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Engineered biocatalytic architecture for enhanced
light utilisation in algal H, productionf

Sergey Kosourov, (2 *@ Tekla Tammelin (2° and Yagut Allahverdiyeva (2 *?

Thin-layer photosynthetic biocatalysts (PBCs) offer an innovative and promising approach to the solar-
powered generation of renewable chemicals and fuels. Thin-layer PBCs incorporate photosynthetic
microbes, engineered for the production of targeted chemicals, into specifically tailored bio-based
polymeric matrices. This unique integration forms a biocatalytic architecture that allows controlled
distribution of light, nutrients, and substrates to the entrapped cells, optimising their performance. The
research outlined in this study offers a systematic engineering approach to developing a biocatalytic
architecture with improved light utilisation and enhanced photosynthetic conversion of captured light
energy to molecular hydrogen (H,), an important energy carrier and fuel. This was achieved by
entrapping wild-type green alga Chlamydomonas reinhardtii and its mutants with truncated light-
harvesting chlorophyll antenna (Tla) complexes within thin-layer (up to 330 pm-thick) polymeric
matrices under sulphur-deprived conditions. Our step-by-step engineering strategy involved:
(i) synchronising culture growth to select cells with the highest photosynthetic capacity for entrapment,
(ii) implementing a photosynthetic antenna gradient in the matrix by placing Tla cells atop the wild-type
algae for better light distribution, (iii) replacing the conventional alginate formulation with TEMPO-
oxidised cellulose nanofibers for improved matrix stability and porosity, and (iv) employing a semi-wet
production approach to simplify the removal of produced H, from the matrix with entrapped cells, thus
preventing H, recycling. The engineered PBCs achieved a fourfold increase in H, photoproduction yield

2

compared to conventional alginate films under the same irradiance (0.65 vs. 0.16 mol m < under

25 umol photons m~2 s, respectively) and maintained H, photoproduction activity for over 16 days.
This resulted in a remarkable 4% light energy to hydrogen energy conversion efficiency at peak
production activity and over 2% throughout the entire production period. These significant
advancements highlight the potential of engineered thin-layer PBCs for efficient H, production. The

technology could be adapted for biomanufacturing various renewable chemicals and fuels.

In the battle against climate change, the development of green technologies for the sustainable production of solar chemicals and fuels becomes essential as
the demand for renewable energy sources intensifies. Among the most promising solutions are microalgae - tiny photosynthetic microorganisms capable of

splitting water and producing H, gas using solar energy. However, applying microalgae on a large scale has proven challenging due to their low efficiency in
utilising light, especially in dense cultures where light cannot penetrate deeply. This study introduces an innovative approach to overcoming these limitations

by designing and manufacturing special thin-layer biocatalysts consisting of bio-based polymers with entrapped microalgae. By selectively entrapping the most
efficient H,-producing algal cells, specifically engineered for enhanced light distribution within the matrix, this research achieves a significant improvement in

H, photoproduction compared to both suspension cultures and traditional immobilisation methods. The results provide a proof-of-concept for a novel
technology in the biocatalytic production of solar H,.

Introduction
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Advancing emerging green technologies for the sustainable
production of renewable chemicals and fuels is crucial for

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ addressing climate change, reducing pollution, and achieving a

10.1039/d4ee03075¢

This journal is © The Royal Society of Chemistry 2025

zero-carbon society. In this direction, the application of
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microalgae, which utilise photosynthesis for light capture, CO,
fixation, and solar chemical production, is of particular inter-
est. However, one of the major bottlenecks to their broader
incorporation in biotechnological applications is the low light
utilisation efficiency in dense cultures. Like other photosyn-
thetic microorganisms, microalgae possess large light-
harvesting chlorophyll (Chl) antenna complexes, which enable
individual algal cells to utilise light in low-light environments.
However, this characteristic also presents a substantial chal-
lenge in the mass culturing of algae." Within dense cultures,
light intensity diminishes gradually in the direction opposite to
the light source, conforming to the principles of light absorp-
tion by pigments outlined by the Bouguer-Beer-Lambert law
and light scattering by cells.>* Consequently, this phenomenon
causes shading within the internal layers of the algal suspen-
sion, thereby constraining the overall photosynthetic produc-
tivity of the culture.

One potential solution to this challenge involves increasing
the intensity of light directed towards the surface of the
cultivation vessel or the photobioreactor (PBR).* This approach
could be particularly useful for light-limiting conditions, such
as lab-scale applications. Nonetheless, it is important to
emphasise that the application of intense light may enhance
photoinhibition in cells proximate to the PBR surface. Alter-
natively, another viable approach could involve reducing the
optical path length of the PBR vessel, thereby facilitating
greater light utilisation by the culture.’ According to the avail-
able experimental data, optimal performance is achieved when
the thickness of the PBR does not exceed 1 c¢m, considering
typical culture densities.®” Recent studies have demonstrated
that the adoption of the thin-layer cultivation technique for
highly concentrated algal cultures can markedly enhance the
H, photoproduction yield under high irradiation.®>® However,
implementing such a modification inevitably results in
increased operational expenses for PBR cultivation, attributed
to the additional resources needed for culture mixing and PBR
construction."

