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Abstract

Photosynthetic sub-cellular plant structures called thylakoid were immobilized onto a gold electrode surface that had been functionalized by
bioelectrocatalytic self-assembled monolayers (bio-SAMs) of cystamine and pyrroloquinoline quinone (PQQ). The goal is to achieve direct transfer
of electrons from thylakoids to the electrode via the bio-SAMs to increase the electrical efficiency of MEMS photosynthetic electrochemical cells
(WPECs). The immobilization technique could also be used in MEMS bio-sensing and microbial fuel cell applications. Quartz crystal microbalance
with dissipation (QCM-D) was used to characterize the deposition kinetics of cystamine, PQQ, and thylakoids. Using QCM-D, the surface coverage
of these three layers was determined to be, respectively, 7.9 x 107! mol/cm?, 3.3 x 107! mol/cm?, and 1.5 x 10° thylakoids/cm?. The cystamine
and PQQ monolayers formed within 5 min, while the thylakoid layer required over 1 h. Each layer was shown to be covalently linked to the substrate
or layer underneath and thus was able to survive repeated rinsing in water or buffer.

© 2006 Published by Elsevier B.V.
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1. Introduction

Photosynthetic electrochemical cells (PECs) are electro-
chemical cells that harness biocatalysts like photosynthetic bac-
teria [1-3], sub-cellular plant organelles [4—6], or photosynthetic
enzymes [7-9] to convert light energy and water into electri-
cal power. We recently demonstrated MEMS PECs (WPECs)
powered by live blue-green algae [10] and by sub-cellular
organelles known as thylakoids [11,12]. The wPECs generated
about 500 mV open circuit voltage and on the order of 1 wA/cm?
closed-circuit current density, results that are comparable to
many biological electrochemical cells yet not powerful enough
for most practical applications [13]. We showed that the pri-
mary issues limiting WPEC electrical output were (1) the “slow”
transport of diffusional biocatalysts and redox (electron) medi-
ators used in the reaction mixtures in the anode chamber and
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(2) the sensitivity of the biocatalysts and mediators to oxidation
by 0;.

To address these two issues, in this paper, we demonstrate
immobilizing photosynthetic thylakoids directly onto a gold
electrode surface by means of bioelectrocatalytic self-assembled
monolayers (bio-SAMs). We then monitor the deposition kinet-
ics of bio-SAM formation on the gold surface and thylakoid
immobilization the bio-SAMs via a surface technique known
as quartz crystal microbalance with dissipation (QCM-D). Thy-
lakoid immobilization via bio-SAMs has not yet been demon-
strated in the literature, and our supposition is that such a scheme
would promote direct transfer of electrons from thylakoids to the
electrode, thus enhancing electrical output.

This supposition is based on work by Katz et al., who
isolated photosynthetic enzymes called reaction centers from
photosynthetic bacteria and immobilized them onto a PtO elec-
trode via bio-SAMs [14]. While this “photobioelectrode” was
capable of converting light into electricity, it did not possess
bio-sensing capabilities that we are proposing using bio-SAM-
immobilized thylakoids. There has also been previous work
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immobilizing thylakoids and other sub-cellular plant compo-
nents onto electrodes by polymeric encapsulation [15-17] and
chemical crosslinking [5]. Although such encapsulation meth-
ods increased the stability of the photosynthetic components,
current densities were generally low at less than 1 wA/cm?.
Willner and collaborators immobilized enzymes such as glu-
cose oxidase and lactate dehydrogenase onto electrodes by
means of various bio-SAMs for enzymatic fuel cell applications
[13,18,19]. Using methods to be elaborated upon in Section 2,
we shall adapt these aforementioned techniques to immobilize
thylakoids on gold electrodes for wPEC and bio-sensing appli-
cations (which take advantage of the thylakoids’ ability to detect
herbicides and other environmental contaminants [5]).

