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Abstract

In this work, a new approach to construct self-assembled hybrid systems based on
natural PSll-enriched thylakoid membranes (PSIl BBY) is demonstrated. Superfine
m-WO3 NPs (~1-2 nm) are introduced into PSIl BBY. Transmission electron micros-
copy (TEM) measurements showed that even the highest concentrations of NPs used
did not degrade the PSIl BBY membranes. Using atomic force microscopy (AFM), it is
shown that the organization of PSIl BBY depends strongly on the concentration of
NPs applied. This proved that the superfine NPs can easily penetrate the thylakoid
membrane and interact with its components. These changes are also related to the
modified energy transfer between the external light-harvesting antennas and the PSII
reaction center, shown by absorption and fluorescence experiments. The biohybrid
system shows stability at pH 6.5, the native operating environment of PSII, so a high
rate of O, evolution is expected. In addition, the light-induced water-splitting process
can be further stimulated by the direct interaction of superfine WO3 NPs with the
donor and acceptor sides of PSIl. The water-splitting activity and stability of this col-

loidal system are under investigation.

Research Highlights

e The phenomenon of the self-organization of a biohybrid system composed of thy-
lakoid membranes enriched in photosystem Il and superfine WO3 nanoparticles is
studied using AFM and TEM.

¢ A strong dependence of the organization of PSIl complexes within PSIl BBY mem-
branes on the concentration of NPs applied is observed.

e This observation turns out to be crucial to understand the complexity of the mech-
anism of the action of WO3 NPs on modifications of energy transfer from external

antenna complexes to the PSII reaction center.

absorption and fluorescence spectroscopy, atomic force microscopy, photosystem I, thylakoids, WO5 nanoparticles

Abbreviations: AFM, atomic force microscopy; Chl, chlorophyll; CP24, CP26 and CP29, minor light-harvesting antennas; CP43 and CP47, inner light-harvesting antennas; cyt. bsse, cytochrome

bsse; DLS, dynamic light scattering method.; LHC II, light-harvesting complex Il (major component of the outer light-harvesting antennas); m-WO3, monoclinic tungsten trioxide; NP, nanoparticle;
NPQ, non-photochemical quenching; OEC, oxygen-evolving complex; P680, special pair of Chl a; Pheo, pheophytin; PQ, plastoquinone; PQH,, plastoquinol; PSII BBY, thylakoids enriched in PSII;
PSII, photosystem II; Qa, PSII primary quinone electron acceptor; Qg, PSII secondary quinone electron acceptor; RC, reaction center; TEM, transmission electron microscopy; WOC, water-
oxidizing complex; XPS, X-ray photoelectron spectroscopy; Yp, tyrosine residue of D2 protein; Yz, tyrosine residue of D1 protein.
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1 | INTRODUCTION

It is estimated that about 50% of the wavelength range of sunlight
reaching the Earth's surface is used by photosynthetic organisms. The
high efficiency of light absorption and charge separation in reaction
centers (RCs) makes photosynthetic systems very attractive for their
application in biohybrid solar cells/reactors (Gust et al., 2009; Liu &
van lersel, 2021; McCree, 1972; Sager et al., 1988; Wasilewski, 2009;
Xu et al.,, 2017). Photosystem Il (PSll) (Figure 1) has the most efficient
light transformative capability on Earth (energy efficiency for
absorbed photons with respect to charge separation is ~84%)
(McConnell et al., 2010). Moreover, it can drive the solar water split-
ting process due to its extremely high oxidative power (highest among
natural photosynthetic systems: 1.8 V at each photochemical step)
and the presence of a MnsCaOs cluster (called an oxygen-evolving
complex - OEC or a water-oxidizing complex - WOC) located on its
donor side (Figure 1). Under environmental conditions, PSll is able to
use 75% of the energy absorbed by its reaction center to split water
and has 1.2 V of its oxidizing power to do so at each oxidation step
(Pecoraro et al., 1998). For this reason, many research groups investi-
gating renewable energy sources and fuel cells that can use water as
an electron and proton donor are interested in the bionics of
photosystem Il.

The challenge lies in designing “super-catalysts” for the anodic
reaction to increase the kinetics of O, evolution and avoid the for-
mation of other chemicals on the anode surface (Madey &
Yates, 1968). The disadvantage of metal oxide anodes (especially
TiO,, ZnO or WO,) is the high overpotential, which has a direct
effect on the conversion efficiency (Gritzel, 2001). Current research
in photocatalytic water splitting focuses on the design of photoa-
nodes characterized by (i) efficient charge separation, (ii) fast charge
transfer kinetics, (iii) activation over a wide range of the visible light
spectrum, and (iv) stability under ambient conditions. Various
attempts are made to modify known, existing solid-state systems by
doping, functionalizing their surfaces, using dyes, depositing noble
metals and combining them into cooperative heterostructures
according to the scheme Z (reviews: [Jafari et al., 2016; Lee
et al, 2019; Li & Tsang, 2020; Sumathi et al, 2019; Wang
et al., 2020; Yamanoi et al., 2021]).

