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This work presents a smart solar energy regulation strategy using
photon tunable long persistent phosphors as solar energy harvest-
ing antennas to enhance overall sunlight utilization by photosyn-
thetic organisms in multiple modes.

Photosynthesis is an essential biological process by which
plants, microalgae, and other photoautotrophs capture solar
energy to convert carbon dioxide, water and minerals into
oxygen and energy-rich organic compounds to support all life
on the Earth."” However, the crises of rapid population
growth, arable land reduction and water resource scarcity have
exacerbated the serious conflict between the rapidly growing
demand and the inadequacy of photosynthetic products.?
Therefore, innovations that can improve the efficiency of
photosynthesis to achieve a higher output, and meanwhile, to
reduce the global gap between photosynthetic production and
ever-increasing consumption of photosynthetic products are in
high demand.”

Sunlight harvesting is an initial step of photosynthesis,
which supports the subsequent biological transformations and
affects the overall photosynthesis efficiency.””” In most plants
and microalgae, solar energy harvesting mainly depends on
the primary photosynthetic pigments (e.g. chlorophyll (Chl) a
and b). However, due to the limited absorption band of these
pigments, only less than 45% of the solar energy in the visible
range from 400 to 700 nm (maximum in the blue and red
regions) can be captured for photosynthesis,*® while most of
the solar energy in the UV and green light regions is wasted.
Furthermore, the unabsorbed UV irradiation may even cause
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detrimental effects on the organisms and thus inhibit the
photosynthesis.'® Importantly, weather variation, which may
lead to the imbalance between capturing sunlight and its full
day usage, is another crucial factor that influences photosyn-
thesis, especially during cloudy and rainy days, and at night.""
Therefore, innovative strategies that can effectively convert the
UV and green light of the solar spectrum to the photo-syntheti-
cally active blue and red light, and more significantly, can alle-
viate the imbalance between solar energy capture and usage
for all-weather photosynthesis are exceedingly desirable.'*

So far, several studies have been initiated through the
genetic manipulation of photoluminescent materials to
augment photosynthesis in diverse photoautotrophs.'>™** For
example, the photoprotection system of crops can be geneti-
cally manipulated to enable a fast response to the weather vari-
ation."® Likewise, the photosynthetic reaction center of micro-
algae can be engineered with a fluorescent protein to expand
the solar energy utilization."®"” By taking advantage of the
unique light conversion properties,'*° some photolumines-
cent materials have also been applied to broaden the spectral
coverage for better matching of the absorption in photosyn-
thetic pigments.”’* Although they are greatly promising to
improve photosynthesis, the disadvantages including the bio-
safety concern, low photostability, and limited sunlight conver-
sion remain the main technical obstacles. Moreover, none of
the strategies indicates the solar energy storage capability that
supports the great possibility for all-weather photosynthesis.
Hence, the development of an intelligent and unique light
management system that can fully use solar energy for
efficient photosynthesis is still a great challenge.

Long persistent phosphors (LPPs), a particular type of phos-
phorescent material, are capable of storing the excitation
energy from solar or room light and then emitting for minutes
to hours after the excitation stoppage.”®*” So far, these
materials have received increasing research interest for a wide
variety of applications in safety displays, decoration, photoca-
talysis,  photovoltaic  solar  cells, bioimaging and
theranostics.”®**! Such outstanding optical properties of LPPs
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well meet the requirements for efficient and all-weather
photosynthesis.

As the finest example of a solar energy converting organism
in nature, microalgae possess the unique properties of fast
growth, minimal water demand, and high space utilization."
Given the diverse valuable bioproducts such as proteins, caro-
tenoids, or polyunsaturated fatty acids they can offer, micro-
algae have long been considered as highly promising sustain-
able resources for food supplements, animal feedstocks, and
biofuels.*>** Therefore, by taking advantage of the photoregu-
lation properties in LPP materials, we present an intelligent
and omnidirectional solar power management strategy for
enhanced photosynthesis in diverse microalgae species. With
our rational design, a unique core-shell long persistent phos-
phor with a robust sunlight recomposition and storage
capacity is developed to match the requirement of full utiliz-
ation of solar radiation in photosynthesis (Scheme 1). Upon
integration of such photon tunable phosphors with an inge-
niously designed porous 3D scaffold, the photosynthesis
efficiency of microalgae can be significantly augmented.

