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The outstanding metabolic versatility of purple non-sulphur
bacteria makes these organisms an ideal candidate for develop-
ing photobioelectrochemical systems applicable in contami-
nated environments. Here, the effects of 2,4 dinitrophenol, a
common contaminant, on purple bacteria photobioelectrocatal-
ysis were investigated. The aromatic contaminant clearly affects
current generation, with an enhanced photocurrent obtained at
low dinitrophenol concentrations (0.5–1 μM), while higher
values (up to 100 μM) resulted in a gradual decrease of
photocurrent. The obtained electrochemical evidence, coupled

to spectroscopic studies, allowed verifying the viability of the
bacteria cells after exposure to dinitrophenol, and that no
alteration of the photosynthetic apparatus was obtained. The
results indicate that high dinitrophenol concentrations divert
electrons from the extracellular electron pathway to an
alternative electron sink. The present results open the door to
the possible use of intact bacteria-based photoelectrodes to
develop technologies for sustainable biosensors with simulta-
neous environmental remediation.

Introduction

During billions of years of evolution, nature has found different
ways to utilize sunlight as energy source by means of complex
and sophisticated photosystems, which evolved from the
photosynthetic unit of purple bacteria. Rhodobacter capsulatus
(R. capsulatus) is a purple non-sulfur photosynthetic bacterium
(PNSB) that exhibits an outstanding metabolic versatility,

allowing this organism to grow under diverse environmental
conditions.[1] Photoheterotrophic growth is typical for PNSB,
which can use a range of organic compounds such as organic
acids, amino acids, fatty acids, alcohols, carbohydrates, and
aromatic compounds as electron and carbon sources. Under
phototrophic growth conditions, organic carbon sources serve
primarily as cellular carbon for PNSB, but may also function as
electron source for photosynthetic electron transport.[2] Hence,
during photosynthesis, organic compounds play the role of
electron donors. The obtained electrons are energized by the
photosystem upon light excitation (pathway 1 in Scheme 1),
feeding a cyclic flow of electrons and protons. This process
results in a proton-motive force driving ATP synthesis, while
electrons are utilized for NADP+ reduction, generating NADPH
(pathway 3 in Scheme 1), or can be repeatedly excited and
cycled[3] (pathway 2 in Scheme 1).

The photosynthetic system of purple bacteria has been
characterized in details,[4,5] unveiling the process of sunlight
conversion into electrical energy with efficiency approaching
unity.[6] With the aim to take advantage of this unique catalytic
features, these bacteria have been recently coupled to
electrode surfaces for the transduction of solar energy into
electrical energy, hydrogen, or high added-value chemicals in
photobioelectrochemical systems (PBES).[7] To enable the photo-
induced extracellular electron transfer (PEET) process using
intact PNSB in these devices, a coherent interface between the
electrode surface and the redox active sites of the photo-
synthetic apparatus that are deeply buried in the inner
membrane (i. e., quinone pool) must be obtained.[8–10] The
electrical wiring can be achieved by using exogeneous redox
mediators, with several diffusible quinone-based redox media-
tors that can shuttle the electrons during PEET process.[11]

However, the application of diffusible mediators in the field is
not preferable owing to their toxicity and unwanted release
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into the environment.[10,11] As a result, various studies have
focused on the use of alternatives to diffusible mediators.[12,13]

Recent reports showed the engineering of photosynthetic
bacteria by genetic strategies,[14] and with carbon nanotubes,[15]

which facilitated the extracellular electron transfer process.
Another possibility involves the use of redox polymers, where
the redox moieties are confined on the polymer backbone.
Such works include the use of both Os-based,[16] and quinone-
based polymers.[17] Our group recently reported the possibility
to obtain a redox-adhesive matrix based on polydopamine
(PDA) to obtain purple bacteria-based photoelectrodes without
the need of a separate synthesis of the redox polymer.[18] The
obtained PBES can be employed for a broad range of
applications. Specifically, with the increasing interest in systems
for the early monitoring of environmental hazards,[19] the
development of biosensors for distributed analysis is of the
utmost importance. In these systems, the generated current can
be directly related to the presence of contaminants, allowing
their preliminary on-line monitoring,[20] and enabling self-
powered biosensors.[21–23] In addition, thanks to the capability of
PNSB to degrade organic compounds that are environmental
pollutants, these PBES can be employed for sun-powered
decontamination and monitoring of water environments.[24] In
this work, 2,4-dinitrophenol (2,4-DNP) was utilized as a model
contaminant to study its effects on the PDA-based biophotoe-
lectrode. 2,4-DNP is a commercially relevant dinitrophenol
commonly found in several industrial wastewater due to its use
in the manufacture of dyes, wood preservatives, explosives, and
as a pesticide.[25] Due to its frequent occurrence, high toxicity,
and recalcitrance in environment, 2,4-DNP is considered as one
of the priority pollutants by the US Environmental Protection
Agency.[26] The acute and chronic toxic concentrations of 2,4-
DNP for freshwater aquatic species (5th percentile) were
reported to be up to 14.4 and 2.3 μM, respectively.[27] Classical
analytical techniques, such as high-performance liquid chroma-

