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Abstract One of the limits of current electrochemical bio-
sensors is a lack of methods providing stable and highly
efficient junctions between biomaterial and solid-state devi-
ces. This paper shows how laser-induced forward transfer
(LIFT) can enable efficient electron transfer from photosyn-
thetic biomaterial immobilized on screen-printed electrodes
(SPE). The ideal pattern, in terms of photocurrent signal of
thylakoid droplets giving a stable response signal with a
current intensity of approximately 335±13 nA for a thyla-
koid mass of 28±4 ng, was selected. It is shown that the
efficiency of energy production of a photosynthetic system
can be strongly enhanced by the LIFT process, as demon-
strated by use of the technique to construct an efficient and
sensitive photosynthesis-based biosensor for detecting her-
bicides at nanomolar concentrations.
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Introduction

Use of biosensors is becoming fairly widespread throughout
the world. Since the first studies on early prototypes, much
progress has been made in biosensor technology and now-
adays these devices are easy, quick, and inexpensive solu-
tions to many different analytical problems [1]. This success
is a result of the combination of multidisciplinary compe-
tence which has enabled perfect integration of chemistry,
biology, and electronics in single, portable, and easy to use
instruments. Because of these features, integration of bio-
logical material into a device is being regarded as appropri-
ate for many future fields of analysis, and seems particularly
suitable for those in which large numbers of samples must
be collected and analyzed daily to perform water or food-
monitoring programs.

Despite their clear advantages, however, there are still
technical concerns in biomimetics which challenge research-
ers. One of the main problems is achieving stable, integral
junctions between the biorecognition element (also called the
“biomediator”) and the transduction system. Realization of
such junctions in a sensor is essential for efficient conversion
of a biochemical signal into an electrical signal [2].

Plants, algae, and cyanobacteria used the electron-transfer
chain of the photosynthetic process to synthesize ATP mole-
cules needed for metabolic reactions. The electron-transfer
chain starts in the photosynthetic reaction center of photosys-
tem II (PSII), a light-driven water–plastoquinone oxidoreduc-
tase which catalyzes the most thermodynamically demanding
reaction in biology. This multi-enzymatic complex is embed-
ded in thylakoid membranes, and is composed of two proteins,
D1 and D2, which contain all the cofactors necessary for
photochemical charge separation [3]. On illumination, the
excited primary electron donor, P680*, ejects an electron into
the final electron acceptor, the plastoquinone QB, via
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chlorophyll, pheophytin, and plastoquinone QA [4, 5]. Where-
as QA is fixed within the structure, QB is, in vivo, released into
the membrane matrix after accepting two electrons and un-
dergoing protonation. Several compounds used as herbicides
compete with plastoquinone in the QB site, blocking this
electron transfer in a concentration-dependent manner; for this
reason, photosynthetic organisms and organelles containing
PSII have been extensively considered for construction of
photosynthesis-based biosensors [6–13].

Several papers have been published on assembly of photo-
synthetic biosensors by immobilization of intact cells, thyla-
koid membranes, and core complexes on screen-printed
electrodes [14–20]. Most of these were designed to measure
either changes in photocurrent [17, 21] or inhibition of elec-
tron transport by artificial mediators [14, 15, 18, 22]. Avariety
of immobilization techniques have been developed to improve
both physical and chemical contact between the biological
material and the electrodes [23]. Those most commonly used
are cross-linking in a bovine serum albumin–glutaraldehyde
matrix, in poly(vinyl alcohol), or in calcium alginate gels [14,
16, 23, 24]. These techniques have several disadvantages, for
example denaturation of the biomaterial and use of toxic
reagents, and they often interfere with, or attenuate, the signal
of the analyte.