Another bottleneck to the widespread use of algae and other
phototrophs, such as purple bacteria and cyanobacteria, as
biocatalysts in chemical production is their constant growth,
which leads to energy loss due to biomass formation. To
address this issue, the whole-cell immobilisation approach
has been proposed.'®" Entrapping algae within mechanically
stable matrices limits cell division and significantly prolongs
the biocatalytic activity of immobilised cells compared to those
in suspension cultivation.’® This method also minimises
water usage and simplifies the process of exchanging media
in the PBR, thereby facilitating periods of cell recovery and
enabling multiple production cycles.'*"*

Following the principle of thin-layer cultivation, our
research group has devised an immobilisation strategy that
distributes algae and cyanobacteria within thin polymeric
matrices, up to 1 mm in thickness. These matrices are
composed of alginate, TEMPO-oxidised cellulose nanofibers
(TCNF), or a combination of both, and are cross-linked with
Ca®", polyvinyl alcohol (PVA), or mixed-linkage glucan
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(MLG)."" The research performed has demonstrated a sig-
nificant advantage of employing thin-layer immobilisation in
the photosynthetic production of H, and ethylene, as well as in
the biotransformation of cyclohexanone to g-caprolactone,
using both green algae and cyanobacteria.”>'*'®'” A similar
enhancement has also been observed in the photosynthetic
production of H, using thin latex coatings with entrapped
cultures of purple non-sulphur bacteria, where the reactivity
of the catalysts increased as the catalyst thickness
decreased."®"’

In contrast to latex and other robust matrices used in whole-
cell immobilisation,"” the application of bio-based polymers
like alginate and cellulose nanofibers offers additional
advantages.””*! These include high compatibility with the
hosted cells and biodegradability at the end of the application.
Furthermore, bio-based polymers can be tailored for improved
porosity and enhanced mechanical stability, making them
suitable for use in additive manufacturing.”* Thus, the assem-
blies of photosynthetic microbes, specifically engineered for
the production of targeted chemicals, with specifically tailored
bio-based polymers create a unique biocatalytic platform for
solar chemical production.”*

In this paper, we present a proof-of-concept for a novel
architectural design of thin-layer photosynthetic biocatalysts
(PBCs), specifically engineered to enhance light utilisation and
boost H, photoproduction. This was achieved through a sys-
tematic bioengineering approach that optimises the spatial
arrangement of green algae within the immobilisation matrix
by creating a multi-layer architecture with a gradient of photo-
synthetic antennae. Additionally, the immobilisation matrix is
tailored to facilitate the efficient release of H, from H,-
producing cells. Our approach significantly improves light
capture efficiency and increases H, yield compared to tradi-
tional suspension cultures, while also dramatically extending
the duration of the production process. Although this design
focuses on enhancing photosynthetic H, production in green
algae, the core principles of thin-layer engineering are broadly
applicable. This framework could be adapted for the photosyn-
thetic production of various solar chemicals and fuels across
different photosynthetic organisms, as well as for application in
artificial photosynthetic devices.

Results and discussion

Engineering the thin-layer biocatalytic architecture for improved
light utilisation by H,-producing algae has been performed follow-
ing the strategy outlined in Scheme 1. The process involves four
distinct steps, which are described below.

Engineering step #1: distribution of algae in thin films
improves light utilisation

The initial engineering step (Scheme 1, step #1) involves
employing a conventional thin-layer immobilisation approach,
which has been widely adopted by our group and other research

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Engineering strategy for improving light utilisation in thin-layer photosynthetic biocatalysts. Step 1: the conventional hydrogel film with low
mechanical stability and porosity, containing a mixture of wild-type algal cells at various cell cycle stages. Step 2: introduction of synchronised algae harvested
when they reach the maximum photosynthetic capacity. Step 3: introduction of a gradient of photosynthetic light-harvesting antenna truncation throughout the
film with the smallest photosynthetic antenna cells at the top and the wild-type cells at the bottom of the film; algae are synchronised. Step 4: introduction of a
matrix with improved porosity and mechanical stability; shifting H, production to the gas phase of the vials to facilitate H, release from films.

teams to enhance photosynthetic production of H, and other
targeted chemicals and fuels.">">'®*3?* gpecifically, in the
current work, we fabricated 180 pm-thick Ca®"-alginate hydro-
gel films with entrapped wild-type cells of the green alga
Chlamydomonas reinhardtii. These films were then subjected
to sulphur deprivation (S-deprivation) to trigger sustained H,
photoproduction.?>?® In the absence of sulphur, algae gradu-
ally inactivate photosystem II (PS II)-dependent water oxidation
activity, accumulate starch, and establish a microoxic environ-
ment due to nearly unchanged intracellular respiration.>® This
condition induces the expression of oxygen-sensitive [FeFe]-
hydrogenase (H,ase) in the algal chloroplast, leading to sus-
tained H, photoproduction for a few days.

