Noninvasive Measurement of Membrane
Potential Modulation in Microorganisms:
Photosynthesis in Green Algae
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ABSTRACT Cell membrane potential (C(MP) modulation is a physical measure-
ment to quantitatively probe cell physiology in real time at high specificity.
Electrochemical field effect transistors (eFETs) made from graphene and Si nanowire
provide strong mechanical and electrical coupling with neurons and muscle cells to
noninvasively measure CMP at high sensitivity. To date, there are no noninvasive
methods to study electrophysiology of microorganisms because of stiff cell walls and
significantly smaller membrane polarizations. An eFET made from the smallest
possible nanostructure, a nanoparticle, with sensitivity to a single-electron charge is
developed to noninvasively measure CMP modulation in algae. The applicability of
the device is demonstrated by measuring CMP modulation due to a light-induced
proton gradient inside the chloroplast during photosynthesis. The ~9 mV modula-
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tion in CMP in algae is consistent with the absorbance spectrum of chlorophyll, photosynthetic pathway, and inorganic carbon source concentration in

the environment. The method can potentially become a routine method to noninvasively study electrophysiology of cells, such as microorganisms

for biofuels.
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ost biochemical processes, such as
cell growth, nutrient uptake, en-
ergy production, and cell signal-
ing, involve the transport of ions through
membranes. Monitoring the cell membrane
potential (CMP) is a powerful physical
measurement to quantitatively study cell
physiology at high specificity, such as cell
signaling, respiration and photosynthesis,
metabolism, action potential propaga-
tion, and muscle contraction. The mem-
brane potential, which reflects the sum of
all electric transport processes, is mea-
sured by inserting delicate micropipet
electrodes' > and ultramicroelectrodes*
that often damage the cell. These meth-
ods of directly measuring the membrane
voltage, or current, are tedious and invasive
with less than a 5% success rate due to
cell damage. A noninvasive method of using
voltage-sensitive dyes,>® is indirect with low
sensitivity.
Micron-scale field-effect transistors (FETs)
have been studied and developed over the
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past two decades,” ® and they are able to
directly measure cell membrane potential
(CMP) noninvasively by simply depositing
(i.e, seeding) neurons'® and cardiac muscle'’
cells on the device (gate) electrode. Although
the mammalian cells are soft and conform to
the device surface, the formation of a cleft at
the interface is a key challenge that com-
plicates the analysis and adversely affects
the quality of the signal and responsiveness
of the FET.'>"'* A strong coupling with a
low cleft leads to lower contact imped-
ance and, therefore, lower noise and a higher
signal.' Modification of the planar elec-
trode with nanostructures, such as Au nano-
pillars’® and carbon nanotubes (CNTs),'®
improves the signal, and the contact im-
pedance decreases 15- to 20-fold for
CNT-modified electrodes.'” The decrease
is even greater for nanostructured metal
electrodes.'®"?

Taking advantage of better coupling,
the FET principle was extended, less than a
decade ago, to make nanoscale eFETs using
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graphene and Si nanowires to record ion
channel activity in neurons and heart muscle cells.
(We note in passing that an eFET is a FET where the
current is gated by an electrolyte, i.e., the modulation in
the ion concentration in the electrical double layer
(EDL) changes the conductance of the device)?* The
performance is enhanced for nano-eFETs over micro-
FETs owing to tighter cell/device coupling®*?> and
higher sensitivity to interfacial charge modulation on
cell membrane depolarization.?® The soft mammalian
cell is deposited on graphene or nanowire interposed
between two electrodes (source and drain) at a dis-
tance L apart. At a constant bias between the source
and drain, Vsp, on cell stimulation, the device current
(Isp) through the nanostructure modulates because of
the changes in the CMP (i.e., gating). The CMP modula-
tion, Ap = Alsp/gm, where, Alsp is the change in device
current and g, is an easy-to-measure property of
eFETs called transconductance. Transconductance is
the sensitivity of the eFET. The sensitivity, g, is ~1/L?
and ~1/L for nanowire?® and graphene®’ FET devices,
respectively. As a result, the sensitivity (g.) drops
rapidly in the <10° nS range as L is increased above
50 um,?®?° a practical size to conveniently deposit
(seed) mammalian cells or microorganisms for routine
analysis. Furthermore, noninvasive CMP measure-
ments on microorganisms remain a challenge because
their rigid cell walls make it difficult for conformal
contact, and A¢ is in mV range compared to tens of
mV for neurons and muscle cells (studied for graphene
and nanowire devices).

