluorescence and
photocurrent. Violet LED excitation: 375 nm–450 nm. Average light intensity: 30 W/m2. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Chlorella sp. in the device, by comparing with the integration of 20 nm,
40 nm, and 60 nm CuNPs. Violet light was shone on the device for 15 s,
then off for 15 s, and repeated 3 times to illustrate the photoresponsive
nature of the invention. In line with the scattering intensities shown in
Fig. 2d, the 60 nm CuNPs peaked at 76.4 nA, the 40 nm CuNPs and 25
nm CuNPs were similar at 68.4 nA and 68.7 nA respectively, compared
to 61.7 nA in the absence of any CuNPs.

injection to aid in analysis. Summary of photocurrent increment versus
cadmium concentration (with nanocavity) is further illustrated in Fig. 3c
where both x- and y-axes are set to a logarithmic scale. Note that the dots
in Fig. 3c was based on the averages of several curves (N ¼ 3) for in
dividual concentration. A linear relationship between photocurrent and
cadmium concentration was observed, and a detection limit of 50 nM
was identified.
In order to investigate the Cu nanocavity enhancement, photocurrent
generated from Chlorella sp. was measured without any CuNPs deposited
on the electrode. In Fig. 3d and e we can see that when 500 μM (~0.1
mg/ml) of cadmium was injected, less than 1 nA of photocurrent
increment was detected. In contrast, with the addition of CuNPs
(Fig. 3b), more than 100 nA of increment was achieved under the same
concentration with CuNPs nanocavity. At extremely low concentrations
(~55 nM), a photocurrent of 35 nA can still be measured with the
enhancement of CuNPs, whilst no photocurrent was detectable at any
concentrations below 100 μM without CuNPs. The findings evidently
show that Cu nanocavity can significantly increase the photocurrent by
more than two orders of magnitude. According to literature, toxic
chemicals (or metal ions) block the electron transport between photo
systems, impacting on the acceptor side of photosystem II. Conse
quently, a rapid increase in fluorescence occurs, in which the
fluorescence intensity can be used as an indicator to verify the interac
tion between metal ions (Lefevre et al., 2012; Ralph et al., 2010). To
validate the sensing mechanism, the photosystem fluorescence from
microalgae was measured simultaneously with the photocurrent when

3.2. Ultrasensitive measurement of cadmium metal ions with algae sensor
To demonstrate the capability of the microalgae biosensor, cadmium
was dissolved in water to prepare a concentration of 55 nM to 5.45 mM.
Fig. 3a shows a typical photocurrent signal in which the violet light is
illuminated on the device at t ¼ 4 s. Likewise, cadmium ions are injected
into the microfluidic channel at t ¼ 11 s, where an immediate increment
of photocurrent was observed. The increase of photocurrent and fluo
rescence when metal ions interact with algae is expected (Durrieu et al.,
2004; Wong et al., 2013; V�edrine et al., 2003); as such, it is critical to
quantify the amount of photocurrent produced. To facilitate analysis, a
gradient line was plotted and is considered the nominal signal in the
absence of metal ion injection. Measurement of the increase in the
photocurrent is measured against this gradient line, as shown in the inset
of Fig. 3a. On this basis, photocurrents were measured over 10 s upon
the injection of cadmium ions with different concentrations (Fig. 3b).
The injection occurs at t ¼ 2 s while the photocurrent increases
accordingly. Note that all curves in Fig. 3b are zeroed at the time of
4
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Fig. 4. Ultra-low concentration detection of heavy and light metal ions. (a) Normalized photocurrent with nanocavity enhancement after injection of different
concentrations of chromium metal ions (CrCl3⋅6H2O). (b) Normalized photocurrent with nanocavity enhancement after injection of different concentrations of iron
metal ions (FeCl3). (c) Normalized photocurrent with nanocavity enhancement after injection of different concentrations of manganese metal ions (MnCl2). (d)
Summary of photocurrent increment vs. chromium concentration on a logarithmic scale. (e) Summary of photocurrent increment vs. iron concentration on a log
arithmic scale. (f) Summary of photocurrent increment vs. manganese concentration on a logarithmic scale. For all three experiments, the injection occurs at t ¼ 2,
and the photocurrent rises proportionally to the concentration of the metal ions. The dots were based on the averages of several curves (N ¼ 3) for each concen
tration. The fitting standard curves and formula for (a–c) are plotted in (d–f), respectively. Violet LED excitation: 375 nm–450 nm. Average light intensity: 30 W/m2.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