To overcome the limits of previously evaluated immobi-
lization techniques, a new technique, denoted “laser-in-
duced forward transfer” or “LIFT”, has been considered in
this work. The objective was to ensure rapid, non-
destructive integration of biological material into solid-
state devices. The LIFT technique consists in irradiating,
by use of a pulsed laser, a thin layer of an absorbing material
previously deposited on to a transparent substrate. The layer
is irradiated through the substrate and the light–matter in-
teraction which occurs at the interface generates a large
increase of local pressure. As a result, a small piece of the
material located in front of the irradiated area is immediately
ejected from the substrate surface and deposited on to a
target substrate arranged to be in close proximity. The LIFT
technique, previously tested on many varieties of biomate-
rial (proteins [25, 26], DNA [27, 28], living cells [29], and
thylakoids [30]), has been used here to create a new photo-
synthetic biosensor in which thylakoids are stably and effi-
ciently bound to the transducer, even under the
measurement conditions. It is shown that the highly ener-
getic transfer of the thylakoids cause by the LIFT process
forces the biomaterial into the porous electrode structure,
and thus greatly enhances physical adsorption, promoting
electron transfer to the electrode.

Compared with the whole cells of photosynthetic micro-
rganisms, thylakoids have the advantage of giving better
current signals, because of the smaller number of mem-
branes to be crossed during electron transport; for this
reason they have been considered in this study. The results

obtained demonstrated that use of biomediators in highly
efficient immobilization techniques enables successful con-
struction of new-generation photoelectrochemical devices,
which could be useful for transmission, storage, or direct
usage of the natural electron flow into solid-state devices,
for example photodetectors and photovoltaic cells.

Materials and methods

Disposable screen-printed electrodes, gold (C223BT), car-
bon paste (DRP110), and multi-walled carbon nanotubes
(DRP110CNT) were purchased from DropSens (Oviedo,
Spain). All reagents in this study were of analytical grade
and purchased from Sigma–Aldrich (St Louis, MO USA).

Thylakoid membrane preparation

To isolate thylakoid membranes from fresh spinach leaves
(Spinacea oleracea L.), leaves (100 g) were washed with
deionized water, dried on filter paper, and homogenized in
300 mL extraction buffer containing N-(2-hydroxy-1,1-bis
(hydroxymethyl)ethyl)glycine (tricine) 20 mmol L−1 pH 7.8,
MgCl2 5 mmol L−1, sucrose 0.3 mol L−1, bovine serum
albumin 2% w/v and ethylenediaminetetraacetic acid
1 mmol L−1. The homogenate was filtered through two
layers of miracloth and centrifuged for 2 min at 700g. The
supernatant was centrifuged at 7500g for 10 min and the
resulting pellet was re-suspended in the re-suspending buff-
er containing 2-(N-morpholino)ethanesulfonic acid (MES)
pH 6.0, sucrose 70 mmol L−1, and NaCl 15 mmol L−1. The
new pellet was stirred again in the re-suspending buffer and
centrifuged at 7500g for 10 min to obtain thylakoid mem-
branes. Aliquots were placed in Eppendorf tubes and kept at
−80 °C. All steps were performed at 4 °C in the dark.

Photosynthetic material characterization

Chlorophyll content was calculated in accordance with
Porra [31] by use of the formulas:

Total chlorophyll ¼ A645 � 20:2ð Þ þ A663 � 8:02ð Þ½ �=5� dilution
Chla½ � ¼ 12:25� A663:6 � 2:55� A646:6

Chl b½ � ¼ 20:31� A646:6 � 2:55� A663:6

The stability of the photosynthetic material before immo-
bilization was tested by measuring changes in fluorescence
yield with 650 nm light excitation after 10 min of dark
adaptation. Isolated thylakoid membranes were tested by
use of a Plant Efficiency Analyser (Hansatech Instruments,
UK) at room temperature. The maximum fluorescence yield
from photosynthetic membranes was generated by using six
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red high-intensity light-emitting diodes (LEDs) (broad band
650 nm). The light pulse duration was 2 s.

LIFT of thylakoid membranes

Deposition of thylakoid membranes on to the working gold
electrode was achieved by use of the experimental apparatus
depicted in Fig. 1 and using a pulsed Nd:YAG (yttrium
aluminium garnet) laser (266 nm wavelength, 4 ns pulse
duration) with a high-power imaging micromachining sys-
tem, described in detail elsewhere [32, 33].