We report, for the first time, robust coupling of an
eFET to measure the CMP of a microorganism. The CMP
of green algae (Chlamydomonas reinhardtii) is mea-
sured during photosynthesis of A in the 10° mV
range. The response to light is consistent with the ab-
sorbance spectrum of chlorophyll, photosynthesis path-
way, and optimum carbon concentration in the envi-
ronment. The eFET is made from a two-dimensional (2D)
network array of one-dimensional (1D) nanoparticle
necklaces with L ~ 70 um. The 1D necklace topology
of 10 nm particles leads to single electron sensitivity
and, at the same time, provides connectivity to the
electrodes and cell at L > 50 um3°32 In a previous
study, the necklace array, as a FET sensor operating in
air, was shown to successfully record the metabolic
activity in yeast cell stimulated by methanol vapor.*
The signal was generated from the redox of the exocy-
tosis of formaldehyde on the array. Recently, for the first
time, a single-electron eFET operating in water was
demonstrated by nanocementing the adjacent particles
in the necklace with iron oxide3? Using the nanoce-
mented necklace array, here, the application to measure
the CMP of a microorganism during photosynthesis is
reported. The single-electron eFET depends on the
number of (single-electron) charge centers in the per-
colation path of the necklace array;*® thus, in contrast to
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nanowire and graphene eFETs, increasing L will enhance
the sensitivity of the nanoparticle array device.* Unlike the
previous study on chemical stimulation of yeast in air,* the
gating is by physical stimuli (i.e,, light) with no exocytosis of
redox moieties. The light stimulation in photosynthesis
avoids the complexities associated with mass transfer
limitations during chemical stimulation processes.

RESULTS AND DISCUSSION

The single-electron eFET, schematically shown in
Figure 1a, is fabricated as follows. The nanoparticles
spontaneously form a 1D necklace in solution by slowly
adding a salt solution (see Methods). The “polymeriza-
tion” of the nanoparticles to form a 1D necklace results
in a remarkable change in the color of the solution due
to red-shift in the surface plasmon resonance peak,
as described previously for other systems3®3> (see
Supporting Information (SI) Figure A). The necklace
array is patterned between two Au electrodes, 50
and 70 um apart on a SiO,(500 nm)/Si chip, by soft
lithography.3*** The necklace “climbs” over the elec-
trode to form a good contact (Figure B, SI). For the
single-electron eFET, the electrodes are hermetically
sealed with an adhesive (Figure 1a).>* The unicellular
algae are cultured in a tris-acetate-phosphate medium
(TAP, pH 7.2) and deposited on the necklace array by
simple dip coating (Figure 1b). The monolayer of algae
between the electrodes forms a good interface with
the underlying nanoparticle necklace array (Figure 1e).
There are approximately 20 cells on the necklace array
in the electrode gap. Without the necklace array, there
is no interconnection between the two hermetically
sealed electrodes in the solution. The procedures for
creating the necklace synthesis, algae culture, and the
eFET device are briefly described in the Methods
section. The biogating experiment is to apply a con-
stant bias, Vsp, between the electrodes and measure
the current, Isp, through the necklace array (Figure 1a).
Algal cell deposition and measurement only took
~20 min on each sample.

Without the cells, at constant bias, Vsp, the Isp does
not change with exposure to light. On modulating the
potential between the solution and the array, V, the
device current at fixed Vsp changes (Figure 2a). From
the derivative of the Vsp versus Isp characteristics,
the transconductance, g, = |d/sp/dVg|, of the device
(without the cells) at Vsp = 0.8 V is obtained. The
transconductance is the sensitivity of the device that
prescribes the change in current due to modulation
in the environment potential (i.e., Vg). Importantly, at
Vy = 0, gm &~ 2.3 is significant to operate the eFET
with no external gating power supply at Vg = 0. This
is in contrast to graphene- and nanowire-based
devices,?®?° where V # 0 makes the estimation of
A¢@ more complicated.