tography allow the detection of 2,4-DNP down to 1 μM.[28]

Alternative approaches have been proposed for nitrophenol
monitoring,[29] including voltammetric studies showing its
detection in concentrations as low as 0.7 μM.[30] However, the
reported approach required acid conditions and 80% methanol,
and detected the metabolite of 2,4-dinitrophenol (i. e., 2-amino-
4-nitrophenol and 4-amino-2-nitrophenol). In a recent study, a
multistage microbial fuel cell inoculated with wastewater was
utilized as a biosensor for 4-nitrophenol monitoring as model
contaminant, and possible removal.[31] It was shown that the
contaminant influenced current production of the microbial
fuel cell for concentrations higher than 540 μM (75 mgL� 1),
while lower concentrations did not affect the performance of
the device. This work targets the development of a biophotoe-
lectrode where the concentrations of dinitrophenol affecting
photobioelectrocatalysis match the values reported for acute
and chronic toxicity of this contaminant, with the future goal to
develop an early-monitoring and bioremediation system pow-
ered by sunlight.

Results and Discussion

Effect of 2,4-DNP on photobioelectrocatalysis

Photobioelectrocatalysis of the biohybrid electrode obtained by
entrapping R. capsulatus in PDA (R.caps-PDA) was studied by
cyclic voltammetry. Figure 1 shows the current response for the
biophotoelectrode and control electrodes under anaerobic
conditions (no bacteria, only PDA modified electrodes) in dark
and exposed to light, in the presence or absence of 2,4-DNP.
Specifically, Figure 1A shows the dark metabolism of R.
capsulatus in the presence of malic acid (trace 2), and malic acid
with ethanol (trace 3), given the increased current obtained for
the R.caps-PDA electrodes in relation to the sterile electrode

Scheme 1. Representation of the photosynthetic electron cycle and electron sinks of R. capsulatus under photobioelectrocatalytic conditions in presence of
2,4-DNP. The electrons flow, the protons flow, and the reduction of 2,4-DNP are represented in yellow, red, and orange, respectively.
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coated with only PDA (trace 1). Following, the biocatalytic
activity of the biohybrid system was evaluated under increasing
additions of 2,4-DNP (Figure 1B). The assimilation of 2,4-DNP in
the range of 0.5 to 50.0 μM (traces 5 and 6) promoted the
generation of higher dark currents. On the other hand, raising
the concentration of 2,4-DNP to 300.0 μM (trace 7) resulted in a
decrease of current to values close to those obtained prior DNP
addition. It should be noted that the current of the sterile
control electrode (trace 4) did not change even when the DNP
concentration was raised to 50 μM. Furthermore, a negligible
current was observed for the biohybrid electrode prepared
utilizing heat treated R. capsulatus cells (R.capsHT-PDA, trace 8)
at 50 μM 2,4-DNP, confirming that viable R. capsulatus cells are
required to obtain a catalytic current, and the existence of a
dark metabolism for the assimilation of 2,4-DNP under the
utilized experimental conditions. Figure 1C shows the photo-
bioeletrocatalytic activity (experiments under illumination) of
R.caps-PDA electrodes in relation to the sterile electrode. PDA
control electrodes presented a slight increase in current as
expected considering the broadband UV-vis absorption ability
of PDA.[32] On the other hand, biohybrid electrodes achieved up
to 2-fold enhancement in current density in relation to that
observed for the dark metabolism in the presence of only malic
acid, passing from 0.44�0.05 to 1.02�0.28 μAcm� 2 (trace 2).