The combination of inorganic semiconductors/metals and natural
photosynthetic isolated antenna complexes and even more complex
protein-lipid-pigment systems, such as entire photosystems, in biohy-
brid systems is opening a promising area for new research on water
photocatalysis (Badura et al., 2006; Grimme et al., 2008; lhara
et al., 2006; Iwuchukwu et al., 2010; Kato et al., 2013; Kawahara
et al., 2020; Li et al, 2016; Miyachi et al., 2017; Nagakawa
et al., 2019; Riedel et al., 2019; Tahara et al., 2017; Terasaki
et al, 2008; Tian et al., 2021; Utschig et al, 2011; Vittadello
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et al,, 2010; Voloshin et al., 2022; Yehezkeli et al., 2012; Yehezkeli
et al., 2014; Zhang & Reisner, 2020). These biohybrids are expected
to be environmentally safe and use solar energy with near 100% effi-
ciency. It seems evident that a new generation of systems capable of
oxidizing water with the efficiency of evolutionarily selected photo-
systems should be based on natural PSIl and n-semiconductors, which
are known for their high stability in aqueous environments over a
wide pH range. Most efficient semiconductors absorb below 500 nm,
but when combined with PSIl and/or external photosynthetic anten-
nas, biohybrid anodes have no such limitations on absorbed sunlight
(for review, see: [Goncalves Silva et al., 2022; Liu et al., 2018; Pang
et al., 2018; Voloshin et al., 2022; Zhang & Reisner, 2020]). Previous
studies have been limited to photosynthetic systems deposited on
non-functionalized or functionalized surfaces, which limited the den-
sity of photosystems that could be attached to and in direct contact
with flat electrodes and forced the orientation and packing pattern of
the photosystems. For a variety of systems, substrate porosity have
been shown to increase the contact area with biological molecules
and significantly enhance the activity of engineered biohybrids
(Hardee & Bard, 1977; Huang et al., 2015; Kato et al., 2012; Pang
et al, 2018; Tian et al, 2021; Wang et al, 2015; Zhang &
Reisner, 2020). Biohybrids formed from photosystem | and fine Pt
nanoparticles are an example of another approach to producing self-
organizing systems that exhibit high photocatalytic efficiency, in this
case in the production of H, (Utschig et al., 2023).

In this work, an approach is presented in which the biohybrid sys-
tem that can act as a photoanode is a colloidal system formed from
superfine nanoparticles suspended with PSll-enriched photosynthetic
membranes, called thylakoids (PSIl BBY) in an aqueous buffer. This
allows the system to self-assemble and the NPs to be in full contact
with the photosynthetic membrane and its photoactive protein-dye
complexes (i.e., PSIl reaction center and light-harvesting complexes).
WO;3; NPs were chosen due to their ability to oxidize water in the
presence of an electron acceptor, which was recognized as early as
the 1960's (Krasnovskii & Brin, 1962). However, due to their large
energy gap between the valence and conducting bands (~2.6-3 eV),
their quantum vyield in the production of O, from water is less than
3% (Krasnovskii & Brin, 1962). It is anticipated that WO3 NPs may
oxidize the donor side and reduce the acceptor side of PSII taking into
account the energies of its valence and conducting bands (Darwent &
Mills, 1982; Gratzel, 2001; Zhao et al., 2014) and redox potential
values of PSll redox active components (De Causmsecker et al., 2019;
Ishikita & Knapp, 2006; Kato et al., 2009; Mandal et al., 2020;
Rutherford et al., 1981; Shibamoto et al., 2009; Vass & Styring, 1991).
Thus, these colloidal biohybrids are expected to exhibit new proper-
ties desirable for robust photocatalysts for water splitting that do not
require external electron acceptors. This aspect is being studied inde-

pendently. Here, the main objective is to study how the organization
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FIGURE 1 Simplified scheme of higher plant PSIl complex
organization in thylakoid membranes. It omits the small internal
proteins with the exception of cytochrome bsso. (Ferreira et al., 2004;
Umena et al., 2011). The lumen and stroma are the inner and outer
sides of the thylakoids, respectively. The reaction core of PSll is
formed by a heterodimeric protein complex consisting of the
polypeptides D1 and D2, which contain redox cofactors active in the
photosynthetic electron transport chain. D1 and D2 proteins are
associated with two inner antenna subunits, CP43 and CP47. Three
outer proteins of about 17, 23 and 33 kDa on the donor side of PSII
protect the oxygen-evolving complex (OEC), containing four Mn ions,
one Ca ion, and five oxygen atoms forming the Mn,CaOs cluster
(Ferreira et al., 2004; Umena et al., 2011). PSI| catalyzes the light-
induced transfer of electrons from water to plastoquinone (Kern &
Renger, 2007). The absorption of light by a chlorophyll dimer P680

(a specific pair of Chls a) is followed by charge separation. Electron
transfer occurs from the excited P680* to a primary electron
acceptor, pheophytin (Pheo). Primary charge separation is stabilized
when P680°" and Pheo®™ react with other molecules on the reducing
and oxidizing sides of PSII, respectively. The Pheo anion transfers an
electron to a secondary electron acceptor, a tightly bound
plastoguinone molecule Qa, producing Qa°~. Reduced Qa transfers
the electron to a second plastoquinone molecule at the Qg site. This
electron transfer is aided by the non-heme iron located between the
Qa and Qg sites (Burda, 2007). A plastoquinone (PQ) molecule at the
Qg site accepts two electrons and two protons from the stroma side
of the thylakoids. The reduced PQHj5 is then replaced by an oxidized
plastoquinone from the membrane pool. Simultaneously,

P680° *oxidizes a manganese complex. This electron transfer is
mediated by a tyrosine residue of protein D1, Yz. Only after the
accumulation of four positive charges in the OEC, O, is released from
water: 2H,0 — 4e~ + 4H™ + O, (Joliot et al., 1969; Kok et al., 1970).
Thus, the donor side of PSIl operates as a four-cycle and the acceptor
side as a two-cycle.

of PSll-enriched photosynthetic membranes changes under the influ-
ence of different concentrations of superfine WOz NPs, and how
these changes affect energy transfer to reaction centers. The stability
of PSIl BBY membranes treated with NPs was tested using the trans-
mission electron microscope, TEM. Atomic force microscopy (AFM), is
a unique tool for studying biosystems in their native aqueous environ-
ment and was therefore used to follow changes in thylakoid mem-
brane organization resulting from interactions with WO3; NPs.

Absorption and fluorescence spectroscopy were used to study the

effects of tungsten oxide nanoparticles on the absorption properties

and energy transfer performance of BBY PSII.