On deposition of the cells, the device becomes light
sensitive. At a constant bias of 0.8 Vand on illumination
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Figure 1. Single-electron e-FET device in solution: (a) schematic of algae on the nanoparticle necklace network e-FET device;
(b) optical microscope image of the device where algae were deposited between the hermetically sealed Au electrodes; (c)
scanning electron microscope (SEM) image of an isolated alga on the necklace array; (d) SEM image of nanoparticle necklace
network; (e) SEM image of necklace network in contact with algae.

from a Hg-lamp in the 350 to 800 nm range, the device
current, Isp, between the source and the drain mod-
ulates when turning the light ON/OFF (Figure 2b).
When the light is turned ON, the current increases by
Alsp =~ 20 pA (Figure 2b, inset) to reach a constant
value and reversibly decays to the original current
levels when the light is turned OFF. The rise and decay
in current takes about a minute. The characteristic time
of the device current is consistent with the modulation
in the thylakoid membrane potential caused by a light-
driven proton gradient across the membrane during
photosynthesis.*®

The light induced excursion of the membrane po-
tential is a reaction which occurs in all plant cells
including algae but the explanation is still controver-
sial, especially the complex ion fluxes through the
membranes that may not be synchronous.?” To first
order, the mechanism of the current change due to
modulation in the cell membrane potential is ex-
plained by considering the primary process of the
light-induced photosynthetic proton flux in the thyla-
koid membrane. In the presence of light, the protons
are transported into the thylakoid lumen as a result of
photosynthesis and slowly return to the stroma after
the light is OFF.3® A schematic of the photosynthetic
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process pertinent to the biogating process is described
in the SI (Figure C). The light-stimulated charging
process relative to a no-light situation is schematically
shown in Figure 2c. Transport of the light-induced
photosynthetic proton gradient into the thylakoid lu-
men increases the pH of the stroma (in the chloroplast)
to induce (more) positive charge in the EDL around the
chloroplast (Figure 2c). The charging of the chloroplast
by positive ions (e.g., K" or Mg?") decreases the po-
tential of the cytosol to increase the current as ex-
pected from Figure 2a. A simple model is developed to
relate the modulation of pH in the stroma, ApH to the
cell membrane potential, and A due to the light-
induced proton flux (eqs (1) through (10) in SI).
For potential in mV, the model suggests Ap ~ 9ApH
(eqs (9) and (10) in SI).

Typically, at a pH of ~7, the zeta potential of the cell
is —25 mV. Thus, the g, is ~2.3 nS for the cell/device
interface. For light-induced modulation of Alsp &~ 20 pA,
the corresponding membrane potential modula-
tion, Ap = Alsp/gn, is about —8.7 mV. (The negative
sign signifies that the potential in the cytosol decreases
(e.g., hyperpolarizes) due to light.) We note in passing
that no hydrolysis of water occurs during the contin-
uous exposure to Vsp = 0.8 V for about 12 min (i.e., the
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Figure 2. Electronic behavior of eFET and eFET/algae device. (a) Transconductance behavior of the necklace array without
algae. V is applied via the Ag/AgCl reference electrode. (b) Modulation of the gating current due to light. The Al is defined
as the device current in an ON and OFF state. (c) The light induces photosynthetic proton transport into the lumen of the
thylakoid making the chloroplast more negative, which is equivalent to applying V, < 0. For both panels aand b, V55 = 0.8 V.
The charges in the schematic signify the change in the ion sign due to light exposure.

duration of the experiment). Importantly, the biogat-
ing is exclusively due to the membrane potential
because the ionic environment of the cell does not
change. (A complication in quantifying electrophysiol-
ogy studies where there is significant ion flux makes
the method model dependent).>® Thus, from the mod-
el (eq (10) in SI), ApH = 0.97, which is consistent with
the literature.3®

Next, we consider light stimulation in more detail.
First, the effect of the light spectrum is studied. The
device at fixed Vsp = 0.8 V is exposed to monochro-
matic light from a four-grating spectrometer (see
Methods), and Alsp is recorded (Figure 3a). The current
is normalized for the spectrum of the light source, that
is, the Alsp is divided by the intensity of light at the
specific wavelength. The dynamic range of Alsp over
the 350 to 650 nm range (say at 600 nm relative to
375 nm) modulates over 2 orders of magnitude, in-
dicating a very high specificity to photon energy (as
expected). As ApH ~ Alsp, the modulation in ApH is
also similar. The shape of the “biogating spectrum”
nominally matches the absorption spectrum of the
chlorophyll in terms of peak locations (Figure 3a). The
chlorophyll is extracted from the cells with 99% of
dimethylformamide. The discrepancy (in magnitude)
between the biogating spectrum and the absorption
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spectrum is attributed to the complexity of the photo-
chemical process, for example, the role of other pig-
ments, such as carotenoids, that are also responsible
for light harvesting and absorb at a slightly different
wavelength than chlorophylls. Chlorophyll absorbs
violet, blue, and red wavelengths, whereas the carote-
noids absorb UV and blue wavelengths. We do not
understand the significant mismatch in the two spectra
in the 650 to 700 nm range.