2. Theory

MEMS-based photosynthetic electrochemical cells (WPECs),
or bio-solar cells, harness photobiocatalysts like live photosyn-
thetic bacteria [1-3], sub-cellular plant organelles [4—6], or pho-
tosynthetic enzymes [7-9] to convert light energy and water into
electrical power. PECs are distinct from but related to bio-fuel
cells that use biocatalysts ranging from microorganisms [20,21]
to enzymes [22,23] to catabolize bio-substrates such as glucose
into electricity. Previously, pnPECs were demonstrated using
live cultures of blue-green algae [10] or sub-cellular organelles
known as thylakoids [11] as photobiocatalysts. These wPECs
generated about 0.5V open circuit voltage and on the order of
1 wA/cm? closed-circuit current density, results that are compa-
rable to many biological electrochemical cells yet not powerful
enough for most practical applications [13]. It was shown that
the primary issues limiting the electrical output and efficiency of
the WPECs were (1) the “slow” transport of diffusional photobio-

catalysts and redox (electron) mediators in the reaction mixtures
of the anode compartments and (2) the sensitivity of the photo-
biocatalysts and mediators to oxidation by O, [24].

One approach to address these two issues and thus increase
efficiency is to functionalize the gold anode surface of the wWPEC
with photobiocatalysts (i.e. thylakoids) arranged in a so-called
“bioelectrocatalytic self-assembled monolayer,” or bio-SAM.
As illustrated in Fig. 1, thylakoids are “chained” to the anode
via linking molecules PQQ and cystamine. With photobiocata-
lysts directly immobilized on the anode (i.e. not in solution),
it is proposed that electrons released from illuminated thy-
lakoids are transferred directly to the anode—thus eliminating
both the “slowness” of diffusional mediators and interference of
electron transfer by O;. In this paper, we demonstrate the syn-
thesis of this thylakoids bio-SAM and characterize the synthesis
using a surface measurement technique known as quartz crystal
microbalance with dissipation (QCM-D).

There has been previous work immobilizing thylakoids and
other sub-cellular plant components onto electrodes by poly-
meric encapsulation [15-17] and chemical crosslinking [5].
Although such encapsulation methods increased the stability of
the photosynthetic components, current densities were generally
low at less than 1 pA/cm?. Katz linked photosynthetic enzymes
onto a PtO electrode using bio-SAMs [7,14]. Willner and col-
laborators immobilized enzymes such as glucose oxidase and
lactate dehydrogenase onto electrodes by means of various bio-
SAMs for enzymatic fuel cell applications [13,18,19]. Using
methods to be elaborated upon in Section 2, we shall adapt
these aforementioned techniques to immobilize thylakoids on
gold electrodes for WPEC and bio-sensing applications (which
take advantage of the thylakoids’ ability to detect herbicides and
other environmental contaminants [5]) (Fig. 2).

—Cvstamine

Au

Fig. 1. Proposal to functionalize gold anode surface of MEMS photosynthetic electrochemical cell with photobiocatalysts arranged in bioelectrocatalytic self-
assembled monolayers (bio-SAMs); illumination of thylakoids is expected to yield electrons that are transferred via the bio-SAMs to the gold anode surface.
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Fig. 2. (a) Chloroplast, a membrane-bound organelle inside plant cells that contain smaller membrane-bound structures called thylakoids. (b) Detail view of a

thylakoid, which have photosynthetic enzymes embedded on the outer membrane.

3. Experiment
3.1. Synthesis of cystamine and PQQ bio-SAMs

We first created the Au substrates on which we would
synthesize the bio-SAMs by thermally evaporating Cr/Au
(500 A/1500 A thick) on a4 in. Si wafer and dicing the wafer into
1cm x 1 cm dice, which served as the Au substrates. Because
bio-SAMs surface chemistry is highly sensitive to contamina-
tion, the Au substrates were then cleaned in a 5:1:1 solution of
ultrapure water (UPW), ammonium hydroxide (NH4OH), and
hydrogen peroxide (H,O,) heated to 75 °C. Likewise, to pre-
vent surface contamination, all glassware used in the synthesis
of the bio-SAMs was first cleaned in Contrad solution, rinsed in
ultrapure water, and bake-dried.