When adding 0.5 μM 2,4-DNP (Figure 1D), the biophotoanode
showed a remarkable increment in current density achieving up
to 2.2�0.1 μAcm� 2 (trace 5). Further increasing the concen-
tration of 2,4-DNP up to 300 μM (trace 7) resulted in a gradual
decrease in current density to 1.57�0.07 μAcm� 2. The sterile
electrode (trace 4) showed a slight increase in current density in
presence of 50 μM 2,4-DNP, possibly due to its reaction with
the PDA matrix. When the same concentration of 2,4-DNP was
evaluated with the biotic control electrode R.capsHT-PDA (trace
8), no significant change in current density was observed in
relation to the dark experiment performed under the same
conditions, which further confirmed the photobioelectrocata-
lytic activity for assimilation of this aromatic compound by R.
capsulatus. Additionally, for the cyclic voltammetries performed
with the biophotoelectrodes in the absence of 2,4-DP, both in
dark and light conditions, a clear single redox peak at about
+0.31 V vs. Ag jAgCl can be noted. This characteristic redox
feature is due to the extracellular electron transfer process
mediated by the PDA matrix, as reported in our previous
work.[18] Conversely, the cyclic voltammetries of the biophotoe-
lectrodes in the presence of 2,4-DNP showed two redox peaks
at about +0.22 and +0.31 V vs. Ag jAgCl, respectively. This
characteristic response was not obtained for the sterile electro-
des nor for the electrode with heat-treated cells exposed to 2,4-

Figure 1. Cyclic voltammetries for R.caps-PDA biohybrid photoanodes and PDA control electrodes in the absence (A and C) or presence (B and D) of 2,4-DNP.
The gray background indicates CVs performed under dark conditions, while the white background indicates the experiments performed under light
conditions. (1) PDA-only in 50 mM malic acid. (2) R.caps-PDA in 50 mM malic acid. (3) R.caps-PDA in 50 mM malic acid+45 mM ethanol. All the other traces
refer to experiments performed with 50 mM malic acid+45 mM ethanol with various concentrations of DNP as following defined: (4) PDA+50.0 μM 2,4-DNP;
(5) R.caps-PDA+0.50 μM 2,4-DNP; (6) R.caps-PDA+50.0 μM 2,4-DNP; (7) R.caps-PDA+300.0 μM 2,4-DNP; (8) R.capsHT-PDA+50.0 μM 2,4-DNP. Scan
rate:1 mVs� 1; CE: Pt; RE: Ag jAgCl (3 M NaCl).
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DNP. Accordingly, the appearance of the additional redox peaks
at +0.22 V in presence of 2,4-DNP indicates that under such
conditions the extracellular electron transfer process can take
place utilizing an additional electron transfer pathway, such as
diffusible reduced endogenous mediators (i. e., quinones) avail-
able in excess due to the contaminant acting as electron donor.

Previous works of Blasco and Castillo[33] reported that the
uptake of 2,4-DNP by R. capsulatus is strictly light-dependent
and inhibited in the presence of O2 and ammonium, with an
optimal pH of 7.0.[34] In their work the authors noted that none
of the four nitrophenol tested could be assimilated by R.
capsulatus under dark anaerobiosis. However, the metabolism
of 2,4-DNP under bioelectrochemical conditions has never been
investigated before the current study. The cyclic voltammetries
presented in Figure 1 reveal that 2,4-DNP can be oxidized by R.
capsulatus when the system is under electrochemical polar-
ization. Focusing on the requirement of anaerobic conditions,
cyclic voltammetries performed under aerobic conditions (Fig-
ure S1) showed no catalytic current when adding DNP,
indicating no 2,4-DNP assimilation obtained under electro-
chemical polarization in presence of oxygen. These results
confirmed the previous finding of Blasco and Castillo. The cyclic
voltammetries of the biohybrid system in presence of oxygen
showed only a marked current response due to the oxygen
reduction reaction, with an onset of the cathodic current at
� 0.10 V, in either the absence or the presence of nitrophenol.