Second, we consider the electron transport process
in the thylakoid membrane where the photosystem is
embedded. It is well-known that by imbedding 2,5-
dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB)
in the thylakoid membrane, the photoelectron flow
from plastoquinone (PQ) to cytochrome b6f complex
(Cyt b6f complex) (Figure C, SI) is inhibited. The
decrease in current by about 2 orders of magnitude
by DBMIB-treated algae (Figure 3a) further supports
the consistency between the biogating spectrum and
photosynthesis.

Third, we considered the effect of pH on the photo-
synthesis process. Photosynthesis depends on extra-
cellular pH because it affects the electron flow as
well as the physiological property of the algae. The
electron transfer triggered by PQ oxidation is signifi-
cantly influenced by the changes in pH (Figure C, SI).*°
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Figure 3. Biogating spectrum for various stimuli. (a) Normal-
ized device current, , as a function of wavelength of excitation
light (i.e., biogating spectrum) (black line). Biogating spec-
trum of algae treated with DBMIB (red line). The absorption
spectrum of chlorophylls extracted from algae (blue line).
“Normalized” currentimplies that /s is scaled for the intensity
spectrum of the light source. (b) Biogating spectrum of algae
in different pH solutions. TP buffers were adjusted with HCl or
KOH solutions to pH 4.0—9.0. (c) Biogating spectrum as a
function of the amount of carbon source in the media. TP
buffers were adjusted with CO, gas or NaHCOs solution.

The maximum oxidation occurs at pH 7.0 which is the
optimum growth condition of algae in this study. The
biogating spectrum for algae showing the optimum
photosynthesis activity at a pH of 7.2 is, therefore,
reasonable (Figure 3b).

Fourthly, we consider the effect of carbon concen-
tration stimulation. The carbon source, particularly
CO,, is a limiting factor for the photosynthesis rate
because of the low CO, affinity of RuBisCo (ribulose-
1,5-bisphosphate carboxylase/oxygenase).*' On an in-
crease in the carbon concentration relative to the
control by either saturating the solution with CO, or
adding 0.1 mM NaHCOs, the biogating current in-
creases (Figure 3c). However, the CO,-saturated buffer
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Figure 4. Response of light intensity on photosynthetic
activity. Biogating spectrum as a function of light intensity.
The intensity ratio, R = 1, is defined at source on full power
and R = 0 is off. The inset shows / as a function of R for three
wavelengths. A power law fit to the data yields the scaling
exponent, (. The dashed line (black) is tangent to the
response for 370 nm indicating the estimated linear behav-
ior, that is, if £ was 1.0.

has an acidic pH of 5.6 that may adversely affect the
photosynthesis activity, as observed in Figure 3b. As a
result, the addition of NaHCOs than saturated CO, into
the control solution with a pH of 7.2 is more effective.
The highest photosynthetic biogating response ob-
served is at 100 uM NaHCOs;, which is in agreement
with studies on algae grown in ambient CO,** and
algal utilization of HCO;™ as a major form of inorganic
carbon source.** Moreover, this result supports the CO,
concentrating mechanism (CCM) model on the pH
gradient across the thylakoid membrane in light. In
light, the stoma has a pH of close to 8.0, whereas the
thylakoid lumen has a pH of between 4 and 5 because
of light-driven electron transport.** Under these con-
ditions, HCO3™ is the predominant and favorable
species in the stroma. A further increase in NaHCO;
causes the photosynthesis activity to decrease due to
the toxic effect of Na™ on algae.

The complexity of photosynthesis is illustrated in the
effect of light intensity on the biogating spectrum
(Figure 4). The biogating spectrum, as a function of
the fraction of maximum power to the source, R, scales
monotonically. However, the relationship is not linear
(Figure 4, inset). For the three prominent peaks, for
example, at a wavelength of 370 nm, the normalized
current, /, increases nonlinearly with respect to R. The
scaling exponent,  ~ 1.36 implies that photosynthetic
activity (i.e., /) at maximum power is 75% higher than
the activity for £ ~ 1 (i.e, the linear dashed line). We
do not understand the synergistic effect, but the
nonlinearity is worth noting as it may be a critical
factor in optimizing the algal culture for such as biofuel

production.