2 | MATERIALS AND METHODS

Photosynthetic membranes, thylakoids, enriched in photosystem Il
(PSIl BBY) were isolated from Spinacia oleracea, purchased from the
local market, according to the procedure described in (Berthold
et al., 1981) omitting the second Tris-washing. The freshly isolated
thylakoids were suspended in the Hepes Il buffer (15 mM NadCl,
5 mM MgCl,, 20 mM Hepes, 400 mM sucrose), frozen in liquid nitro-
gen, and stored at —80°C. Before measurements, they were thawed
out on ice and kept at 4°C in the darkness.

Monoclinic WOz nanoparticles (m-WO3; NPs) were obtained from
tungsten trioxide hydrate. A complete synthesis procedure is given in
(Gotic et al., 2000), sample W3600. Briefly, 300 mL of 0.7 M HCl was
added to 100 mL of the 1.0 M Na,W0O,4-2H,0 solution until the final
pH of the clear solution was 1.4. The obtained solution was auto-
claved at 60°C for 48 h, then isolated by centrifugation, and then
dried in a Petri dish at 60°C. This white powder sample
(WQ3-0.33H,0) was thermally treated at 600°C to obtain yellowish
m-WO3 nanoparticles.

The atomic composition and the chemical state of WO3; NPs was
verified using x-ray photoelectron spectroscopy (XPS). Measurements
were performed with a hemispherical analyzer (SES R4000, Gamma-
data Scienta, pass energy 100 eV). Core excitations were generated
using an unmonochromatized Al Ka x-ray source (1486 eV, 12 kV,
15 mA) without a charge neutralizer. The energy resolution of the sys-
tem, measured as full width at half maximum Ag 3ds,, excitation line,
was 0.9 eV. The spectra were calibrated for a carbon C 1s excitation
at binding energy of 285 eV.

WO3 NPs were suspended in the Hepes | buffer (15 mM NaCl,
5 mM MgCl,, 20 mM Hepes) at the initial 2 mg/mL concentration.
Before each experiment, they were sonicated in a water bath for
20 min at 20°C. Their size distribution in the aqueous environment
was checked using the dynamic light scattering method (DLS). The
applied analyzer Zetasizer Nano ZS (Malvern Panalytical Instruments)
can detect NPs sizes from 0.3 nm to 10 um. The measurements were
carried out at 25°C. The wavelength of the laser was 633 nm, and the
angle at which the scattered light was measured was 173°.

Suspensions of PSIl BBY containing 51.2 ug of chlorophyll were
treated with different concentrations of WO3; NPs varied from
0.00512 pg/mL up to 51.2 pg/mL. Regardless of the type of measure-
ment, the number of NPs was adjusted to the weight ratios of WO5
NPs to chlorophyll from 0.0001 to 1.

21 | Imaging

Transmission electron microscopy (TEM) was applied to visualize pos-
sible changes in the structures of PSIl BBY resulting from the action
of WO3 NPs. The thylakoid membranes enriched in PSII (PSII BBY)



were fixed by immersing them in a solution of 4% glutaraldehyde in
0.2 M sodium cacodylate for 2 h at 4°C. After fixation, the mem-
branes were centrifuged at 180 G for 10 min, and then rinsed with
2 mL of a 2% glutaraldehyde solution in 0.1 M sodium cacodylate
buffer. Then they were centrifuged and washed three times with
0.1 M sodium cacodylate buffer. Ultrathin 60-80 nm sections were
obtained by ultramicrotomy of fixed samples embedded in epoxy
resin. These sections were then mounted on a formvar and carbon
double film supported on copper grid with a mesh structure for micro-
scopic analysis. To obtain high contrast samples, osmium tetraoxide
(2%) was used. The measurements were performed by TEM using a
Tecnai T20 (ThermoFisher Scientific) with an image resolution of
0.24 nm at 200 kV.

Atomic force microscopy was used to monitor the organization
of PSIl BBY untreated and treated with different concentrations
of m-WO5; NPs. Topography was examined in a contact mode in a
liquid cell with AFM 5500 (Agilent, USA). Silicon nitride probes
with a soft triangular cantilever (Veeco, model MLCT) with a nomi-
nal spring constant value of 0.01 N/m were used. A glass slide
used as a substrate was kept for 24 h in ethanol. Then it was
flushed with distilled water and dried by evaporation in the air at
20°C. A sample drop was put on the glass surface and kept for
12 h in the air at 20°C in the dark. Then it was flushed with the
Hepes | buffer and finally covered with it. Images were collected at
20°C with the resolution 515 x 512 points/line. The scan speed
was 0.35 line s~1. The scanning speed was chosen to optimize the
measuring conditions and to obtain reproducible images for each
sample at the same resolution. All samples were prepared in the

same way.

2.2 | Absorption and fluorescence measurements

The influence of WO3; NPs on the light-harvesting by PSIl BBY was
monitored by absorption and fluorescence measurements using UV-
VIS Spectrophotometer Varian Cary 50 Bio (USA) and Cary Eclipse
Fluorescence Spectrometer Agilent (USA), respectively. Emission fluo-
rescence experiments were conducted in the wavelength range from
600 to 850 nm, under excitation radiation varying from 375 to

495 nm in 5 nm increments, at room temperature.

3 | RESULTS
Figure 2 shows the XPS spectrum obtained for WO3 NPs. The tung-
sten line shows a W 4f doublet at energies of 36.1 eV (W 4f,,) and
38.2 eV (W 4fs,,). The spin-orbit splitting of the W 4f line is 2.1 eV.
These results confirm that the nanoparticles are composed of WO3;
and tungsten is in the 6' oxidation state (Cai et al., 2015; Keereeta
et al., 2015).

Figure 3a shows an example TEM image of polycrystalline
m-WO3 NPs structures observed after sonication. The results of DLS

measurements of sonicated NPs suspended in the Hepes | buffer
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FIGURE 2 High resolution x-ray photoelectron spectrum of W 4f
core level of m-WO3; NPs.