Based on the presented results, we investigated the effect
of the different concentration of 2,4-DNP on the anaerobic
photobioelectrocatalysis of R. capsulatus. Figure 2 shows the
average values of current densities obtained at +0.40 V during
the second anodic scan. The potential for the comparison was
selected as under these conditions the photoanode R.caps-PDA
reached a quasi-steady state current response for all the
concentrations of 2,4-DNP evaluated. Under illumination, the
biophotoanode presented different behaviors depending on

the concentration of 2,4-DNP (Figure 2, top). The addition of 0.5
and 1 μM 2,4-DNP led to the maximum current response
obtained, reaching 1.82�0.05 μAcm� 2, a value 50% higher
than the photocurrent density produced in the absence of DNP.
Further increasing the concentration of 2,4 DNP up to 100 μM
resulted in a clear decrease in photocurrent, eventually reaching
values comparable to the baseline current density achieve prior
to the addition of the contaminant. An additional increase in
2,4-DNP concentration up to 300 μM resulted in current values
ranging between 1.46�0.09 and 1.31�0.06 μAcm� 2, thus only
slightly deviating from the values achieved at 100 μM 2,4-DNP.
These results indicate that the application of the biophotoa-
node for 2,4-DNP monitoring would be limited to the concen-
tration range 1–100 μM. However, it is interesting to note that
this concentration range includes the limits for acute and
chronic toxic concentrations reported for 2,4-DNP (14.4 and
2.3 μM, respectively), paving the way to future studies aimed to
further develop a detection system based on the microbial
biophotoanode reported. Another aspect deserving further
discussion is that the current response for 2,4-DNP concen-
trations higher than 100 μM did not fall below the initial value
obtained in absence of the contaminant, suggesting that a
mechanism more complex than a simple cytotoxic effect is at
play. This aspect is further discussed below, in view of
spectroscopic and additional electrochemical experimental
evidence. On the other hand, cyclic voltammetries in dark
conditions with increasing concentration of 2,4-DNP revealed
current densities close to the baseline values obtained in the
absence of DNP, regardless the concentration of 2,4-DNP
applied (Figure 2, bottom).

Spectroscopic studies were performed to investigate if the
observed decreasing current response obtained for R.caps-PDA
biophotoelectrodes exposed to DNP under illumination was
due to damaging of the photosynthetic apparatus after
exposure to the contaminant. Figure 3 (upper panel, upper
traces) shows the UV-vis-NIR absorption spectrum of R.
capsulatus entrapped in the PDA matrix in the absence of 2,4-
DNP. The absorption band observed at 865 nm is associated to
the light harvesting complex LH1 in intimate contact with the
bacterial reaction center, in analogy to the observation on the
bacterium Rhodobacter sphaeroides 2.4.1; the absorption band
at 800 nm is associated to the light harvesting complex LH2
(see Scheme 1). The secondary bands of the LH complexes are
at 590 nm.[35,36] The light-harvesting capacity of the bacterio-
chlorophylls pigments in the LHs complexes are complemented
by the carotenoids, assigned to the bands in the spectral range
between 420 and 510 nm. This broad spectral ability enables
the efficient photoconversion ability of the reaction center.[37]

As shown by the absorption spectrum of R. capsulatus
entrapped in the PDA matrix in the presence of 300 μM 2,4-
DNP (upper panel, lower traces), the exposure to the contami-
nant did not cause any damage to the antennae apparatus,
neither immediately after addition (black trace), nor after 1 h
(blue trace). The spectrum obtained from heat-treated bacteria
used to prepare the R.caps-PDA electrode clearly show the
disruption of the bacterial cells and denaturation of the LHs
complexes, with the disappearing of the two peaks at 800 nm

Figure 2. Current densities obtained at +0.40 V for the R.caps-PDA photo-
anode exposed to 0.5, 1, 25, 50, 100, 200, and 300 μM 2,4-DNP under light
(empty circles), and dark conditions (empty squares). The average values of
current densities are reported with the respective standard deviations
obtained from cyclic voltammetry studies performed in triplicate. Full
symbols with a continuous line represent the current density obtained in
each condition (light and dark) with R.caps-PDA electrode exposed only to
50 mM malic acid+45 mM ethanol (baseline current density).
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and 860 nm and the appearance of a peak at 770 nm typical of
free bacteriochlorophylls (lower panel). The large difference
between the intensity in the two spectra is due to most of the
denaturated cellular components precipitating during the
heating procedure.

Accordingly, it can be concluded that the exposure to
300 μM 2,4-DNP does not significantly affect the photosynthetic
apparatus, and the loss in current obtained in the cyclic
voltammetry studies cannot be related to the damaging of such
system.