The donor substrates were prepared by drop casting
10 μL thylakoid solution on to 1-in quartz plates coated
with a 40-nm titanium laser-absorbing layer. The final con-
centration of the thylakoid solution on the target substrate
was 7.6 mg mL−1. Two-dimensional patterns of discrete
thylakoid droplets and continuous thylakoid layers were
printed on the electrodes by adjusting the droplet-
separation distance as described elsewhere [30]. The transfer
was performed in such a way that each droplet was depos-
ited by a single pulse; the optimum distance between the
donor and the substrate was found to be 300 μm. After the
optimization study, laser transfer was performed at
470 mJ cm−2 and the laser beam size on the donor substrate
was 60 μm in diameter. By using these laser conditions the
deposited thylakoid droplets on the electrode surface were
150 μm in diameter.

SEM analyses

A field emission FEI NovaSEM 230A system with attached
Everhard–Thornley detector (ETD) was used for SEM
observations. SEM images were taken in high-vacuum
mode with an electron accelerating voltage of 2 kV. After
LIFT immobilization of the thylakoids on the central work-
ing electrode, SPEs were cut into two pieces and covered

with a thin gold layer (~5 nm) by sputtering. Cross-section
SEM images were then obtained to investigate the attach-
ment of the thylakoids to the electrode surface.

Biosensor set-up

Tests with the immobilized photosynthetic material on the
SPEs were performed by use of the Ampbiospe system
(Biosensor, Rome, Italy; www.biosensor.it), which contains
a polyoxymethylene flow cell and the PG580 potentiostat
(Uniscan Instruments, UK). The SPEs, with the immobi-
lized photosynthetic material, were mounted in the flow cell
(volume 50 μL) which was equipped with two light-
emitting diodes and polarized at +0.2 V relative to an Ag/
AgCl reference electrode.

Amperometric detection of the electric current generated
by the thylakoid membranes was measured after illumina-
tion by two red LEDs (peak wavelength 652 nm, with light
intensity 130 μmol photons m−2 s−1) for 7 s in the presence
of the artificial electron acceptor 2,6-dichlorophenol–indo-
phenol (DCPIP). The electrode was continuously washed
with measurement buffer containing tricine 20 mmol L−1

pH 7.8, sucrose 70 mmol L−1, NaCl 15 mmol L−1, MgCl2
5 mmol L−1, and DCPIP 30 μmol L−1 at a flow rate of
130 μL min−1.

Fig. 1 Schematic illustration of the LIFT process. The inset shows a
gold SPE. The central working electrode is coated with a continuous
layer of thylakoid solution printed by use of LIFT

Fig. 2 Chronoamperometric signals produced by thylakoid mem-
branes immobilized by the LIFT technique on three different types of
SPE (response times were intentionally shifted for better visualization)

Table 1 Chronoam-
perometric signal inten-
sity and calculated mass
of thylakoid droplets
spotted on to Au SPEs.
The photocurrent signal
error is the standard de-
viation for four inter-
electrode measurements

Number
of spots

Signal (nA) Thylakoids
(ng)

36 180.3±5.5 5.3±0.8

64 220.5±21.0 9.4±1.4

100 233.2±9.5 14.6±2.2

132 273.9±12.5 19.3±2.9

196 335.2±13.4 28.7±4.3

256 326.0±16.2 37.5±5.6
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The inhibitory effect of herbicides on the photosynthetic
activity was evaluated by recording the current due to re-
oxidation of the reduced form of the artificial electron ac-
ceptor DCPIP, which was formed during the photosynthetic
step. When the system was illuminated, the photosynthetic
reaction occurred, releasing oxygen and reducing the elec-
tron acceptor present in the measurement buffer. This was
then re-oxidized at the electrode surface by applying a
suitable potential (+0.2 V), and a current peak proportional
to the photosynthetic activity was recorded.

The principle of herbicide detection is based on the
decrease of the rate of electron transport in the biosensor
signal. First, the activity in the absence of herbicide was
recorded. The herbicide-containing sample was then loaded
into the flow cell and the residual activity was recorded. The
herbicide was then removed by use of measurement buffer
and the biosensor used for a new analysis. Each herbicide
concentration was used in 3–5 independent measurements.
All measurements were performed at 25.0±0.1 °C.