(Figure 3b) showed the presence of ultrafine WO3 NPs with sizes of
0.68 £0.10, 1.30 £ 0.30, and 1.78 + 0.31 nm. They accounted for
70% to 100% of the volume fraction in samples containing the highest
nanoparticle concentrations tested. The fractions of larger nanoparti-
cles and their sizes depended mainly on the time since sonication.
However, larger crystalline structures were also present in the sam-
ples. In the DLS measurements, the larger nanoparticles observed had
a size of about 80 = 9 nm or from about 130 *+ 50 to 530 + 150 nm,
having a large dispersion. Theoretical calculations show that in mono-
clinic WOj5 crystals the W-O bond distance is about 1.8 A, and the
W-W distance between two corner [WO]-octahedra about 3.8A
(Juelsholt et al., 2021). Theoretical data usually yield parameters
slightly overestimated than the experimental data, which for W-O
distances vary between 1.72 and 2.15 A (Loopstra & Boldrini, 1966).
The experimentally determined size of WO5 elemental cell is about
7.3 A x 7.53 A x 7.68 A (Tanisaki, 1960). Thus, the smallest WO4
nanostructures observed correspond to a cell containing eight mole-
cules of WO3. A similar result is obtained by assuming that the tung-
sten trioxide nanoparticles are spherical with a diameter of about
0.7 nm (a volume of ~0.179 nmq), the average radius of a WO3 parti-
cle is about 1.8 A (a volume of ~0.024 nm®) and the distance of the
W-O-W bond is about 3.6 A. Similarly, it can be estimated that
the nanoparticles with diameters of about 1.3 nm (a volume of
~1.150 nm?) and 1.78 nm (a volume of ~2.953 nm®) contain about
48 and 123 WOs particles, respectively. Note that these numbers are
of the same order as 4° and 5%, which would result from a dimensional

analysis.

3.1 | Imaging

The nanoparticles ranging in size from 0.7 to 3 nm can easily pene-
trate PSIl BBY membranes. To see how different concentrations of
m-WO3 NPs can affect the organization of PSIl BBY, AFM topography

measurements were performed.
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FIGURE 3

(a) Transmission electron microscopy images of example structures of m-WO3; NPs formed after sonication. (b) Results of DLS

measurements of WO3; NPs immediately after sonication. Example volume distributions for nanoparticles with concentrations corresponding to
the ratio 0.1 and 1 pug NPs/ug Chl are shown in the upper and lower graphs, respectively. WO3; NPs were suspended in the Hepes | buffer. The
Hepes | buffer gave no signal in DLS measurements. In the upper graph, the contribution of the NPs with an average size of about 0.7 and 1.3 nm

is about 35% and 65%, respectively.

Figure 4a,b show example AFM images of PSIl BBY untreated
and treated with WO3 NPs at a weight ratio of 1 ug NP/ug Chl. Visi-
ble protrusions about 0.3 nm high (Figure 4a,b) are the external pro-
teins protecting OEC (Mn,CaOs) on the donor side of PSIl (see
Figure 1). The heights of the protrusions and the heights of the con-
cavities they form, estimated from AFM measurements carried out in
an aqueous environment using the tapping mode, were about 2 and
1 nm, respectively (Stoichev et al., 2015; Sznee et al., 2011), while
Cryo-EM allowed setting the upper limit of the protruding structure
height at about 5 nm (Nield et al., 2000). The root mean square (RMS)
roughness obtained for the PSIl BBY control and NPs-treated samples
(Table 1) show that the observed protrusions are similar in all cases,
but their heights are lower than those found in other experiments.
This is due to the fact that the AFM measurements were performed in
a liquid environment in the contact mode and to the tip used. Thus,
the protruding parts indicate the distribution of PSIl in the membranes
studied. The results of the analysis of the distribution of PSII in the
control sample and in samples containing strictly defined concentra-
tions of NPs are shown in Figure 4c. Parameters of the theoretical fits
using the modified Gaussian function are collected in Table 1.
The deviations from the Gaussian shape are modeled by making the
standard deviation linearly dependent on the argument:
oc=00(1+e(x—xo)). This is an effective description that can be
applied only in a specific range of x, that is, when ¢ < % since o has to
be positive. This approach allowed us to simplify the description of
the observed asymmetry of PSI| separations.

The estimated average PSII spacing was ~7.1 nm in the control

sample for the tungsten oxide measurement series and varied with

increasing concentrations of added WO3; NPs. The smallest distance
of ~4.8 nm was observed for a sample containing 0.001 ug NPs/ug
Chl. At higher concentrations of the WO3; NPs tested, the average
separation between PSIl complexes increased and was greater than
that found for the control sample. The largest distance between the
PSIl complexes was observed to be ~9.2 nm for a weight ratio of
0.1 pg NPs/ug Chl. The parameter g, which is related to the asymme-
try of the distribution, has the highest values for the two lowest con-
centrations of NPs applied. It decreases as the concentration of
nanoparticles increases. For the two highest NPs concentrations used,
the PSII distance distributions are close to a Gaussian function.

At the same time, it is noteworthy that even at the highest con-
centrations of WO3 NPs used, fragments of the PSll-enriched thyla-
koids do not disintegrate (Figure 5). Due to the need for a contrast
agent, it is not possible to indicate the fine WO3; NPs in thylakoid
membranes, but this was possible on the observed isolated structures
of LHCIl-associated and LHCII-free PSIl complexes, C,5,M, (its size
estimated on the high-resolution cryo-EM map: 19.5 nm x 31.0 nm
x 12.2 nm: width x length x height) (van Bezouwen et al., 2017) and
C, (about 10 nm x 19 nm x 11 nm: width x length x height) (Boe-
kema et al, 1995; Haniewicz et al., 2015; Nield & Barber, 2006;
Umena et al., 2011), respectively, see inset in Figure 5d.

3.2 | Absorption and fluorescence measurements

Absorption spectra of the control sample and PSIlI BBY treated with
different concentrations of WO3 NPs are presented in Figure 6a.