As shown in Fig. 1A (unsynchronised sample), the
S-deprived algae entrapped within Ca®"-alginate hydrogel films
photoproduced H, for over 10 days, reaching the maximum
activity of ~1 mmol H, m > h™" between the fourth and fifth
days. Cumulatively, the process yielded 0.16 mol H, per m”> of
the film surface. This corresponds to a 1.2% light energy to H,
energy conversion efficiency (LHCE) in the photosynthetically
active radiation (PAR) region, calculated at the maximum H,
photoproduction rate, and 0.7% over the entire H, production
period (Table 1, step #1). These values are close to one reported
previously for 330 um-thick Ca®"-alginate films but exposed to
slightly higher light (1.5% and 0.9%, respectively; under
60 umol photons m~? s~ ! PAR).*?

It is important to note that S-deprived suspension cultures
of wild-type algae are capable of achieving similar LHCEs
(both maximum and total values) only under conditions of
intensive agitation in high-density cultivation.t” In this sce-
nario, production is primarily confined to a remarkably narrow
photic zone, located proximal to the surface of the cultiva-
tion volume. However, the typical LHCE values in S-deprived
suspensions rarely exceed 0.4%.””” An additional advan-
tage of thin-layer immobilisation is its ability to achieve max-
imum H, photoproduction activities and yields at significantly

lower light intensities than suspensions. The research

i The LHCE values provided in this reference were calculated using the upper H,
gas combustion energy (AHc) of 285.8 k] mol ™! and are noticeably overestimated
relative to the data presented in the current work.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Sustained H, photoproduction by 180 pm Ca2*-alginate films with
entrapped unsynchronised and synchronised cultures of green alga
C. reinhardtii under S-deprived conditions. (A) H, photoproduction yields
by films exposed to 25 pmol photons m2st light. Values are the mean of
3 independent experiments with 18 (unsynchronised) and 20 (synchro-
nised) vials in total £SD. The paired t-test showed a significant difference
between two datasets at P < 0.001. (B) False-colour Chl a fluorescence
images of the films throughout S-deprivation (—S) and after shifting them
to the medium containing normal amounts of sulphur (+ S). Fluorescence
images of the films were taken after 5 minutes of dark adaptation and
represent changes in the maximum efficiency of photosystem Il (F,/F,)
according to the colour scale on the right.
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Table 1 Stepwise enhancement of the total H, photoproduction yield and LHCEs in the engineered thin-layer PBCs

The total H, yield, The maximum The total

mol m™> LHCE, % LHCE, %"
Engineering step #1: submerged Ca”'-alginate Wt film, unsynchronised 0.16 + 0.02 1.2 0.7
Engineering step #2: submerged Ca®*-alginate Wt film, synchronised 0.20 + 0.03 1.9 0.9
Engineering step #3: submerged Ca®*-alginate Tla2/Wt film, synchronised 0.45 + 0.01 4.0 1.7
Engineering step #4: semi-wet Ca®"-PVA-TCNF Tla2/Wt film, synchronised 0.65 + 0.12 3.8 2.1

“ The total LHCEs presented in the table were calculated for the period of 265 h for steps 1-3, and 385 h for step 4.

performed by Kosourov et al. at the National Renewable Energy
Laboratory (Golden, CO, U.S.A.) has demonstrated that in
330 pm-thick films the process reaches saturation at around
30 pmol photons m~> s~ * light.?®

Engineering step #2: utilising synchronous algal cells with high
photosynthetic capacity enhances light utilisation and
increases photosynthetic production yield

In a wide range of biotechnological applications, including
whole-cell immobilisation, the common practice involves the
utilisation of unsynchronised cultures of photosynthetic micro-
organisms, which are typically cultivated under continuous
illumination. These cultures comprise cells at various stages
of the cell cycle (Scheme 1, step #1). In the context of a bio-
catalytic architecture, when unsynchronised cells are entrapped
within a thin film (as described above), this heterogeneity
intensifies light scattering and results in a non-uniform light
and nutrient distribution throughout the immobilisation
matrix. This condition creates an inhomogeneous environment
within the matrix, distinguished by the presence of areas or
‘niches’ with different photosynthetic activities. It has been
reported that such cellular heterogeneity plays a significant role
in reducing the rate of H, production by S-deprived algae
attached to glass textiles.*>*° Therefore, for optimal perfor-
mance, only uniform cells with superior photosynthetic capa-
city should be utilised in the fabrication of thin-layer PBCs. At
the same time, the progression of the cell cycle in algae should
be halted. This action redirects energy captured by photosynth-
esis from biomass formation towards H, photoproduction,
thus preventing direct competition between CO, fixation and
H, production pathways.*

In order to obtain the most competent cells for photo-
synthetic H, production, we synchronised C. reinhardtii cul-
tures prior to immobilisation. Synchronous growth was achieved
by alternating between light and dark periods (14 hours of light,
followed by 10 hours of darkness).** In synchronised algal cul-
tures, cell division predominantly occurs during the night.**"
With the onset of the first light, the daughter cells emerge from
the mother cell and begin their growth phase, which continues
throughout the light period. Consequently, young cells with a
nascent photosynthetic apparatus initially exhibit low photosyn-
thetic activity and enhanced respiration.>” However, as the light
period progresses, their photosynthetic activity increases, peaking
approximately 4 to 6 h after the onset of illumination.**?° Photo-
synthetic activity then begins to decline due to starch accumula-
tion and as the algal metabolism prepares for the upcoming cell