The chemical reactions of the bio-SAMs synthesis are
illustrated in Fig. 3. All chemicals were purchased from
Sigma—Aldrich and used as received. The Au substrate was
first functionalized with a cystamine monolayer by soaking
the Au substrate in 0.02M cystamine for 2h in a Petri dish
(Fig. 3a). The substrate was then “rinsed” in UPW and HEPES
buffer to remove physisorbed (i.e. not chemically linked) cys-
tamine. This “rinsing” was done by aspirating the cystamine
from the Petri dish and replacing it with UPW, in which

the Au substrates soaked for 5 min; then the UPW was aspi-
rated from the Petri dish and replaced with 0.01 M HEPES
buffer (pH 7.5), in which the substrates soaked for another
5 min.

Next, pyrroloquinoline quinone (PQQ, Fig. 3f) was deposited
on the cystamine monolayer using EDC to crosslink the carboxyl
(—COOH) group of PQQ with the amino (—NH>) group of cys-
tamine to form an amide bond [25,26]. EDC is the acronym
for the carbodiimide named N-(3-dimethyaminopropyl)-N'-
ethylcarbodiimide; it is a zero-length crosslinking agent
because, in forming the amide bond, it does not introduce addi-
tional chemical structure between the conjugating molecules
[27]. EDC reacts with carboxyl groups to form highly reac-
tive intermediates that then react with nucleophiles like amino
groups, resulting in an amide bond. The specific steps of the
PQQ deposition were as follows. After the substrate was rinsed
with UPW and HEPES buffer following cystamine deposition,
it was soaked in a solution of 3mM PQQ and 10 mM EDC in
HEPES buffer for 3 h; then the substrate was again “rinsed” in
HEPES buffer to remove PQQ that was only physisorbed (as
opposed to chemisorbed) onto the cystamine monolayer. The
result was the cystamine—PQQ SAMs shown in Fig. 3c, provid-
ing the foundation on which thylakoids — the photobiocatalysts
— will be immobilized.

#— Cr/Au(2000 A) on
Si Substrate S—(CH,);—NH,
Cystamine PQQ.EDC Thylakoids, EDC
— —_——
HEPES, pH 7.5
LU @) ®) P HEPES, pH 7.5
Cystamine= S$—(CHI—NH, PQQ= 2 Thylakoid
Thylakoid (e —(CHI—NR, (f) HO OH ()
NHz
HO NH:
- o] [¢] NH;

Fig. 3. Chemical reaction steps of synthesizing bioelectrocatalytic SAMs (cystamine and PQQ) on gold substrate and immobilizing thylakoids on SAMs.
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Fig. 4. Photosynthesis-driven reduction of electron mediator DCPIP by iso-
lated thylakoids in a representative experiment: the absorbance of a solution
containing thylakoids and DCPIP was measured using a spectrophotometer at
two wavelengths. Fresh thylakoids in light yielded the greatest slope and, thus,
greatest activity compared with 8-day-old thylakoids and thylakoids kept in the
dark.

3.2. Preparation and immobilization of thylakoids

Thylakoids were then isolated from baby spinach purchased
from the grocery store using a common fractionation proce-
dure [28,29], yielding a thylakoid slurry with a chlorophyll
concentration of 0.14 mg chlorophyll/mL. The light absorbance
of the isolated thylakoids was measured spectrophotometrically
using the artificial electron acceptor 2,6-dichloroindophenol
(DCPIP) [28]. The results in Fig. 4 show that freshly isolated
thylakoids under illumination exhibit the greatest photosyn-
thetic activity (i.e. steepest slope) compared with thylakoids
in the dark or “old” thylakoids. From the absorbance data, the
specific activity of the thylakoid preparation was then deter-
mined to be 0.44 wmol DCPIP reduced/mg chlorophyll/min
[28].