They show that the absorption is enhanced for samples contain-
ing 0.01 and 0.1 pg NPs/pg Chl. All spectra show two absorption
bands for pigments present in both the PSIl and LHCII complexes. The
first band is visible in the range from 300 to about 525 nm. It is char-
acteristic of Chls a and b (Soret B - bands) and carotenoids

KRYSIAK ET AL.

FIGURE 4 Example atomic
force microscopy image of PSII
BBY untreated (a) and treated
with m-WO3; NPs at a weight
ratio of 1 pg NPs/ug Chl. (b).
Cross sections through the
protrusions marked on the
topographies are shown below
the images (profiles 1 and 2).

(c) Distribution of PSII in the
control sample of PSIl BBY and
samples containing indicated
concentrations of NPs. The lines
are theoretical fits using a
modified Gaussian function

(as described in the text). The
fitted parameters are summarized
in Table 1. Measurements done in
a contact mode using a liquid cell,
in the Hepes | buffer.

(Lichtenthaler & Buschmann, 2001). The second band for wavelengths
>560 nm comes from Chl b and Chl a (Q bands; Q, bands at
A > 600 nm): (i) Chl a and b from LHCII and the minor antennas with
maxima at ~670-678 and ~640-654 nm, respectively, (ii) Chl a from
the PSII complex with maxima at ~668 nm (accessory Chl a in the PSI|
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TABLE 1 Parameters of the theoretical fits of the distributionzof PSIl in the PSII BBY untreated and treated with WO3 NPs (AFM
experiments) using modified Gaussian function y = C exp(’o";") , where C is the amplitude, xg is the abscissa of the maximum value, ¢ is the

2c
standard deviation linearly dependent on the argument: 6 = 6o(1+¢(x —Xp)). The last row contains the root mean square (RMS) roughness

obtained for the PSII BBY control and NPs-treated samples.

Concentration (ug NPs/ug Chl)

Parameters 0 control 0.0001 0.001 0.01 0.1 1

C 0.24 0.26 0.43 0.22 0.19 0.21
Xo (nm) 7.09 6.26 4.77 7.49 9.19 8.66
6o (nm) 1.57 1.32 0.83 1.69 2.05 1.95
g (nmY) 0.06 0.14 0.16 0.08 0.02 0.01
RMS (nm) 0.26 0.23 0.18 0.26 0.24 0.26

FIGURE 5 Transmission electron microscopy images of BBY PSII: (a) and (c) untreated; (b) and (d) treated with 1 ug NPs/ug Chl. In the inset
of figure (d), the structures of PSIl complexes with bound LHCII antennas (C,S,M,, surrounded by a dark blue frame, the right image) and PSlI
dimer (Cy, surrounded by a light blue frame, the left image) are shown. Some of the visible superfine WO3; NPs embedded in these structures are
indicated by red arrows.



core) and between 668 and 700 nm (PSII inner antennas: CP43 and
CP47), and at ~654 nm (CP43), and (jii) a possible small contribution
of Chl a from the PSI complex (in this case it is a possible minor con-
taminant) at around 690 to 705 nm (Alfonso et al., 1994; Bassi
et al, 1990; Groot et al, 1995; Groot et al, 1999; Jennings
et al,, 1990; Konermann & Holzwarth, 1996; Pan et al., 2017). To esti-
mate the position of the bands of different dyes, data obtained for
low-temperature spectra with higher resolution can be used because
in the 650-690 nm wavelength range, the bands with energies
<~14,760 cm™ (A > ~677 nm) are blue-shifted, and at energies
>~ (A < ~677 nm) the higher energy components are red-shifted by
no more than ~1 nm. Only the half-widths AAN% of the individual
bands increase with increasing temperature from cryogenic to room
temperature (up to 40%) (Konermann & Holzwarth, 1996). We can
directly compare the spectra because all samples contained the same
amount of Chl. From the differential spectra between NP-containing
samples and control shown in Figure 6b, it can be seen that for the
two lowest concentrations of WO3; NPs, the contribution of LHCII
pigments (chlorophylls a and b and carotenoids) in absorption spectra
decreases (Bressan et al., 2016; Croce et al., 1999). This is most likely
due to the appearance of LHCII trimer aggregates in these samples.
For isolated LHCII systems, only small changes in absorbance were
observed between the isolated LHCIl monomers and trimmers and
the LHCII aggregates they formed (Lingvay et al., 2020; Magdaong
et al, 2013). However, the appearance of a fraction of aggregated
LHCII trimmers in reconstituted membranes significantly reduced the
intensity of their absorption spectrum over the entire wavelength
range for the Soret and QY bands (Lingvay et al., 2020). Therefore,
even a small increase in the fraction of LHCII aggregates in PSIl BBY
treated with 0.0001 and 0.001 pg NP/ug Chl compared to the control
sample could have caused the observed changes in the absorption
spectra. An increase in absorbance is observed for the 0.01 and
0.1 pg NP/pg Chl weight ratios. In the first case, the shape of the dif-
ferential spectrum is characteristic of PSII super-complexes with a few
LHCII trimmers attached to them (Caffarri et al., 2009) and probably
LHCII, as indicated by the absorption maximum at ~523 nm (Ruban
et al,, 1992). It seems that the higher concentration of m-WQO3; NPs
resulted in an increased absorption only in the PSII RC since the peaks
at 674, 442, and 419 nm were shifted to 677, 438, and 418 nm,
respectively (Seibert et al., 1988). In this case, however, the effect of

the increased absorption is less pronounced. For a sample containing
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1 pug NP/pg Chl, an inverse trend of the changes in absorbance is
observed when the absorbance decreases again in comparison to the
control. The shape of the differential spectrum indicates a decrease in
the absorption efficiency of the entire PSII-LHCII supercomplex
(Eshaghi et al., 1999).