940 | Energy Environ. Sci., 2025, 18, 937-947

division. Therefore, cells should be harvested during the phase of
peak photosynthetic activity, but prior to reaching the commit-
ment point after which the cell cycle can be completed with at
least one division round.*® When it comes to the second impor-
tant requirement - arresting cell division, the entrapment
of phototrophic cells in the immobilisation matrices might be
sufficient in itself.*" However, the effect could potentially be
enhanced by employing sulphur deprivation, or deprivation by
other nutrients, a recognised method for stopping cell
division.*>** Most importantly, this condition is already utilised
in this study to trigger sustained H, photoproduction. Therefore,
we hypothesised that by immobilising C. reinhardtii cells har-
vested just before they reach their peak photosynthetic activity
and subsequently depriving them of sulphur, we could effectively
stabilise the algae in their most efficient biocatalytic state. The
presence of such competent cells in the population of S-deprived
algae has been indirectly confirmed by their cultivation in a two-
stage sulphur-chemostat system.****

To further validate the above hypothesis, we constructed
thin-layer Ca”**-alginate biocatalysts using synchronously pre-
grown wild-type C. reinhardtii cultures harvested 4 h post-
illumination (Scheme 1, step #2). As shown in Fig. 1A, the
synchronised algae, when entrapped in thin Ca®-alginate
films, significantly outperformed the films with unsynchro-
nised cells in terms of total H, photoproduction yield
(0.20 vs. 0.16 mol H, m 2, respectively) under S-deprived
conditions. Most notably, Ca**-alginate films with entrapped
synchronised cells demonstrated the maximum specific H,
production rate of 5.04 pmol H, (mg Chl h)™', which was
1.7 times higher than the amount observed in unsynchronised
samples (2.99 pmol H, (mg Chl h)™"). As expected,”®*®
S-deprivation led to a gradual reduction in the maximum
photochemical efficiency (F,/Fy,) of PSII in the entrapped algal
cells. This reduction was visualised by the false-colour Chl a
fluorescence images of the film surfaces, which represent
changes in F,/Fy,, taken throughout the S-deprivation experi-
ment (Fig. 1B, —S period). As shown in the figure, the loss of
photochemical efficiency was less pronounced in biocatalysts
with synchronised cells, which also exhibited a quicker recovery
of PSII upon the re-addition of sulphur (Fig. 1B, +S period).
Since the synchronised cultures were harvested near their peak
photosynthetic performance before immobilisation, biocata-
lysts with entrapped synchronised algae had a higher average
photosynthetic capacity at the onset of sulphur deprivation
compared to those with unsynchronised cells. This initial
advantage led to a slower decline in photochemical activity,

This journal is © The Royal Society of Chemistry 2025
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allowing for sustained H, production over a longer period (Fig. 1A).
This data confirmed the conclusion by Volgusheva and co-authors
that enhanced PSII stability during S-deprivation improves H,
photoproduction yield in algae.”” This indicates a direct depen-
dence of the process on the residual PSII activity, as proposed in
earlier research studies.”**® Furthermore, the accelerated recovery
of films with synchronised cells upon sulphur re-addition at the
end of the H, photoproduction cycle highlights the long-term
effect of cell synchronisation (Fig. 1B, +S period).

As demonstrated in Table 1 (step #2), the synchronisation
approach significantly enhanced the LHCE by Ca®"-alginate
films, which was close to 1.9% at the maximum H, photo-
production rate and reached 0.9% for the entire H, production
period. These results emphasise the effectiveness of this
engineering approach in optimizing light utilisation by immo-
bilised C. reinhardtii. However, the immobilised algae still
experienced light limitation, because the maximum specific
activity in low cell density films with the same wild-type
synchronised C. reinhardtii strain can exceed 12 pmol H,
(mg Chl h)~,** showing room for further improvements.

Engineering step #3: application of the photosynthetic antenna
gradient improves the overall light utilisation efficiency in the
biocatalytic architecture

In an effort to optimise light distribution in mass cultures of
green algae, a reduction in antenna size has been proposed.*®
This strategy aims to minimise energy wastage associated with
non-photochemical quenching (NPQ) in the peripheral layers of
the culture proximate to the light source, thus allowing for
greater transmittance of irradiance through high-density culti-
vation. The proof-of-concept experiments demonstrated that
algae with truncated photosynthetic antenna size do improve
photosynthetic productivity under high light intensities,**™>"
and in particular, the H, photoproduction yield by S-deprived
C. reinhardtii suspensions and alginate films.>*>* However, this
approach would not work in dense algal cultures exposed from low
to intermediate irradiation (up to 200 pmol photons m > s~ ') due

View Article Online
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to low light utilisation by individual cells and enhanced light
scattering in high-density cultivation.