The quantitative evaluation of R. capsulatus cells viability in
presence of 2,4-DNP was then performed by spectrofluorimetry
by utilizing fluorescein diacetate.[38] The fluorescence spectra
and the histograms presented in Figure 4 demonstrated that
the long exposure to 2,4-DNP (trace 2, R.caps-PDA+300.0 μM
2,4-DNP) did not result in a complete inhibition of bacteria
viability, since a clear fluorescence emission signal was
observed. However, a small decrease in fluorescence intensity
(23�5%) in relation to the fluorescence response of living R.
capsulatus cells entrapped in PDA matrix (trace 1, R.caps-PDA)
was obtained, indicating that a limited inhibition effect of 2,4-
DNP is present. For comparison, the fluorescence response of
heat-treated R. capsulatus cells, obtained by heat-treatment for
2 h at 120 °C, is negligible as shown in Figures 4A (trace 3) and
4B. The different fluorescence response is due to the absence of
active membrane-associated and intracellular esterases in dead

bacterial cells, which are required to accomplish the hydro-
lyzation of FDA to the fluorescent fluorescein.

2,4-DNP interaction with R. capsulatus in PDA

To further clarify the effect of 2,4-DNP on the metabolism of
purple bacteria, photobioelectrocatalytic studies with 2,4-DNP
were performed also in presence of ortophenantroline (o-phen),
an inhibitor of the photosynthetic electron transfer chain
(Figure 5). First, the cyclic voltammograms of the R.caps-PDA
biohybrid photoanodes with malic acid in presence of 100 μM
o-phen revealed an increase in current generation, passing from
1.50�0.35 μAcm� 2 (trace 3, no o-phen) to 2.54�0.45 μAcm� 2

(trace 10). As previously discussed for the cyclic voltammetries
of Figure 1, also in this case only one broad redox peak is
obtained at a potential of about +0.31 V, due to the
extracellular electron transfer process mediated by PDA.

It is known that in the photosynthetic electron transport
chain of purple bacteria o-phen inhibits the electron transfer
from primary semiquinone (QA

� ) to secondary oxidized quinone

Figure 3. Absorption spectra of R. capsulatus entrapped in the PDA matrix
(R.caps-PDA) in the absence (upper panel, upper traces) or in presence of
300 μM 2,4-DNP (upper panel, lower traces) obtained immediately after
sample preparation (black lines) or after 1 h of incubation (blue lines); heat-
treated cells of R. capsulatus entrapped in PDA and exposed to 300 μM 2,4-
DNP (lower panel). Figure 4. (A) Fluorescence spectra obtained after a 2 h incubation with FDA

for (1) living R. capsulatus cells entrapped in the PDA matrix (R. caps-PDA),
(2) R.caps-PDA exposed to 300 μM 2,4-DNP, and (3) dead cells of R.
capsulatus entrapped in PDA obtained after heat-treatment for 2 h at 120 °C
(R.capsHT-PDA). Excitation at 488 nm with 2.5 nm slit, emission window from
510 to 620 nm with 5 nm slit, using a 1 cm thick cuvette. (B) Comparison of
maximum fluorescence intensities at 532 nm for the different samples
evaluated.
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(QB) by competitive binding at the QB site (pathway 1,
Scheme 1).[39,40] This leads to the rapid return of electrons from
QA
� to the oxidized bacteriochlorophyll P870.[41] Accordingly,

the inhibition of primary photochemistry and block of secon-
dary electron transport (pathway 2, Scheme 1) are the two
effects caused by o-phen.[37] Hence, in the presence of the PDA
matrix acting as an artificial electron “sink” (pathway 5,
Scheme 1); blocking the natural electron flow in the photo-
system using o-phen results in the electrons generated in the
charge separation process (P870!P870*) being more easily
diverted to the electrode surface via the primary quinone
acceptor of the reaction center (pathway 4, Scheme 1), in
agreement with the marked increase in current density
observed in presence of o-phen (trace 10). This is consistent
with the finding of Vermeglio et al. that in presence of both o-
phen, blocking the QA

� QB!QAQB
� electron transfer, and an

electron donor reducing the oxidized P870, QA
� could be

oxidized by a surrounding electron acceptor.[42] Furthermore, it
should be noted that an increase in photocurrent response in
presence of an inhibitor of the photosynthetic electron transfer
chain at the QA–QB step was recently reported also by Saper
et al. using 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
with cyanobacteria-based photoelectrodes.[43]