Results and discussion

Thylakoid membranes tethered to screen-printed electrodes
by the laser-induced technique

In intact photosynthetic cells oxygen evolution reflects the
photolysis of the water in PSII and is associated with non-

cyclic flow of electrons from the water to NADP+ and,
ultimately, to 3-phosphoglyceric acid. These factors are lost
during isolation of the chloroplasts, but artificial mediators,
for example potassium ferricyanide (FeCy) or DCPIP, can
be used as substitute electron acceptors [18]. Thus, the rate
of the electron transfer measured by reduction of artificial
electron acceptors is a measure of photosynthetic activity.

Under illumination the active photosynthetic membranes
are able to transfer electrons to the DCPIP. The reduced
form of DCPIP is electrochemically reoxidized at the spe-
cific applied potential (+0.2 V), generating an electric cur-
rent. The rate of photosynthetic electron transfer measured
by reduction of the artificial mediator reflects photosynthet-
ic activity.

Different conditions and properties were tested to assess
the immobilization procedure in relation to biological mate-
rial and operational stability. The conditions were two-
dimensional patterns, spot dimensions, different screen
printed electrode substrates, laser energy, and beam size.
The current signal and the signal to noise ratio (S/N) depend
on many experimental factors, for example chlorophyll con-
tent, composition of the buffer used for the measurements,
and the surface properties of interface between the immobi-
lized cells and the SPE, etc.

First, laser-printing experiments were performed on three
different types of SPE, carbon paste (CP), gold (Au), and
multi-walled carbon nanotubes (CNT), to chose the support
with the best performance. For these experiments a

Fig. 3 Cross-section SEM
images of the Au working
electrode printed with thylakoid
membranes by use of: a) the
reference pipette method, b)
laser-induced forward transfer.
Images were obtained before
the flow conditions measure-
ment step

Fig. 4 Cross section SEM
images of the Au working
electrode printed with thylakoid
membranes by use of: a) the
reference pipette method, b)
laser induced forward transfer.
Images were obtained after the
flow conditions measurement
step
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preliminary pattern containing 64 spots was considered.
After the printing, the bioactivity of the thylakoid trans-
ferred material was evaluated as photocurrent signals. Pho-
tocurrent signals were measured in a flow-cell system
under the experimental conditions described in the sec-
tion “Biosensor set-up”.

As is apparent from the chronoamperometric diagram in
Fig. 2, the thylakoids printed on gold SPE had the lowest
photocurrent signal (242 nA compared with 460 nA for CP
and 327 nA for CNT electrodes). However, the gold SPEs
had the best signal-to-noise ratio with S1/N1040.3>S2/N20

3.5>S3/N302.9, where S is the current signal produced and
N the noise (1 for gold, 2 for CP, and 3 for the CNT SPE)
and a very stable baseline (Fig. 2). These differences can be
explained by the irregular structure and the presence of
undefined reactive functional groups of the CP and the
CNT, the different resistivity, and the different contact resis-
tances of the three types of electrode. As a result of this
study further printing experiments were focused on gold
SPEs.

Different two-dimensional patterns of thylakoid droplets
were printed on the gold working electrode’s surface and
tested for photosynthetic activity. Printing of thylakoid ma-
terial was carried out in such a way that an array of material
droplets (6×6036 droplets, 8×8064 droplets etc.) covered
a 1 mm×1 mm area on the working electrode. The arrays of
droplets were printed by increasing the numbers of spots
and adjusting the distance between them to cover a 1 mm×
1 mm area. This methodology eliminates the undesirable
“coffee ring” effect and ensures uniform coverage of the
working electrode by the thylakoid material [34]. Deposi-
tion of 100 droplets was the limit to form a continuous layer
on the electrode (Fig. 1, inset). Selection of fewer droplets
resulted in the formation of discrete droplets on the elec-
trode instead of a continuous layer. As can be seen in

Table 1, for the first five patterns the photocurrent response
increases with increasing the number of spots. The ideal
pattern in terms of photocurrent signal is that of 196 spots.
This pattern gives a stable response signal with current
intensity of 335.2±13.4 nA, the calculated thylakoid mass
corresponds to 28.7±4.3 ng. Thus, the pattern of 196 spots
was chosen for immobilization of the photosynthetic mate-
rial and for development of the biosensor. Further increasing
the number of spots resulted in a slight decrease of the
photocurrent signal combined with a slight decrease of the
signal-to-noise ratio.