Here, we propose a multi-layer architecture with enhanced
light distribution properties that would allow the algae-based
photosynthetic biocatalyst to operate efficiently across a wide
range of illumination conditions. In this approach (Scheme 1,
step #3), a gradient of photosynthetic antenna truncation
is established in the direction opposite to the light source by
printing microalgal cells with the smallest photosynthetic
antennae on the uppermost cell layers, while cells with larger
antenna sizes are printed on the lower levels. This architecture
would significantly decrease the dissipation of light energy in
the upper layers of the film, making it more available to the
lower layers. Consequently, this would lead to a substantial
increase in the overall light utilisation efficiency.

To evaluate the benefits of the proposed architectural
design, we fabricated biocatalysts consisting of the double-
layer assembly of C. reinhardtii cells in Ca®*-alginate matrix.
In this sandwich-like architecture, the truncated antenna
mutant, Tla2, was placed atop the wild-type algae with normal
antenna size (Fig. 2A, Tla2/Wt film). Each layer was 180 um
thick. As a negative control, we created an architecture consisting
of two layers of Tla2 (Fig. 2A, Tla2/Tla2 film). For the positive
control, we applied two layers of wild-type cells (Fig. 2A, Wt/Wt
film). It is important to note that the Tla2 mutant possesses a
substantially lower Chl content per cell, corresponding to about
35% of photosynthetic antenna truncation compared to the
corresponding wild-type control.>* As mentioned above, the fabri-
cated multi-layer PBCs were subjected to S-deprivation to initiate
H, photoproduction.

As demonstrated in Fig. 2B, in all cases the double layer
architecture with Tla2 cells atop showed significantly higher H,
photoproduction yields compared to both controls. Most
importantly, the effect was more pronounced in the synchro-
nised algae (Fig. 2B). In the synchronised multi-layer PBCs, the
H, photoproduction yield in the engineered Tla2/Wt architec-
ture exceeded 0.4 mol H, m~? with LHCE values slightly above

A B o= C > .
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Fig. 2 The engineered biocatalytic architecture for improved light utilisation and H, photoproduction. (A) The engineered film with the truncated
photosynthetic antenna mutant (Tla2) placed atop wild-type algae (Tla2/Wt film), along with its positive (Wt/Wt film) and negative (Tla2/Tla2 film)
controls. (B) and (C) H, photoproduction yields by the films made of unsynchronised and synchronised algae, respectively. Values are the mean of three
independent experiments +SD. The paired t-test showed a significant difference between the Tla2/Wt architecture and both controls with P values
below 0.01 (typically < 0.001) in both unsynchronised and synchronised films.
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4% at the maximum H, photoproduction rate, and 1.7% over
265 h of H, production (Table 1, step #3).

Thus, by strategically selecting the most photosynthetically
competent cells for immobilisation and engineering the bio-
film properties to enhance light distribution, we achieved a
synergistic enhancement in H, photoproduction. This led to a
2.8-fold increase in the total H, yield compared to conventional
algal films. Consequently, the engineered films exhibited the
highest LHCEs ever reported in S-deprived C. reinhardtii algae.

Engineering step #4: creating conditions for efficient removal
of H, gas from the biocatalyst improves the overall H,
production yield

H, production in algae, driven by the [FeFe]-H,ase enzyme, is a
highly reversible process. As a result, the H, photoproduction
yield in sulphur-deprived algae depends on the partial pressure of
H, and declines exponentially as H, accumulates in the cultures,
shifting the equilibrium towards the back reaction.>™’ This effect
is even more pronounced in immobilised algae, where diffusion
limitations within the immobilisation matrix significantly impact
the specific H, photoproduction activity.>*

To prevent the accumulation of H, within the thin-layer
biocatalyst and decrease the probability of the reverse reaction,
we transferred the production of H, from the liquid phase to
the gas phase of the experimental vials by introducing a semi-
wet production approach. In this approach, biocatalysts are
placed on porous foam supports, which convey water and
nutrients to the cells. These supports are positioned above
the experimental medium to allow PBCs to be directly exposed
to an atmosphere initially filled with 100% argon at the beginning
of the experiment. Experiments with single-layer Ca**-alginate
films containing S-deprived algae demonstrated a significant
improvement in H, photoproduction yields in semi-wet
films compared to submerged films (ESI, Fig. S1). Notably,
the effect was most pronounced in films with synchronised
algae (ESLT Fig. S1).

At this stage of engineering, we also replaced the matrix
formulation from alginate to TEMPO-oxidised cellulose nano-
fibers (TCNF). Nanocellulose-based matrices offer superior
mechanical stability compared to alginate formulations, pre-
vent matrix disintegration under challenging experimental
conditions, provide better porosity, and show potential for
tailoring to desired properties."®'”*>®>° The S-deprived algal
films made of TEMPO-oxidized cellulose nanofibers cross-
linked with Ca®" and polyvinyl alcohol (Ca®**-PVA-TCNF films)
demonstrated similar H, yields compared to the Ca**-alginate
films (ESI,¥ Fig. S2). Therefore, in our final experiment, we
fabricated double-layer Ca®>'-PVA-TCNF films with entrapped
synchronised C. reinhardtii algae. These films consisted of
120 pm-thick Tla2 and Wt layers (with Tla2 on top of Wt),
representing the final architectural design of thin-layer PBCs
with improved light utilisation (Scheme 1, step #4). We also
included two controls: 240 pm-thick Wt/Wt (positive) and
Tla2/Tla2 (negative) films made of the same TCNF formulation.