After determining that the isolated thylakoids were photosyn-
thetically active, we proceeded with immobilizing the thylakoids
onto the cystamine and PQQ bio-SAMs. We postulated that we
could covalently link the amino groups (-NH>) on the thylakoid
membrane to the carboxyl groups (-COOH) of the PQQ mono-
layer — thus forming an amide bond — just like we had linked
the carboxyl groups of PQQ to the amino groups of cystamine.
The process is represented in Fig. 3 d and preceded as follows.
After cystamine and PQQ were immobilized on the Au sub-
strate (Fig. 3b and c), the substrates had been rinsed and kept in
0.01 M HEPES buffer (pH 7.5). This HEPES buffer was aspi-
rated, and the substrates were put in a 10 mL solution of 10 mM
EDC in HEPES buffer. Then 2 mL of the thylakoid preparation
was added to the solution, and the substrates were allowed to
soak for 3 h, shielded from light (i.e. kept in the dark). The sub-
strates were then rinsed and stored in HEPES and shielded from
light until used. The result was the thylakoids-based bio-SAM
structure illustrated in Fig. 3d.

3.3. Characterization of synthesis of bio-SAMs

We then characterized the deposition kinetics of cystamine,
PQQ, and thylakoids using the QCM-D surface chemistry tech-

nique. QCM-D is a sensitive mass sensor in which an ac voltage
is pulsed across a piezoelectric quartz crystal at the crystal’s res-
onant frequency (5 MHz) and at several overtones (n=3, 5, 7,
corresponding to 15, 25, 75 MHz) [30-32]. The pulses cause the
crystal to oscillate in shear mode at each frequency. The shear
wave at each frequency is then allowed to dampen, providing
viscoelastic information about a film adsorbed to the crystal. In
our experiments, we used the Q-Sense D300 QCM-D system,
which is sensitive to surface coverage as low as 0.18 ng/cm? [30].
For the special case of thin, rigid films, the Sauerbrey equation
relates the change in the resonant or overtone frequency of the
crystal, Af, with the change in mass per unit area, Am, of the film
adsorbed to the crystal surface, including bound water [30,31]:

C
Am = —Af
n

where Am is in units of ng/cm?, C a constant that depends on
the physical properties of the crystal (C = 17.7 ng/cm?/Hz for the
quartz crystal in our case [30]), and 7 is the overtone number (=1,
3,5,7,...). Then the surface coverage film could be calculated
as

Am
="

FwW
where I is in units of mol/cm? and FW is the formula weight
of the adsorbed species. For the QCM-D measurements, the
cystamine, PQQ, and thylakoids were deposited in the QCM-D
reaction chamber onto custom Q-Sense gold-covered crystals
rather than on Si/Au substrates using a procedure similar to that
described above.

4. Results and discussion

The QCM-D monitored in real-time the frequency change
(i.e. decreasing Af) of the crystal as material (cystamine, PQQ,
thylakoids) was being introduced into the QCM-D reaction
chamber and adsorbed to the surface (increasing Am). Fig. 5
plots the change in frequency normalized by the overtone, Af/n.
However, because Af'is noisy at the resonant frequency (n=1),
we have shown Af/n only for overtones n=3,5 and 7.

Fig. 5a shows the kinetics of the adsorption of cystamine to
the Au surface and subsequent linking of PQQ to cystamine.
Ultrapure water first was introduced into the QCM-D chamber
to equilibrate with the reaction chamber, generating no deposi-
tion onto the surface as shown (Af/n ~ 0). But upon introducing
cystamine, normalized change in frequency Af/n decreased to
the range of —8 to —9.5 Hz (depending on the overtone) within
5 min and remained there for the 2 h allotted for cystamine depo-
sition. The speed with which the cystamine covered the surface
(within 5 min) indicated that we could dramatically reduce the
2 h cystamine reaction time.