Steady-state fluorescence measurements were performed to
investigate the influence of m-WO3; NPs on the energy transfer
efficiency of PSIl BBY. Figure 7a-f show room temperature
excitation-emission spectra of all samples. To obtain information on
the energy transfer from LHCII and the minor antenna to PSII RC for
each sample, the fluorescence spectrum obtained by excitation at
440 nm (when equal excitation of Chl a and Chl b is expected) was
subtracted from the fluorescence spectrum excited at a wavelength
specific for Chl b, that is, 480 nm (Kim et al., 2017; Mackinney, 1941).
In each case, the emission spectra were previously normalized to a
wavelength of 720 nm. At this wavelength, the fluorescence Chl
a form PSI dominates, so it is assumed that there is no contribution
from PSII fluorescence. These differential spectra for untreated and
NP-treated PSIl BBYs are shown in Figure 7g. These data provide
information on light harvesting and energy transfer from the outer to
the inner antenna and PSII core chlorophylls. Thus, the differential
spectra show bands from systems capable of absorbing energy from
the LHCII complexes and involved in transporting energy to the PSI|
RC, as well as bands from different LHCII states that are unable to
transfer the absorbed energy. The differential spectra obtained for
the control and NP-containing samples are clearly different and
depend on the concentration of WO3; NPs. In the control sample,
there are some characteristic bands with maxima at about 657.5,
662.5, 677, 684, 690, 700 and 715 nm (black line in Figure 7g). The
two bands at the shortest wavelength are most likely related to Chl b,
which could be observed in quenched PSII complexes, aggregated
LHCII, and when Chls b are uncoupled in the light-harvesting antenna
(Horton et al., 1991; Santabarbara et al., 2001). Bands with maximum
emission at about 677-680 nm are from Chl a, mainly from mono-
meric/isolated LHCII trimmers (Standfuss & Kiihlbrandt, 2004), while
at 700-715nm from LHCIlI aggregates (Horton et al, 1991;
Yamamoto et al., 2014). In the wavelength range of 680-700 nm,
Chls a of the inner antenna emit radiation, but CP47 has a larger con-
tribution in the emission at A = 690 nm, while CP43 has its maximum
at ~683-685 nm (Alfonso et al., 1994; Andrizhiyevskaya et al., 2004;
Andrizhiyevskaya et al., 2005; Dang et al., 2008; Shibata et al., 2013).

FIGURE 6 (a) Absorption
spectra of the control sample and
PSIl BBY treated with different
concentrations of m-WO3; NPs
indicated in the figure. The
samples were suspended in the
Hepes | buffer, pH 6.5.

(b) Differential absorption spectra
between samples containing
different concentrations of NPs
and the control sample.
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FIGURE 7 Room temperature
excitation-emission spectra for a
control sample of PSIl BBY and
treated with different
concentrations of m-WO3; NPs as
indicated in the figures (a-f).

(g) Differential fluorescence
emission spectra at 440 nm
excitation (when equal excitation
of Chl a and Chl b is expected) and
at 480 nm (Chl b excitation)
obtained for the control and PSI|
BBY treated with different
concentrations of NPs. The
samples were suspended in the
Hepes | buffer, pH 6.5.

A fluorescence maximum that is usually observed at 693-695 nm is
related to the fluorescence of the lowest excited state of CP47, most
likely Chl 612 (Hall et al., 2016). PSII core chlorophylls are expected
to show fluorescence between 682 and 687 nm (Chen et al., 2015).

Therefore, it is likely that the emission of Chls coupled to the PSII
core and CP43 contributes to the band with a maximum at 684 nm,
while the band with a maximum at 690 nm is dominated by the emis-
sion from the CP47 antenna. Therefore, it can be concluded that in
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the control sample the LHCII is effectively transferring energy to the
PSII reaction center and that there is good connectivity between the
internal and external antennas, as well as with the PSII core. It turned
out that even the lowest concentration of 0.0001 pg NP/ug Chl (red
line in Figure 7g) caused a disruption of the energy transfer from
LHCII to CP47 and from the PSIl core to CP47 (which occurs when
the reaction centers are closed), since the fluorescence at 684 nm
decreased and, decreased in the whole range from 686 to 700 nm. In
addition, there are two minima at these wavelengths, at 690 and
697 nm, characteristic of CP47. Therefore, in this sample, CP43 is
responsible for the transfer of energy to Chls of the PSII core. There
are also two bands with maxima at about 677 and 704 nm. These
bands may indicate monomers and aggregates of the LHCII trimmers,
respectively. Such states of LHCII are not able to transfer energy to
PSIl and they emit fluorescence (Lingvay et al., 2020). LHCII fluores-
cence spectra with characteristic maxima in the range of 670 to
705 nm are due to exciton-phonon coupling. The properties of the
lower excited states are determined by localized states of excitons
within a small group of Chls in LHCIl promoted by static disorder
resulting from slower collective motions of proteins at dye binding
sites than the characteristic fluorescence lifetime. Lower energy
states of LHCII aggregates (A > 705 nm) are possible in certain con-
formational states when mixing of an excitonic state with a charge-
transfer state occurs (Krtiger et al., 2010). A ten-fold higher concen-
tration of NPs leads to an attenuation of the fluorescence over
almost the whole range (green line in Figure 7g), indicating a distur-
bance of the energy transfer between LHCIl and the two internal
antennas, CP43 and CP47, in some PSII supercomplexes. For the con-
centration of 0.01 ug NP/ug Chl (dark blue line in Figure 7g), the
occurrence of positive bands at 680 and 686 nm, which can be attrib-
uted to LHCII and PSII core/CP43, respectively, as well as a band at
708 nm, which indicates antennas aggregation was observed. The
broad band at around 665-670 nm may come from decoupled Chls
and/or aggregated Chls b as well as from minor complex antennas.
This differential spectrum indicates the presence of some LHCII
aggregates, but also an increase in absorption by LHCII in PSII-LHCII
complexes and efficient energy transfer to Chls of the PSII core
involving CP43. However, the energy transfer between the Chls
coupled to the PSII core and CP43 is reduced in comparison to the
control sample, but it is more efficient than in the sample treated with
0.0001 pg NP/pg Chl. The differential fluorescence spectrum of the
sample treated with a concentration of 0.1 ug NP/ug Chl (light blue
line in Figure 7g) showed positive maxima at about 682 and 689 nm,
indicating effective energy transfer within PSII-LHCII complexes from
LHCII to both internal antennas, that is, CP43 and CP47, respectively,
and their good connectivity to PSIl core Chls. The bands with maxima
at about 660.6 and 674.4 nm are most likely derived from decoupled
Chl b and Chl a within the LHCII. The two small bands at about
705 and 715 nm are associated with LHCII aggregates. The highest
concentration applied (magenta line in Figure 7g) results in an
increased fluorescence at about 680.5, 688 and 697 nm. The first
band is from monomeric LCHII, while the other two are from CP47.
The band at about 712 nm is probably related to some LHCII
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aggregates. The maximum band at 672 nm comes from decoupled
Chls a, and these two bands at 651.5 and 660.5 nm are from
decoupled Chlis b. The data indicates that in this case in the PSII-
LHCIl complex the transfer of energy from the LHCII to the CP43 is
disrupted but that LHCII is able to transfer energy to CP47.