SEM results

Direct LIFT immobilization of the thylakoids on the SPEs
occurs because of the high-kinetic-energy transfer of the
material. After laser irradiation of the donor substrate, the
thylakoid material is transferred to the SPE electrode by
high-velocity jet formation (~100 ms−1) [35]. As a result,
a high impact pressure of few MPa is induced at the rough
electrode surface [36]. The combination of high impact
pressure and the high-roughness electrode surface (rms
1.5 μm), leads to a complete wetting state that enhances
physical adsorption of the thylakoid membranes. Recently,
we have shown that this immobilization process could not
be reproduced by conventional spotting methods, for

Fig. 5 Photocurrent changes of the photosynthetic biosensor in re-
sponse to switching of light (7 s illumination followed by 150 s in the
dark) and addition of diuron herbicide (10−7 mol L−1). The photosyn-
thetic material was illuminated twice before addition of the herbicide

Fig. 6 Regeneration of the photosynthetic biosensor by washing with
buffer after typical analysis of linuron (10−7 mol L−1)

Table 2 Calculated LOD, relative standard deviation (RSD), and I50
values for the herbicides diuron and linuron

Herbicide I50
(mol L−1)

RSD
(%)

LOD
(mol L−1)a

LOD
(mol L−1)b

Diuron 1.87×10−7 2.59 1.3×10−8 8.0×10−9

Linuron 5.65×10−8 2.07 3.1×10−9 4.0×10−9

a In accordance with Malya et al. [38]
b In accordance with IUPAC recommendation
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example pipetting [30]. SEM analysis was conducted to
further investigate the phenomenon. Cross-section images
of the central working electrode were taken before and after
the measurement step for both LIFT and pipette-printed gold
SPEs. Figure 3a shows a cross-section SEM image of a gold
working electrode covered by a thylakoid layer using the
reference pipette method. Characteristic cracks can be ob-
served at the thylakoid layer–electrode surface interface. In
contrast, LIFT immobilization resulted in the formation of a
uniform thylakoid layer on the electrode that penetrates the
porous rough surface (Fig. 3b). The corresponding SEM
images after the measurement step for pipette spotting and
LIFT are shown in Fig. 4a, b, respectively. After pipette
deposition the thylakoid layer has been totally removed
from the electrode surface. In contrast, after LIFT immobi-
lization, a thin uniform thylakoid layer remains on the
electrode, ensuring high photocurrent activity. The thyla-
koid layer was measured, by use of a profilometer, to have
an average thickness of approximately 1 μm.

Sensor performance

The principle exploited by this biosensor was light-induced
activation of the electron transport chain, from the PSII of
thylakoids to the SPEs. This process, which mimics the
natural transfer occurring from the PSII reaction centers of
plants, algae, and cyanobacteria to the plastoquinone QB

involved in the first stage of photosynthesis, is partially or
totally blocked in presence of photosynthetic herbicides, and
can be therefore used to reveal traces of herbicides [37].

Inhibition of the activity of the immobilized photosyn-
thetic material was tested in the presence of different con-
cen t r a t ions of the herb i c ides l inuron (3 - (3 ,4 -
dichlorophenyl)-1-methoxy-1-methylurea) and diuron (3-
(3,4-dichlorophenyl)-1,1-dimethylurea). Amperometric de-
tection of the electric current generated by thylakoid mem-
branes was measured after 7 s of illumination by the two

LEDs (peak wavelength 652 nm, with light intensity
130 μmol photons m−2 s−1) in the presence of DCPIP. As
already stated, DCPIP is the most commonly used artificial
electron acceptor, and can accept electrons instead of the
pool of plastoquinones. Because electron flow through PSII
is affected by the presence of herbicides, the reduction of
DCPIP is proportional to herbicide concentration. The prin-
ciple of detection is based on the fact that herbicides selec-
tively block electron-transport activity in a concentration-
dependent manner. Changes of the activity were recorded
amperometrically as rate of photoreduction of the artificial
electron acceptor.