After the cystamine reaction, UPW was introduced to “rinse”
physisorbed (i.e. not chemisorbed) cystamine from the Au sur-
face, with the result that Af/n increased to the range of —6.8 to
—7.0Hz (i.e. mass rinsed off of surface). Using the Sauerbrey
relation and cystamine FW = 152.27 g/mol, the surface coverage
of the cystamine monolayer (including bound water) on the Au
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Fig.5. QCM-D characterization of deposition kinetics of (a) cystamine and PQQ
monolayers onto Au surface and (b) thylakoids onto cystamine—PQQ mono-
layers. Normalized changes in frequency, Af/n, of QCM-D crystal for several
overtones (15, 25, 74 MHz) are used with the Sauerbrey relationship to calculate
surface coverage of deposited layers.

surface was determined in terms of mass Am and in terms of
moles I:

_ oA 2
Amcystamine = C—— = (17.7ng/cm*/Hz)(6.8 Hz)
n
=120 ng/cmz,
Am

I eystamine = W = 7.9 x 1071 mol/cm?

The surface coverage in terms of number density of cystamine
molecules was then also calculated

I’ = (6.022 x 10%) Ieystamine = 4.8 x 10*cm™

cystamine

This cystamine surface coverage, I'=7.9 x 10719 mol/cm?,
lying in the range of 10™° to 10~ mol/cm?, corresponded
to that of the classic self-assembled monolayers [33]. To
see that this is so, we do a back-of-the-envelope calculation
in which we model a representative molecule as a sphere

of diameter 10A=1nm. If such spherical molecules were
self-assembled into a square lattice on the surface, then in
an area of 1cm x 1em=10"nm x 107 nm, there would be
107 x 107 = 10'* molecules/cm?. Since the cystamine surface
number density was 4.8 x 10'* molecules/cm?, we are justified
in our use so far of the terms “monolayer” and “SAM” when
referring to the cystamine layer on the Au surface.

HEPES buffer was next introduced into the QCM-D chamber,
resulting in a Af/n drop to the range of —7.5 to —8.6 Hz. Then
PQQ and the EDC crosslinker in HEPES buffer were introduced,
causing a decrease in Af/n to —19.2 to —20.8 Hz within 10 min
and settling at —17.7 to —19.2 Hz after 2.5h. Because of the
speed with which PQQ formed the monolayer, we could elect to
shorten the PQQ reaction time. After rinsing away physisorbed
PQQ with HEPES, Af/n rose to —13.7 to —14.8 Hz (material
rinsed away). Using the Afin of —7.5 to —8.6Hz from the
first HEPES rinse as baseline, this corresponded to a net Af/n
for the PQQ deposition of —6.2 Hz. Using the Sauerbrey rela-
tion and PQQ FW =330.21 g/mol, the surface coverage of the
PQQ monolayer (including bound water) was calculated again
in terms of mass Am and moles I":

A _Af 2 _ 2
mpQQ = CT = (17.7ng/cm“/Hz)(6.2 Hz) = 110 ng/cm~,

Am
Ipgo = — = 3.3 x 107" mol/em?
For reference, the surface coverage in terms of number density

of PQQ molecules was then calculated
Tpoq = (6.022 x 10%)I'poq = 2.0 x 10" ecm ™2

Because the PQQ surface coverage was in the range of
1072 to 10~ 19 mol/cm? (or about 10'* molecules/cm?) char-
acteristic of SAMs [33], we are again justified in call-
ing the PQQ layer a SAM. We note that Katz had used
cyclic voltammetry to deduce a PQQ surface coverage of
(1.0+0.1) x 10719 mol/cm? [26,34], a value that is less pre-
cise than the present QCM-D-measurement. Finally, we observe
that the mass surface coverage of cystamine and PQQ
were within 10% of each other (Amcysiamine =120 ng/cmz,
AmeQ=110ng/cm2). But because cystamine is less than
half the molecular weight of PQQ (FW ¢ystamine = 152.27 g/mol,
FWpgq =330.21 g/mol) — and, thus, likely less than half the
size — the molar surface coverage of cystamine was actu-
ally over twice that of PQQ (I cystamine = 7.9 X 10710 mol/cm?,
I'pgg =3.3 x 10719 mol/cm?).