Additionally, when 2,4-DNP is added together with o-phen
(trace 11), the current density is further enhanced in compar-
ison to both trace 9 (presence of 2,4-DNP in absence of o-phen)
and trace 10, achieving 3.7�0.5 μAcm� 2, indicating a photo-
electrocatalytic oxidation process taking place in the photo-
system of R. capsulatus, with 2,4-DNP acting as an electron
donor. Two redox peaks are obtained in the presence of 2,4-
DNP, as previously discussed for Figure 1, also in presence of o-
phen, confirming that the presence of the contaminant allows
an additional extracellular electron transfer pathway. Under
these conditions the energy conversion efficiency, considering
the light intensity provided (153 mWcm� 2), achieved the
maximum value of 0.01%, up from 0.005% when no o-phen is
added. While this is a low value, it must be considered that: (i)

the energy conversion efficiency (from photon to ATP produc-
tion) of photosynthetic purple bacteria varies between 4 and
0.1% depending on light conditions,[44] and (ii) the current
experimental setup is not aimed, nor optimized, to maximize
the efficiency of the process.

The energy cascade in the photosynthetic unit has the role
to funnel electronic excitations from the light-harvest com-
plexes, creating a reservoir of photoexcited electrons from
which the reaction center drains the excess of electrons,
redirecting them into different metabolic pathways.[45] This
process allows preventing the overreduction of the cyclic
electron transport system in specific conditions, such as under
excess of illumination or in presence of electron donors (organic
substrates).[24] Therefore, during photoheterotrophic grow of R.
capsulatus, redox homeostasis is achieved through the interplay
of cyclic photosynthetic electron transport and the coordinate
control of various redox-balancing mechanisms (i. e., Calvin-
Benson-Bassham, CBB cycle; Dimethylsulfoxide reductase,
DMSOR system; or dinitrogenase system) occurring in the
ubiquinone pool. Each system can employ a different terminal
electron acceptor and the hierarchy of redox pathways was
shown to be under cellular control wherein the normal
regulatory constraints are overcome to insure redox
balance.[46,47] Thus, variations in the concentration of substrates
that are relevant for the regulatory mechanism promote a
change in the electron pathway. Given the above consider-
ations and the obtained electrochemical and spectroscopic
evidence, it can be concluded that the long-term exposure of R.
capsulatus to concentrations as high as 300 μM 2,4-DNP did not
cause the damage to the antenna apparatus nor a significant
inhibition or complete death of the cells. Therefore, the
decrease in current response of the R.caps-PDA biohybrid
electrodes under illumination in presence of high concentra-
tions of 2,4-DNP (from 100 to 300 μM) is attributed to the
electrons being re-directed toward an alternative electron sink.
Blasco and Castillo reported that R. capsulatus has a 2,4-DNP
photoreduction pathway performed by enzymes with nitro-
phenol reductase-activity (NPR) requiring NAD(P)H as an
electron donor.[33,34] NPR, located in the cytosol, was identified
as an inducible reductase that could function as a detoxifying
enzyme, exhibiting activity also toward other polynitrophenols
such as 2,5-DNP, 3,4-DNP and 2,4,6-TNP.[48] Interestingly, the
photoreduction of 2,4-DNP has been reported also for other
photosynthetic bacteria such as Anabaena variabilis.[49] For R.
capsulatus, 2,4-DNP was found to serve neither as carbon nor as
nitrogen source, making its photoanaerobic metabolization a
cometabolic reductive process requiring alternative sources of
carbon and nitrogen, and being regulated by the intracellular
C/N ratio.[33,34,50] Scheme 1 shows the proposed photoreduction
of 2,4-DNP in NPR enzyme as the alternative electron sink
diverting electrons from the extracellular electron transfer, and
the effect of o-phen on the photosynthetic apparatus of R.
capsulatus. In should be underlined that Scheme 1 reports a
simplified, not comprehensive, metabolic pathway for 2,4-DNP
reduction, since multiple products could be obtained from 2,4
DNP assimilation in purple bacteria. Accordingly, future studies
should be performed to elucidate the complete metabolic

Figure 5. Cyclic voltammetries for the biohybrid photoanodes under light in
presence of 50 mM malic acid+45 mM ethanol: (3) R.caps-PDA, (9) R.caps-
PDA+100 μM 2,4-DNP, (10) R.caps-PDA+100 μM o-phen, (11) R.caps-PDA
+100 μM o-phen+100 μM 2,4-DNP. Scan rate, 1 mVs� 1; CE, Pt; RE, Ag jAgCl
(3 M NaCl).
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process of 2,4-DNP in purple bacteria biophotoelectrodes. The
analysis of the 2,4-DNP reduction products and real-time
determination of NADPH production would be of great interest.
At this purpose, the approach recently reported by Shlosberg
et al. to characterize NADPH secretion from cyanobacteria cells
under electrochemical polarization and illumination could be
employed in future studies to elucidate this process.[51]