Similar to the data obtained at step #3, the application of the
Tla2/Wt architecture in the TCNF matrix significantly improved
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Fig. 3 Application of an engineered biocatalytic architecture with
improved light distribution within a nanoporous Ca"-PVA-TCNF matrix
for semi-wet H, production. (A) H, photoproduction yields by the films,
and (B) corresponding LHCEs calculated for the maximum production
activity and the total H, production period. Abbreviations for the film
architecture are the same as in Fig. 2. Values are the mean of four
independent experiments &+ SD. The differences in H, yields are significant
at P < 0.01. For LHCE values, significant differences are indicated as
follows: *P < 0.05; **P < 0.01; ***P < 0.001.

the H, photoproduction yield compared to both controls
(Fig. 3A), and the effect was amplified by semi-wet production
conditions (compare H, production yields in Fig. 2C and 3A).
However, the semi-wet cultivation approach did not enhance
the maximum H, photoproduction activity of the immobilized
algae. This resulted in a similar maximum LHCE for the
engineered Tla2/Wt Ca®>*-PVA-TCNF films under semi-wet pro-
duction conditions and their Ca®>"-alginate counterparts under
submerged cultivation conditions (compare maximum LHCEs
for steps #3 and #4 in Table 1). Nevertheless, the semi-wet
approach prolonged the duration of H, production activity in
all engineered films, resulting in an impressive 2.1% LHCE
over the entire 385 h (~16 d) H, production period (Table 1,
step #4). During this period, the Tla2/Wt PBCs produced nearly
0.65 mol H, m™ 2, which is significantly higher than the
best scenario reported for suspension cultures of S-deprived
wild-type algae by Giannelli et al,” who observed approxi-
mately 0.15 mol H, per m > of the illuminated surface of a

This journal is © The Royal Society of Chemistry 2025
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photobioreactor (146 mL H, Leyeure ). On average, the engi-
neered Tla2/Wt PBCs yielded approximately 960 mL H,, per liter
of TAP medium. It is important to note that some photo-
synthetic mutants have been reported to produce 500-850 mL
H, Leyieare  under S-deprived conditions.®®®> However, these
studies do not provide information on the photobioreactor
geometry or LHCE values, making it impossible to directly
compare areal H, productivities with our system. Nonetheless,
the application of these mutants within the engineered archi-
tecture has the potential to further enhance LHCE.

It should also be noted that the S-deprivation approach used
in this study to induce H, production in algae has limitations
for the long-term performance of PBCs. In the absence of
sulphur, recovery of PSII reaction centres in cells is impaired,
meaning subsequent cycles of H, production are only feasible
after a few days of the biocatalyst recovery in the sulphur-
replete medium. In this regime, however, conventional PBCs
have been shown to produce H, for more than 150 days
(~5 months), although the most efficient H, photoproduction
is achieved during the initial production cycle.* Even within a
single production cycle, 1 m®> PBCs with the double-layer
architecture can generate ~42 W h of energy stored as H, over
16 days. If effectively converted to electricity, this technology
holds the potential for powering small-scale IoT devices
and remote sensors. However, practical implementation will
depend greatly on advancements in efficient, compact, and
affordable fuel cells to effectively convert H, for small-scale use.

An alternative to S-deprivation could be recently developed
methods such as pulse-illumination and CO, limitation.*"*>
These approaches help prevent activation/functioning of the
Calvin-Benson-Bassham (CBB) cycle, thereby reducing compe-
tition with H,ase for photosynthetic electrons. Importantly,
they achieve this without the significant damage to the photo-
synthetic apparatus often observed in nutrient deprivation
approaches.?®®® A recent proof-of-concept study by Kanygin
et al.®® demonstrated that competition with CO, fixation in
the CBB cycle can be effectively avoided by directly fusing H,ase
with photosystem I, allowing more effective channelling of
photosynthetic electrons toward H, production. This approach
has shown promise for sustaining long-term H, photoproduc-
tion in algal cultures, achieving a maximum LHCE of up to
1.75% (although measured under 630-nm monochromatic
light). While effective in suspension cultures, the methods for
preventing competition with the CBB cycle have yet to be tested
in immobilized systems. In terms of areal productivity, our
engineered PBCs exhibit significantly higher performance com-
pared to suspension cultures. For instance, our calculations
based on Nagy’s et al.® data showed that thin-layer, CO,-limited
cultures yield approximately 0.1 mol H, per m” of illuminated
area for the wild-type CC-124 strain and around 0.2 mol H, per
m?> for the pgr5 mutant in the long-term (144 h) process
(compared with 0.65 mol H, m ™2 over 385 h in Fig. 3A).