Unlike cystamine and PQQ, thylakoids are not molecules
but instead are sub-cellular plant organelles; nonetheless, we
could still monitor thylakoid deposition onto the underlying
cystamine—PQQ monolayers using QCM-D. The immobiliza-
tion of thylakoids did not immediately follow the deposition
of cystamine and PQQ); so in between the two QCM-D ses-
sions, the crystal was removed from the QCM-D and stored
in HEPES buffer. Upon re-installing the crystal back into the
QCM-D, HEPES buffer was first introduced into the reaction
chamber, again to equilibrate with the chamber. Fig. 5b shows the
deposition kinetics. Apparently, some molecular components of
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HEPES physisorbed to the surface, causing Af/n to decrease to
the range of —2.1 to —2.4 Hz.

Then, by introducing thylakoids with the crosslinker EDC
in HEPES buffer, the thylakoids were immobilized onto the
existing PQQ monolayer over about 1h, at which time Af/n
declined to the range of —22.0 to —25.4 Hz. Unlike the cys-
tamine and PQQ depositions, the thylakoids did not chemisorb
within 5-10min. But after about 1h, it appeared as if the
Afin curve (being viewed in real-time) was showing asymptotic
behavior, so we judged that the deposition time was sufficient.
For thylakoid immobilization on the Si/Au substrates, we had
allowed the full 3h deposition time as reported in the pro-
cedure above. When thylakoids in HEPES buffer without the
EDC crosslinker were then introduced, there was again another
decline in Af/n. But these thylakoids were just physisorbed to
the surface because, when HEPES buffer was again introduced
to rinse away physisorbed material, Af/n once again climbed
back up—to —21.5 to —23.5Hz. Thus, as we had proposed,
the thylakoids with EDC did indeed chemisorb (i.e. bond cova-
lently) to the PQQ monolayer; yet without EDC thylakoids only
physisorbed. Using Af/n from the first HEPES rinsing as base-
line (—2.1 to —2.4 Hz), the net change in Af/n due to thylakoid
immobilization was therefore —19.4 to —21.1 Hz. Using the
Sauerbrey relation, the surface coverage of thylakoids in terms
of mass was

A
Anihylakoid = C—f =(17.7 ng/cm?/Hz)(19.4 Hz) = 340 ng/cm’
n

Because thylakoids are not molecules, we did not calculate the
surface coverage in terms of moles as we did for cystamine
and PQQ. However, we could estimate the number density of
thylakoids on the surface (i.e. number of thylakoids per square
area). Thylakoids are flattened membrane-bound sacs on the
order of 1 wm in diameter. If we model a typical thylakoid as
a flat cylindrical disc of diameter d=1 wm and thickness, say,
t=0.25 pm, then the model thylakoid would have volume:

d2
Vinylakoia % 71 = 0.196 pm® = 1.96 x 107" cm?

Thylakoids consist of primarily of water and proteins, which
have densities of 1.0 and 1.4 g/cm? [31], respectively; we took
an average and assumed that thylakoids have a density of
Othylakoid = 1.2 g/cm3. Then the number density of thylakoids
could be estimated as

AMihylakoid

~ _ ($) -2
Dhylakoid ~ = 1.46 x 10%cm

Pthylakoid Vihylakoid
We observe that the mass surface coverage of thylakoids
(Amhylakoids = 340 ng/cmz) was only about three times that
of cystamine (Amcystamine =120 ng/cmz) and PQQ (Ampgq =
110 ng/cm?). By modeling a thylakoid as a flat disc of diam-
eter 1 wm, an area of 1cm x 1cm=10* pm x 10* pm would
have 10* x 10* = 10® thylakoids/cm? in a packed monolayer.
Yet, the number density surface coverage of thylakoids was only
~10° thylakoids/cm?, which was about 100 times less dense
than an expected thylakoid monolayer would be.