4 | DISCUSSION

Photosynthetic membranes are complex biological membranes
enriched in proteins and pigments. Their macro-organization depends
on environmental stimuli, so thylakoids are dynamic structures
(Anderson et al., 2012; Dekker & Boekema, 2005). Their optimal archi-
tecture is determined by PSIl supercomplexes, which can vary in size
depending on the number of LHCII trimers attached. The largest
supercomplex contains strongly- and moderately-bound LHCII trim-
mers (C,S,M,, Figure 8), and the minimal unit (C,S,) is separated from
the two moderately-bound LHCII trimmers (2 M). Still, intermediate
states (C,S,M4, C,S51M4, CoM4) and much smaller ones (C,S4, CoMy,
C,, C4S4) are possible (Caffarri et al., 2009), as well as larger super-
complexes (Pagliano et al., 2013). The transformation between these
different forms of PSII supercomplexes and their temporal and spatial
stabilization under specific conditions, depending on internal and
external factors, aims to regulate and optimize the harvest and utiliza-
tion of light, to facilitate diffusion processes inside and outside the
membrane and to keep diffusion times short supporting the repair of
light-damaged PSII (reviews: [Kirchhoff, 2008; Mullineaux, 2005]). At
the same time, LHCII aggregates may form (Johnson et al., 2011), and

the reorganization of PSIlI core dimers can occur, even leading to PSI|

FIGURE 8 Large PSIl supercomplex with strongly - (S) and
moderately-bound (M) LHCII trimer (C252M2). Scheme prepared on
the basis of Dekker and Boekema (2005) and Lee et al. (2015). The
energy transfer from the external to the internal antennas, which is
influenced by very fine m-WO3; NPs, is marked by gray circles.
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monomerization (Caffarri et al., 2009). Dissociation of the PSII super-
complex C,S,M5 is one of the photoprotective mechanisms essential
for triggering non-photochemical fluorescence quenching (NPQ)
(Betterle et al., 2009). A major challenge is to experimentally follow
the different mechanisms that control the self-assembly of PSII-LHCII
supercomplexes. In this case, the modelling approach has proven to
be very helpful. Using a coarse-grained model of thylakoids, including
two LHCII trimers (S2) strongly-bound to the PSIl core on antenna
complexes CP26 and CP43 and two LHCII trimers (2 M) moderately-
bound to the PSII core on antenna complexes CP24 and CP29, it was
reported that there is a correlation between the free LHC:PSlII ratios,
the membrane protein packing fraction, and the transitions between
the ordered and disordered PSII supercomplex structures. It has been
shown that the shifts of the equilibrium states between the individual
superstructures C,S, + 2 M « C,5,M; + M « C,S,M5, are reversible
and that the long-range order depends on the fluidity of the mem-
brane, and thus, in particular on temperature (Lee et al., 2015).

In addition, different conformers may occur within the supercom-
plexes. For example, it has been shown that in eukaryotic PSII, a
monomeric CP29 antenna can switch between two different C,S,
conformations, stretched C,S,str and compact C,S,comp, by chang-
ing its orientation, each of which may exhibit additional structural het-
erogeneity (Caspy et al., 2021). This flexibility of the PSIl dimer core
most likely ensures its optimal functioning under global as well as local
variable conditions, including (i) efficient utilization of light for charge
separation, (ii) access of water and plastoquinones to the donor and
acceptor PSII sides, respectively, and (jii) discharge of O, and H* out-
side the OEC.

Our BBY PSII membranes contain almost exclusively PSII super-
complexes, as confirmed by the AFM measurements, absorption and
fluorescence experiments. Analysis of the distance between the pro-
trusions corresponding to the external OEC protective proteins
(Figure 4) observed in the AFM images of BBY PSlI in their native lig-
uid environment revealed structural changes in the PSII supercom-
plexes caused by the presence of superfine m-WO3; NPs embedded in
the membranes. The mean distance between protrusions decreased
in PSII BBY treated with 0.0001 pg NPs/ug Chl (~6.3 nm) compared
to the control sample (~7.1 nm). Moreover, the PSIl distribution
obtained shows the greatest asymmetry with a simultaneous decrease
of the standard deviation at the two lowest NPs concentrations
tested. However, the highest density of packing was observed at the
concentration of 0.001 pug NPs/ug Chl (distance ~4.8 nm), for which
the standard deviation is the smallest, but the asymmetry of the distri-
bution is large (Figure 4, Table 1). With further increases of NPs con-
centrations, the separation between PSIl cores increases. The
standard deviation of the PSII distribution also increases and changes
towards a Gaussian distribution as the asymmetry parameter
decreases. All the above-described changes in the organization of PSII
BBY under the influence of superfine m-WO3; NPs show that they
strongly depend on the concentration of these nanoparticles. The
observed differences in the distribution of PSIl in supercomplexes are