Conclusion

The development of sustainable approaches for the early,
distributed, and in-situ monitoring of critical water pollutants is
of the utmost importance to avoid and/or minimize the release
of toxic compounds in the environment. Herein, we have
demonstrated that the current generation of a sustainable
intact PNSB-based photoelectrode operating in neutral con-
ditions is clearly affected by the presence of 2,4-DNP in a range
of concentrations relevant to the limits of acute and chronic
toxicity. The system does not require rare metal catalysts,
critical raw materials, nor the time-consuming synthesis of
redox polymers, making it of particular interest for the develop-
ment of self-powered biosensors performing in-situ monitoring.
Furthermore, the viability of the bacterial cells and the activity
of their photosynthetic apparatus were not significantly
affected, even at concentrations as high as 300 μM, allowing
the operation of the biosensor at high concentration of the
contaminant. Future studies should focus on the possibility that
PNSB divert electrons toward a reductive metabolism of 2,4-
DNP, which would make the technology relevant to accomplish
both the sun-powered in-situ monitoring of the contaminant
and its simultaneous removal. Finally, maximizing the stability
of the photobioelectrocatalytic system developed will also be
critical in view of its possible application for environmental
remediation purposes.

Experimental Section

Chemicals

All chemicals were used as received without further purification.
Ultrapure Milli-Q water (18 MΩcm� 1) was used for the preparation
of all the solutions.

Bacterial growth

Rhodobacter capsulatus strain DSM 152 was obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ) and
grown at 10% v/v in sterile 50 mL bottles sealed with airtight
stoppers, containing liquid growth medium comprised of malic
acid (4.0 gL� 1), (NH4)2SO4 (1.0 gL� 1), CaCl2 · 2H2O (75 mgL� 1),
MgSO4 ·7H2O (200 mgL� 1), FeSO4 · 7H2O (12 mgL� 1), EDTA
(20 mgL� 1), thiamine (1 mgL� 1), biotin (15 mgL� 1), K2HPO4

(0.9 gL� 1), KH2PO4 (0.6 gL� 1) and a trace elements solution
(1 mLL� 1) previously prepared.[11] The pH of the medium was
adjusted to 6.8 using 5 M NaOH, and the growth medium was
sterilized (Systec VX-55) at 125 °C for 25 min. Trace elements,
MgSO4, CaCl2, FeSO4, and biotin were added to the medium after

sterilization by filtration through a 0.20 μm filter (Puradisc 25). The
growth procedure was performed at 28 °C in an incubator (IKA KS
3000 i control) under illumination provided by an incandescent
lamp (80 W).

Preparation of biohybrid photoanodes

The preparation of biohybrid electrodes was performed following
the procedure previously described.[18] Briefly, R. capsulatus cells
were collected after 72 h growth following a two-step centrifuga-
tion procedure; the first step was carried out at 4000 g for 20 min at
20 °C (MPW-260R Centrifuge) and the second, at 12000 rpm for
15 min (Eppendorf Centrifuge 5424R). After obtaining the pellets of
R. capsulatus, the electrodes were ready to use in less than
90 minutes, starting with the aerobic polymerization of PDA (5 mM
dopamine hydrochloride in MOPS buffer at pH 8.0) in presence of
bacterial cells (1 gmL� 1) during 60 min under magnetic stirring at
500 rpm (Metrohm 728 Magnetic Stirrer). The obtained suspension
was then deposited on a glassy carbon electrode (1 uLmm� 1

diameter) and, after drying, it was subjected to electrochemical
polymerization (PalmSens4 potentiostat) by cyclic voltammetry at
20 mVs� 1 in MOPS buffer at pH 7. This allowed creating the
biohybrid photoanodes (R.caps-PDA) with the formation of a redox-
adhesive polydopamine matrix surrounding the bacterial cells.