Initially, the activity of the immobilized photosynthetic
material was recorded in the absence of the herbicides, then
the photosynthetic material was washed with 4 mL herbicide
solution and the residual activity was recorded again (Fig. 5).
The ratio between these two measurements was determined.
All tests reported in this work were carried out on freshly
prepared SPE. Used SPEs could be regenerated by washing
away the herbicide solution with measurement buffer. A typ-
ical analysis followed by regeneration of the sample is

Fig. 7 Calibration curves for the herbicides diuron (a) and linuron (b). The residual activity (%) was calculated as the ratio of signals in the
presence/absence of the herbicide

Fig. 8 Continuous measurements of electron transfer of spinach thy-
lakoids immobilized by LIFT on printed electrodes
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depicted in Fig. 6. After use of linuron (10−7 mol L−1) per-
centage recovery after one wash was ~80%. This value is
equal to that reported by Touloupakis et al. [14].

Response curves for each herbicide were analyzed by use
of the Langmuir adsorption isotherm:

act ¼ 100� 100� H½ �= I50þ H½ �ð Þ
where act is the residual activity of the biosensor (%) after
addition of the herbicide, where [H] is the concentration of
herbicide in the solution, and I50 is the herbicide concentra-
tion causing a 50% inhibition of the activity. Calculation of
the detection limit (LOD) was based on a 99% confidence
interval, which, assuming the normal distribution, corre-
sponds to 2.6 × the relative standard error of the measure-
ment (σ). By use of the modified relationship for the
Langmuir adsorption isotherm the LOD was calculated as:

LOD ¼ 2:6� σ� I50= 100� 2:6� σð Þ
[38]

The LOD was also calculated in accordance with IUPAC
recommendations [39]. The I50 values for the two herbicides
and their detection limits are listed in Table 2. The calibra-
tion curves are depicted in Fig. 7.

The set-up resulted in an herbicide sensor with a half life
of 24 h (Fig. 8). The stability of the biosensor was tested
under continuous flow conditions (200 μL mL−1) at room
temperature. Immobilized electrodes stored at −20 °C main-
tained their performance for at least three months.

This sensor uses very low quantities of the photosynthet-
ic material, up to 30 ng, compared with the several micro-
grams used in previous photosynthetic biosensors [14, 15,
18, 38]. The sensor had a high photocurrent signal with an
excellent signal-to-noise ratio. The signal, approximately
330 nA, was much higher than the signal reported in previ-
ous work [14, 18, 20]. It should be noted that this value is
produced by an amount of photosynthetic material at least a
factor of 35 less than in the other sensors. The biosensor was
able to detect photosynthetic herbicides of the ureic class in
a short time with detection limits in the nanomolar range.
The detection limit is in accordance with the maximum
admissible concentration imposed by European Community
norms, 0.1 μg L−1 (for each single pollutant) and 0.5 μg L−1

(for total herbicides).

Conclusions

Appropriate combination of biological molecules, supramo-
lecules, and living cells with artificial supports has proved to
lead to systems with enhanced performance compared with
isolated biological matter. The hybrid materials can be used
in diverse applications in which immobilized photosynthetic

structures can be used. The main problem is efficient capture
of the energy produced by photosynthetic organisms. In
phototransport experiments with photosynthetic thylakoids,
we showed that the laser-induced forward transfer (LIFT)
technique can enhance energy conversion in electrochemical
sensors.

By use of the LIFT technique, thylakoid membranes were
interfaced with SPEs of different material (gold, carbon
paste, and carbon-nanotubes), to select the best in terms of
current yield. The technique seemed particularly suitable for
deposition on gold SPEs, resulting in a valid alternative to
those methods in which the photosynthetically active mate-
rial must be covalently bonded to be highly efficiently
interfaced with Au electrodes [40, 41]. Moreover, the LIFT
technique enables high-spatial-resolution printing of liquid
biomaterials. Printing resolution of few microns could be
achieved, which makes the technique ideal for depositing
biomaterial on microelectrode sensing devices.

This photosynthesis-based biosensor has revealed that
the LIFT technique can establish efficient electrochemical
contact between proteins and electrode, stabilizing the pho-
tosynthetic biomolecule and transporting electrons with
high efficiency. The great advantage of using LIFT as a mild
physical method is that it enables the biological material to
be interfaced with solid substrates without damaging the
biomaterial itself or its vital functions, while creating ex-
tremely solid junctions with the electrodes.
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