CONCLUSION

In summary, the single-electron eFET effectively
and consistently responds to excursions of membrane
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potential evoked by photosynthetic activity of algae
in real time. The eFET is made from a 2D array of 1D
nanoparticle necklaces comprising 10 nm Au particles.
The rise in potential due to the photosynthetic process
is about —8.7 mV. By modulating the wavelength in the
350 to 650 nm range, the photosynthetic activity is
estimated to range over 2 orders of magnitude. The pH
and carbon source are consistent with the photosyn-
thetic process, indicating that the optimum activity
occurs in a 100 uM NaHCO; solution and pH 7.2, respec-
tively. By blocking the electron pathway in the thylakoid
membrane, the photosynthetic activity, as expected, is
reduced by about 2 orders of magnitude. As no secretion

METHODS

Nanoparticle Necklace Network eFET Device Fabrication. The nano-
particle necklaces are prepared by slowly mixing 1 mL of
negatively charged 10 nm gold nanoparticles (BB international)
with 50 uL of 20 mM FeCl; for 16 h. (Figure A). The device
fabrication is described in the literature.3® Briefly, a polydi-
methylsiloxane (PDMS, ~1 nm thick) strip is prepared using a
contact printing method across two e-beam sputtered gold
electrodes (230 um (W) x 250 um (L)), ~50 or 70 um apart, on a
silicon wafer. The width of the PDMS strip is ~30 um. The PDMS
strip was exposed to NHs plasma for 1 min to activate PDMS
with positive charges. The gold nanoparticle necklaces are
deposited onto the device for 18 h, resulting in a monolayer
of a 1D necklace network (Figure B in Sland Figure 1d). The gold
electrodes are hermetically sealed with a cyanoacrylate adhe-
sive to prevent ionic current through the electrodes (Figure 1a).

Algae Culture. Light-induced biogating was demonstrated by
coupling the array to the photosynthetic reaction of Chla-
mydomonas reinhardtii cc124. The strain cc124 was grown on
TAP medium with pH 7.2 under continuous illumination of
~200 mmol photons m~2 s7' (85 W SHO bulb, American
Aquarium products) with an agitation of 100 rpm at 25 °C.

Biogating Tests. The cells (1—2 x 107 cells/mL) were depos-
ited on the poly (L-lysine)-coated Au nanoparticle necklace
network eFET device (Figure 1). The device was placed into an
electrochemical cell, and two working electrodes (WE1 and
WE2) were connected to a bipotentiostat (PGSTAT 128N,
Metrohm Autolab BV.).32 A Pt counter electrode and a 3 M Ag/AgCl
reference electrode were inserted into the electrochemical
cell. The device was operated in a TP buffer (pH 7.2, TAP with-
out acetate) at a constant bias of 0.8 V. The light-induced
modulation in current was measured under illumination of
white light from a 200 W Hg arc lamp connected to a four-
grating spectrometer (ACTON Spectrapro 2500i, Acton re-
search corporation).

To demonstrate that light-induced biogating is involved
in the electron flow of the photosynthetic reaction in the
chloroplast's thylakoid membranes, the cells were exposed with
40 uM of 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone
(DBMIM) for 1 h, which inhibits electron transfer in photosyn-
thetic reactions (Figure 3b). The action spectra of biogating
responses to DBMIB were measured as previously described.

Photosynthetic Biogating Responses to Light Intensity, Extracellular pH
Change, And Inorganic Carbon Concentration. To demonstrate the
biogating responses to light intensity, extracellular pH changes
and inorganic carbon concentration, the response-current were
measured in TP buffers with different light intensity, pH values,
or inorganic carbon concentration, as previously described. TP
buffers were adjusted with HCl and KOH solutions for the
desired pH levels or with CO, gas and NaHCOs for the desired
dissolved inorganic carbon concentrations, respectively.

Conflict of Interest: The authors declare no competing
financial interest.
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of ions occurs during the photosynthetic process, the
biogating is exclusively due to membrane potential
modulation. The necklace array device is fabricated by
self-assembly and standard (conventional and soft) litho-
graphy methods that can be easily reproduced in other
laboratories as a device to study biochemical processes in
cells at high sensitivity in real time. Although we applied
our system to determine photosynthetic algal properties,
it can be very useful to probe physiological properties of
other microorganisms and mammalian cells for applica-
tions such as in cancer drug discovery, interferon re-
sponse, and analysis of genetic or biochemical functions
of microorganisms with mutagenesis.
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