injecting the metal ions. In Fig. 3f one can observe the photocurrent and
fluorescence increasing simultaneously in response to the violet light at
t ¼ 5 s then decreases gradually. However, soon after the metal ions
were injected at t ¼ 15 s, both the fluorescence and photocurrent rapidly
increase in response. This effect is consistent with other fluorescent
measurements when Chlorella sp. are mixed with toxic molecules (Dur
rieu et al., 2004; Wong et al., 2013; V�
edrine et al., 2003) where increases
in fluorescence are observed.
As an additional control group, data shown in Fig. S3a shows the
effect of the injection of metal ions into the plain device (without
microalgae). As seen here, the current is minimal, owing to a lack of
Chlorella sp., and the injection of metal ions causes the photocurrent to
go in the opposite direction to that shown in Fig. 3b. In order to estimate
how much variance of photocurrent will result from this disturbance,
Fig. S3b shows the impact of injecting pure water into the cavity con
taining Chlorella sp. The result shows that photocurrent changes in pure
water injection are minimal compared to the injection of the metal ions
shown in Fig. 3b. All in all, these results elucidate that the photocurrent
comes as a result of metal ions interacting with Chlorella sp., which
causes a change in the photosynthesis systems, the heart of Chlorella sp.‘s
electricity-generating capabilities in BPVs.

151.0 nA. This is further shown in Fig. 4d, which plots the photocurrent
vs chromium concentration on a logarithmic scale. These same tests
were then conducted with iron whereby the concentrations ranged from
62 nM to 6.2 mM with photocurrents ranging from 68.0 nA to 231.1 nA
as shown in Fig. 4b and e. Lastly, the experiments were conducted with
manganese as shown in Fig. 4c and f. The manganese concentrations
ranged from 79 nM to 7.95 mM and the photocurrents ranged from 46.6
nA to 115.8 nA. It is clear from these results, that Chlorella sp. is a ver
satile organism that can be used for biosensing and can harness this
capability to detect various metal ions.
4. Conclusions
This work has proposed the novel concept of a living algae biosensor
for the detection of metal ions in water using copper nanocavities.
Leveraging the energy coupling between Chlorella sp. and CuNPs, the
electrical output of the optofluidic device was enhanced, thus increasing
the sensitivity during the detection of metal ions. We first showed that
by creating nanocavities through the addition of CuNPs, photocurrent
could be increased by over 120%, which allows for ultra-low detection
of metal ions to be improved by three-order of magnitude. After this, we
showed the detection of cadmium metal ions could go as low as the
nanomolar level and a linear correlation between photocurrent and
cadmium concentration. The detection of chromium at each concen
tration occurred within a matter of seconds and is significantly faster
than similar studies, which can suggest as much as 30 min for low
concentration measurements. It is worth noting that without nano
cavity, the photocurrent was extremely low; hence we also needed
several minutes waiting to reach a measurable current. However, due to
the significantly improved sensitivity with nanocavity, the required
measurement time can be shortened to less than 10 s to achieve a

3.3. Detection of different heavy and light metal ions
To harness this capability and to extend the selection of metal ions
the living algae biosensor can sense, we tested different concentrations
of the iron, chromium, and manganese. All the ions were prepared under
concentrations of 1 � 10 5 mg/ml to 1 mg/ml throughout all experi
ments. Fig. 4a shows the photocurrent for different concentrations of
chromium being injected at 2 s. The chromium concentrations range
from 38 nM to 3.75 mM, whilst the photocurrents range from 29.1 nA to
5

D.N. Roxby et al.

Biosensors and Bioelectronics 165 (2020) 112420

maximum value and a larger dynamic range. The significance of this
work was further extended when it was shown that the other metal ions,
namely iron, chromium, and manganese, could also be detected at the
nanomolar level with this technology. In short, we would like to propose
future perspectives for the optimization and realization of photosyn
thetic cavity-based biosensing. First, since the device is microfluidicbased, it could be used for both off- and online monitoring. Secondly,
optimization could be performed for internal resistance, cavity coupling,
and electrode distance to increase the sensitivity further. Thirdly,
Chlorella sp. is sensitive to a large variety of different molecules, thus
opening the possibility of testing more than just metal ions. Other bio
molecules such as photosynthetic proteins or cyanobacteria that may be
more sensitive or have higher selectivity between toxic chemicals.
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