We also evaluated the performance of a triple-layer archi-
tecture comprising Tla3 (or Tla5) cells with nearly 60% trun-
cated photosynthetic antennae,® placed atop the Tla2 layer,
and followed by a layer of wild-type cells. Each layer was 80 pm
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thick, resulting in the total film thickness of 240 pm. This
architecture showed improved performance only under high
light intensities (ESI,T Fig. S3) due to significantly reduced H,
photoproduction activity in Tla3 and Tla5 strains. The latter is
likely caused by a significant loss of photosynthetic reaction
centres in Acpsrp43 tla mutants, both PSII and PSL%® It is
important to note that while this top layer does not produce
H, efficiently, it competes for acetate with other cells during the
initial hours of S-deprivation, when algae primarily accumulate
starch. The inability to accumulate starch under low light
conditions leads to an inability to sustain the H, production
activity in the later stages of S-deprivation.®®®” Nevertheless,
the enhanced performance of the triple-layer architecture
under high light (though with a lower H, yield than under
low light) suggests that this particular design, incorporating
Tla3 and Tla5 mutants, would be more suitable for producing
other chemicals rather than H,.

Conclusions

This study presents a systematic engineering approach to
developing PBCs for efficient light utilisation and H, photo-
production using green algae entrapped within thin polymeric
matrices. By synchronising algal growth and selecting cells with
the highest photosynthetic capacity for entrapment, imple-
menting a photosynthetic antenna gradient to enhance light
distribution throughout the matrix, introducing Ca**-PVA-
TCNF matrix with improved physical properties, and enhancing
the removal of produced H, from the biocatalyst by employing
the semi-wet cultivation approach, we achieved a fourfold
increase in the H, photoproduction yield compared to conven-
tional Ca®*-alginate films with unsynchronised algae under the
same irradiance. As a result, the engineered H,-producing
biocatalytic architecture demonstrated an impressive 4% LHCE
at peak production activity and over 2% throughout an extended
H, production period of 385 hours. These results highlight the
potential of engineered PBCs for sustainable and efficient solar H,
production. Furthermore, the engineering approach devised and
implemented in this study holds promise for enhancing the
production of other solar chemicals and fuels.

Experimental
Strains and growth conditions

The wild-type green alga C. reinhardtii (strain CC-124) and
truncated light-harvesting Chl antenna mutants Tla2 (strain
CC-4476), Tla3 (strain CC-4561), and Tla5 (strain CC-4475) were
obtained from the Chlamydomonas Resource Center at the
University of Minnesota, USA. Fig. 4 describes some unique
properties of Tla mutants.

Stock cultures were maintained photoheterotrophically in
150 mL Erlenmeyer flasks containing 50 mL of standard Tris-
acetate-phosphate (TAP) medium. The flasks were placed on a
shaker (~100 rpm) illuminated with cool-white fluorescent
lamps that provided around 30 pumol photons m > s~ * at the
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Fig. 4 Comparison of (A) light penetration within cultures of wild-type,
Tla2, and Tla3 strains with similar cell densities, and (B) their photochemical
activity, shown as false-colour Chl a fluorescence images of Ca2*-alginate
films taken 2 hours after immobilisation. Fluorescence images represent
changes in F,/F,, according to the colour scale on the right. The Tla5
mutant behaves similarly to Tla3.

top of the flasks. For normal growth, cultures were cultivated at
25 °C and diluted weekly with fresh medium. The synchronous
growth was achieved by alternating light (14 h) and dark (10 h)
periods and maintained by daily dilution of the cultures.****
Synchronisation was monitored through periodic sampling and
visualisation of algae in a haemocytometer under a microscope.
Cells harvested at the end of the 24-hour cycle (1-2 hours before
the onset of illumination) displayed distinct morphological
characteristics. At this time, the culture predominantly con-
sisted of uniform zoospores enclosed within parental cell walls,
indicating successful synchronisation.®®*’

The experimental cultures were started from diluted stock
cultures and grown at 25 °C in 1 L Roux bottles containing
700 mL TAP medium. During growth, the cultures were con-
tinuously bubbled with sterile 2% CO, in air (photomixotrophic
growth) using 0.2 um pore-size membrane filters (Acro 37 TF,
Gelman Sciences, Inc., USA) and illuminated from one side
with 75 pmol photons m~2 s~ " of cool-white fluorescent light.
For synchronous growth, the cultures were grown under a 14 h
photoperiod. Prior to immobilisation, cultures at the late
logarithmic phase (20-25 pg total Chl mL ™) were harvested
by centrifugation at 3000g for 3 min, washed once in TAP-
minus-sulphur-minus-phosphorus (TAP-S-P) medium to remove
sulphates and phosphates, and pelleted again by centrifugation.
Phosphorus exclusion in addition to S-deprivation was necessary
for stabilisation of the films but did not affect H, production in
algae.”

Preparation of single- and double-layer Ca**-alginate films

The films were prepared using a formulation ratio of 1 g of wet
cell biomass, 0.5 mL of water, and 1 mL of 4% sodium alginate
(#71238, Sigma-Aldrich) under sterile conditions. The mixture
was manually coated onto the surface of the template, which
consisted of a polymer insect screen placed over the sticky side
of a wide strip of Scotch-type tape.*** This was done using a
sterile glass pipette to form a microfilm. Gelation of the film
was initiated by spraying the surface with a 50 mM CacCl,
solution. In this approach, the thickness of the alginate films
was approximately 180 pm and was influenced by the thick-
ness of the plastic insect screen used as mechanical support.
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Double-layer 360 um films were prepared by coating a second
layer atop the first before the application of CaCl,. The insect
screen was not used in the second layer. Instead, the required
thickness was achieved by using spacers on the sides during
coating. This fabrication approach provided sufficient mechan-
ical stability for the film during its submerged cultivation.