Electrochemical measurements

The effects of 2,4-DNP on the photobioelectrocatalytic activity of R.
capsulatus was evaluated by cyclic voltammetries (PalmSens4
potentiostat) performed in triplicate in a single chamber three-
electrode electrochemical cell containing 35 mL of electrolyte
(10 mM MgCl2 and 50 mM malic acid in 20 mM MOPS buffer, pH 7).
Two cycles were always performed, in the range of � 0.13 V to
0.52 V at 1 mVs� 1, and the second cycle is always utilized for the
comparison of the (bio)electrodes. A Pt wire was used as the
counter electrode, an Ag jAgCl (3 M NaCl, Basi MF2052) electrode
was the reference electrode, and the R.caps-PDA photoanode was
the working electrode. Control experiments were performed with
bare glassy carbon electrodes as well as with glassy carbon
electrodes coated with only PDA (sterile electrodes), in the absence
of R. capsulatus cells, and with heat-treated R. capsulatus cells for
2 h at 120 °C (R.capsHT-PDA). Prior to the photoelectrochemical
studies, the electrolyte was saturated with Argon (99.99%) for
10 min, keeping the same flow on top of the electrochemical cell
during the experiments. A fiber optic lamp (Schott KL 1500 LCD)
equipped with a light bulb of 10 W was utilized to illuminate the
electrodes, providing a light intensity of 153 mWcm� 2 (measured
with Gigahertz-Optik MSC15). The R.caps-PDA electrodes were
exposed to different concentrations of 2,4-DNP, in a range from 0.5
to 300 μM. The stock solutions of 2,4-DNP were prepared by
solubilization of the contaminant in 20% ethanol+20% of dimeth-
yl sulfoxide (DMSO), with the purpose of maintaining the final
concentration of ethanol in the electrochemical cell at 45 mM.
Thus, the electrochemical experiments with 2,4-DNP were per-
formed with the electrolyte containing both malic acid and ethanol,
the first as carbon source and the second used for the solubilization
of dinitrophenol. For the comparison of the photobioelectrocata-
lytic activities of the R.caps-PDA electrodes, the current densities
were evaluated based on the anodic photocurrent obtained for the
second cycle of each voltammetric curve at +0.40 V, with the
average values presented together with the respective standard
deviation. For a deeper evaluation of the effect of 2,4-DNP on
photobioelectrocatalysis of R. capsulatus, we used the photosystem
inhibitor orthophenantroline (o-phen). For these studies, the R.caps-
PDA electrodes were exposed to 100 μM o-phen in the absence
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and presence of 100 μM 2,4-DNP. The o-phen stock solution was
also prepared in 20% ethanol+20% DMSO, to keep constant the
concentration of ethanol in the electrolyte.

Spectrophotometric and Spectroscopic fluorescence studies

The viability of R. capsulatus cells after being exposed to 2,4-DNP
was determined by spectrofluorimetric measurements with the
samples (1) living cells of R. capsulatus entrapped in the PDA matrix
(R.caps-PDA), (2) R.caps-PDA exposed to 300 μM 2,4-DNP, and (3)
dead cells of R. capsulatus entrapped in PDA obtained after heat-
treatment for 2 h at 120 °C R.capsHT-PDA. The samples were
prepared as follows: R. capsulatus cells were collected according to
the centrifugation procedures previously described, proceeding
with the aerobic polymerization for 1 h. After this step, the matrix
was collected by centrifugation at 12000 rpm for 15 min and further
resuspended in MOPS buffer at pH 7.0. The obtained suspension
was splitted to obtain the samples for quintuplicates measure-
ments. For sample (2), aliquots of 8 mM 2,4-DNP stock solution
were added to obtain the final concentration of 300 μM in the
replicates. All samples were incubated overnight at room temper-
ature. Following, 6 μL of fluorescein diacetate (FDA) (1 mgmL� 1 in
acetone) was added to 2 mL of sample, containing 1.9 mL MOPS
buffer at pH 7.0 and 100 μL of suspensions, and further incubated
for 2 h. Signals of fluorescent molecules were detected using a
Varian Cary Eclipse Fluorescence Spectrophotometer, with excita-
tion at 488 nm and emission window from 495 to 650 nm. The
excitation and emission slit were 2.5 and 5 nm, respectively. Hence,
based on the fluorescence intensity observed after this period of
incubation, the viability of cells exposed to 2,4-DNP (2) was
compared with those not exposed to 2,4-DNP (1) as well as with
the response obtained with heat-treated bacteria (3). To evaluate
possible damages to the photosynthetic apparatus of R. capsulatus
after exposure to 2,4-DNP, the absorption spectra of the samples
(1) and (2) were recorded immediately after sample preparation
and after 1 h of incubation in presence of dinitrophenol, in the
range 400–1000 nm using a Cary 5000 UV-Vis-NIR spectrophotom-
eter (Agilent Technologies). The spectra of sample (3) and 2,4-DNP
were also obtained for comparison.
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