related to compositional and structural changes occurring within
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them. They can therefore be expected to affect the efficiency of
energy capture and transfer from external antennas to internal anten-
nas and the PSII reaction center. Indeed, absorption and fluorescence
measurements showed differences between the control sample and
PSII BBY treated with NPs. For the two lowest concentrations of NPs
a reduced contribution of chlorophylls a and b from LHCII (Bressan
et al, 2016; Croce et al., 1999) in the absorption spectra was
observed. At a concentration of 0.0001 ug NPs/pg Chl, this
was accompanied by an attenuation of the energy transfer from LHCII
to CP47 and formation of LHCIl aggregates. At concentration of
0.001 pg NPs/ug Chl, energy transfer between LHCII and the CP43
internal antenna in the PSII supercomplexes was additionally impaired.
At the same time, monomerization and aggregation of LCHII trimers
was further observed. The direction of these changes is consistent
with the knowledge of how the disassembly of large PSIl supercom-
plexes (C,S,M,) and the formation of smaller ones affect the energy
transfer capabilities of its outer antenna complexes to the inner ones
(Barera et al, 2012; Caffarri et al., 2009; Caspy et al., 2021; Su
et al,, 2017; Wei et al., 2016). In samples treated with higher concen-
trations of 0.01 and 0.1 pg NPs/pg Chl, the absorbance unexpectedly
increased compared to the control. In the first case, the differential
spectrum was characteristic of PSIl supercomplexes lacking part of
the LHCII trimer and the appearance of LHCII aggregates (Caffarri
et al., 2009; Ruban et al., 1992). This is consistent with the observa-
tion of decoupling the LHCII trimmers from CP47 and the appearance
of antenna aggregates, disconnected Chls and disconnected minor
antennas, and finally aggregated Chls b as deduced from the analysis
of fluorescence spectrum. However, the energy flow within PSII-
LHCII complexes from LHCII to PSIl RC involving CP43 was still effi-
cient. At 10-fold higher concentrations, energy uptake by PSIl core
dimers increased. This was accompanied by an increase in the effi-
ciency of energy transfer from LHCIl to both CP43 and CP47. Other
changes regarding the appearance of disconnected Chl b/a and the
aggregation of LHCII and Chls observed at the lower NPs concentra-
tion also occur here and are intensified at the highest NPs
concentration tested. At a concentration of 1 pug NPs/ug Chl, the
decrease in absorption was due to a decrease in the absorption effi-
ciency of large PSII-LHCII supercomplexes. In this case, energy trans-
fer from LHCII to CP43 was impaired but still possible to CP47.

The results show that the external antennas of PSII-LHCII super-
complexes, including LHCII, are particularly sensitive to the action of
WO3; NPs. At the two lowest concentrations of NPs, in addition to an
increase in the number of released LHCII trimmers and the formation
of their aggregates compared to the control sample, an impairment of
the energy transfer through the internal antennas to PSIl core Chls
was observed, mainly through CP47. However, increasing NPs con-
centration (0.01 and 0.1 ug NPs/ug Chl) restored energy transfer effi-
ciency through CP43 and at the higher concentration also CP47. The
highest concentration of NPs impaired energy uptake in whole frac-
tions of PSII-LHCII supercomplexes, but in contrast to lower concen-
trations of NPs, energy transfer from external antennas to CP47 was

active.
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5 | CONCLUSIONS

This work provides new insights into the design of nano-biohybrid
systems using photosystem Il for O, production. Commonly studied
2D/3D semiconductor nanostructures require a large active surface
showing a highly specific junction with PSIl in order to obtain cor-
rectly oriented PSIl systems with high packing density. This requires,
on the one hand, the functionalization of these meso-nano surfaces
and, on the other hand, genetic modifications of the PSII itself. Usu-
ally, electron mediators are introduced to ensure electron cycling.
Nevertheless, the highest rate of oxygen release recorded for these
systems, which they achieve in their initial phase of operation, con-
verted per gram of catalyst, that is, PSIl supercomplex remains 2-3
orders of magnitude lower than that exhibited by isolated PSIl sys-
tems under their native conditions (the highest initial activity for the
hybrid systems ranged between 2 and 30 mmol O, gcar * h™? (Kato
et al, 2012; Mersch et al., 2015; Mih & Zouni, 2020; Sokol
et al.,, 2018; Tian et al., 2021) while thylakoids enriched in PSII (PSlI
BBY) usually show an O, yield ~1950 mmol O, g, h™, (Berthold
et al., 1981; Ghanotakis & Yocum, 1986; Ikeuchi et al., 1985). In this
work, an approach to constructing hybrid systems self-organized,
based on wild natural PSIl BBY has been demonstrated. Superfine
m-WO3; NPs (~1+2nm) were introduced into PSIl BBY, which
showed a concentration-dependent effect on the organization of
these membranes and PSII functioning related to the energy transfer.
This indicates that the superfine WO3 NPs easily penetrate the thyla-
koid membrane and interact with its components. The biohybrid sys-
tem shows stability at pH 6.5, the native operating environment of
PSII, so a high rate of O, evolution can be expected. In addition, the
light-induced water splitting process can be further stimulated by
the direct interaction of superfine WO3; NPs with the donor and
acceptor sides of PSIl. The size of PSII of about 10.5 nm in depth,
20.5 nm in length, and 11.0 nm in width (Umena et al., 2011) provides
enough space for such small NPs to build in between the structures of
this photosystem. It is believed that this approach can facilitate the
design of biohybrid systems that convert solar energy into fuel. It
allows the use of the entire spectrum of wavelengths emitted by the
sun in the UV-VIS range. The activity in water splitting and colloidal

system's stability is under investigation.
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