Preparation of Ca®>*-PVA-TCNF films with multilayer
architecture for the semi-wet H, production

TEMPO-oxidised cellulose nanofibers (TCNF), derived from
never-dried bleached softwood pulp obtained from a Finnish
pulp mill, were utilised in the preparation of multilayer films
for semi-wet H, production. The TEMPO-catalysed oxidation of
pulp fibres was conducted as described by Saito et al.”® 2,2,6,6-
Tetramethylpiperidine-1-oxyl (TEMPO, Sigma-Aldrich) and 10%
sodium hypochlorite (5 mmol g~ pulp fibres) were used in the
TEMPO-catalysed oxidation of the pulp. The oxidised pulp
was washed and passed twice through a microfluidiser (Micro-
fluidies Int., USA) equipped with two Z-type chambers with
diameters of 400 and 100 um at 1850 bar to fibrillate the
oxidised pulp into TCNF with a final consistency of ~1 wt%
and anionic charge of ~1.5 mmol g~*. The chemical composi-
tion, charge, morphology and visual outlook of similarly pre-
pared TCNF-grade used in this study have been described in
our previous publications.'®*®>° For semi-wet cultivation, the
films were coated on 300 pm-thick blotting paper supports,
which were used as both a mechanical support and a porous
material to distribute water and nutrients to the entrapped cells
through capillary action. The 120 pm-thick layers (double-layer
films) and 80 pm-thick layers (triple-layer films) were formed
from a formulation consisting of algal biomass mixed in 1:1
wet mass ratio with 1 wt% TCNF and 0.1 wt% PVA (Mowiol®
56-98, M,, ~ 195000 g mol ', DP 4300, Sigma-Aldrich), as
previously described.'®>® The films were coated layer-by-layer
using an automatic film applicator (TQC Sheen) and spacers
of the required thickness. Finally, the multilayer films were
treated by spraying 50 mM CacCl, over the surface of the film
to maintain consistency with the preparation of alginate
films‘16,23,59

H, photoproduction experiments

The fabricated films were washed in Milli-Q water and cut into
6 x 1 cm strips. For submerged cultivation, the strips were
placed in 10 mL TAP-S-P medium in 75 mL gas-tight vials. For
semi-wet cultivation, the strips were placed on the surface of a
water-conveying 6 x 1 x 1 cm melamine foam support inside
the same vials, ensuring the strips remained above the 10 mL
TAP-S-P medium. The vials were sealed with butyl rubber
stoppers, and the gas phase within the vials was replaced with
pure argon. The H, and O, contents in the headspace of the
vials were monitored daily using a gas chromatograph (Clarus
500, PerkinElmer, Inc.) equipped with a thermal conductivity
detector and a molecular sieve 5A column (60/80 mesh). The
amounts of H, and O, dissolved in the liquid phase were
calculated based on the partial pressure of each gas at the
time of sampling and their respective solubility coefficients.

This journal is © The Royal Society of Chemistry 2025
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These values, along with the quantities of gases withdrawn for
sampling, were considered in the final production yields. The
maximum specific H, production rates were calculated based
on the initial total Chl (@ + b) content in the films. The
chlorophyll content was determined spectrophotometrically,
as previously described.”"

Calculation of light energy to H, energy conversion efficiency

The average irradiance (W m™?) at the surface of the films from
the incident light in the PAR (400-700 nm) region was determined
using a handheld portable spectroradiometer (SpectraPen LM
500, PSI, Czech Republic). LHCE were calculated using the
eqn (1), which considers the partial pressure of H, gas in the
vial headspace at the moment of calculation:

<AG° — RTIn <%)>RH
17 (%) = 100 x EA

1)

where AG® is the change of the standard Gibb’s free energy for
the water-splitting reaction (237200 ] mol " at 25 °C and 1 atm),
R is the universal gas constant (8.3145 ] K * mol %), T is the
absolute temperature (K), P° and P are standard and observed
H, pressures (atm), Ry is the rate of H, photoproduction
(mol s™"), Es is the energy of the incident light radiation
(0 m? s "), and 4 is the illuminated surface area (m?).

Chl a fluorescence imaging

Chl a fluorescence images of the film surface were obtained at
22 °C under aerobic conditions using an imaging fluorometer
(FluorCam FC-800-0/1010, PSI, Czech Republic). The films were
extracted from the vials, adapted in the dark for 5 minutes, and
placed in the center of the measuring unit. Fluorescence
images were captured at F, (2 s after the start of the protocol)
and F,, (induced by an 800 ms saturating royal-blue pulse of
~2000 pmol photons m~> s~ " applied 5 s after the start of the
protocol). The F,/F,, values were calculated from the F, and F,
images as (Fy, — Fo)/Fy, using FluorCam 7.0 software.
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