A possible reason for the sub-monolayer surface density of
the immobilized thylakoids could be that 1h was not suffi-
cient thylakoid deposition time in the QCM-D, even though
3h were allowed for thylakoid deposition onto the Si/Au
substrates. Yet, in Fig. 5, thylakoid deposition in the QCM-
D seemed to exhibit asymptotic behavior after about 1h.
Another possible reason could be that the concentration of
EDC was not high enough to crosslink enough of the avail-
able thylakoids to the underlying PQQ SAM. However, this
was unlikely the case because an EDC concentration of 10 mM
in the 2mL QCM-D reaction chamber meant that the num-
ber of EDC molecules available for crosslinking thylakoids to
the underlying PQQ SAM was (0.01 mol/L)(0.002 L)(6.022 x
10?3 molecules/mol) = 1.2 x 10! EDC molecules—many ord-
ers of magnitude greater than the number of thylakoids ulti-
mately immobilized (~10° thylakoids/cm?). Yet another possi-
ble reason for the less-than-monolayer density of the immobi-
lized thylakoids could be that an insufficient number of thy-
lakoids (2mL of 0.14 mg chl/mL preparation) was introduced
to the QCM-D crystal surface. To remedy this, additional doses
of thylakoids with EDC in HEPES buffer could be introduced
after the initial dose.

Finally, we note that thylakoids have both carboxyl and
amino groups on their membrane surfaces, so EDC could poten-
tially crosslink these groups together in addition to crosslinking
the thylakoids to PQQ; this could possibly disrupt electron
transport along the membrane-bound enzyme complexes of the
photosystems and thereby “de-activate” thylakoid activity. We
thus needed to establish that EDC does not interfere with thy-
lakoid activity. To do this, the solution of isolated thylakoids
and EDC in HEPES previously described was prepared and
allowed to react for 3 h, shielded from light. Electron media-
tor DCPIP was then added to the solution, and the absorbance
of the solution was measured spectrophotometrically [24]. If
the EDC did indeed “de-activate” the photosynthetic activity
of the isolated thylakoids, then the thylakoids would not be
able to reduce the DCPIP. DCPIP is blue in its oxidized form
and colorless in its reduced form, so if DCPIP is not reduced,

0.16
0.14 3
L_3J
0121 T =g
8 0.10 =% 0
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2
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Fig. 6. Photosynthetic reduction of electron mediator DCPIP by isolated thy-
lakoids that have been reacted with carbodiimide EDC crosslinker. Because of
decrease in absorption, EDC did not “de-activate” thylakoid activity. DCPIP
reduction was faster under higher intensity light (steeper slope) than normal
intensity light.
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then the absorbance of the solution would not decrease over
time.

Yet, as shown in Fig. 6, because the absorbance of a thylakoid
preparation with EDC present exhibited a decreasing downward
slope, EDC did not appear to have “de-activated” thylakoid pho-
tosynthetic activity. The absorbance was measured spectropho-
tometrically at two wavelengths, 600 and 620 nm, and under two
illumination intensities (not specified). We therefore surmise
that thylakoids immobilized onto the PQQ monolayer by the
action of EDC would likewise remain photosynthetically active.

5. Conclusion

We have successfully functionalized a gold electrode surface
with a cystamine monolayer, onto which we covalently linked
a monolayer of the redox mediator PQQ. We subsequently iso-
lated thylakoids from baby spinach and immobilized them onto
the cystamine-PQQ bio-SAMs. Using QCM-D, we character-
ized the formation of the cystamine—PQQ-thylakoids layers and
verified that cystamine and PQQ indeed formed SAMs whereas
thylakoids formed in sub-monolayer surface densities. We also
established that the isolated thylakoids were not photosynthet-
ically “de-activated” by the EDC crosslinker and, therefore,
should also be active after immobilization.

The next steps entail electrochemically verifying that direct
electron transfer from thylakoids via the bio-SAMs to the gold
electrode surface is being achieved. This thylakoid immobiliza-
tion scheme could potentially increase the current densities of
MEMS photosynthetic fuel cells two orders of magnitude to
hundreds of wA/cm?. The scheme could also easily be extended
to MEMS bio-sensing applications utilizing immobilized thy-
lakoids to detect herbicides and various environmental pollu-
tants. Finally, the immobilization chemistry developed in this
paper could be applied to immobilizing other membrane-bound
cellular or sub-cellular structures—such as unicellular microor-
ganisms for MEMS microbial fuel cells [35].
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