First, we synthesized the long persistent phosphors
Sty.5Cag sS:Eu”* @Sr,MgSi,0,:Eu”",Dy*"  through a two-step
solid-state reaction procedure (Fig. 1 and S17). A core-shell
structure was designed to maximize the solar energy modu-
lation of the phosphors (Fig. 1a). The core (Sr,,Ca, sS:Eu”") is
a red emission phosphor which can convert green light to red
light with a high quantum efficiency," while the shell
(Sr,MgSi,0,:Eu*",Dy*") is one classical phosphor that can
efficiently convert UV light to blue; meanwhile, it can also
store the UV light to give a bright blue afterglow emission that
lasts for hours.*® The morphology, crystalline structure, and
components of the obtained phosphors were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD),
and energy dispersive X-ray spectroscopy (EDS), respectively.
Apparently, such phosphors showed an irregular morphology
with good dispersibility (Fig. S21). The characteristic diffrac-
tion peaks in the XRD patterns evidently demonstrated the
well-crystallized structure of Sry,CaggS and Sr,MgSi,O,
(Fig. S3t). Meanwhile, the EDS maps revealed the uniform
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Scheme 1 Schematic illustration of the solar energy conversion and
storage by the phosphors for the enhanced and potential all-weather
photosynthesis.
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Fig. 1 (a) The structure and luminescence mechanisms of the core—
shell long persistent phosphors. Confocal microscopy images (Z-stack
projection) of the phosphors: (b) red channel (E,: 560 nm, E..:
600-700 nm), (c) blue channel (E,: 405 nm, E,,: 430-500 nm), and (d)
the merged. Scale bar = 10 pm.

element distribution and the successful doping with Eu and
Dy (Fig. S471). The confocal microscopy images strongly suggest
the core-shell structure of the phosphors, in which the red
luminescent cores were uniformly encapsulated with the blue
luminescent shells (Fig. 1b-d and S57). All these results clearly
indicate the successful synthesis of the unique phosphors.
Next, we investigated the photoluminescence behavior of
the phosphors to confirm their solar energy conversion ability
(Fig. 2). The emission spectra upon excitation at 365 nm (UV
light) and 530 nm (green light) were first obtained. As shown
in Fig. 2a, upon 365 nm excitation, two emission peaks at
470 nm and 650 nm were observed, which fall in the blue and
red regions of the CIE 1931 chromaticity diagram with the
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Fig. 2 (a) The images and emission spectra of the phosphors, (b) the
excitation—emission maps of the phosphors under the excitation in the
UV (left) and green (right) light regions, and the curves on the right side
are the absorption spectra of chlorophyll a and b, and (c) the afterglow
images and decay curves.
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color coordinates of (0.1799; 0.2014) and (0.7078; 0.2921),
respectively (Fig. S67). Meanwhile, upon 530 nm excitation, a
red emission peak with the same shape as that on excitation at
365 nm appeared. Such emissions could be ascribed to the
4f®5d" — 4f7 transition of Eu®" in the core and shell structure,
respectively (Fig. 1).>"*° The light conversion of the phosphors
in the broad UV (e.g. 300-380 nm) and green (e.g. 480-590 nm)
spectral regions was then confirmed from the excitation-emis-
sion matrix, in which the strong emission bands that well over-
lapped with the absorption bands of the photosynthesis pig-
ments were observed (Fig. 2b). Furthermore, as shown in
Fig. 2c, after the stoppage of UV light irradiation, a bright blue
afterglow emission that could last for more than 4 hours was
also observed. This long-lasting luminescence could be attrib-
uted to the storage and retention of the photo-excited electrons
from the 4f” — 4f°5d" transition of Eu** by the conduction
band of Sr,MgSi,0; (Fig. 1a).° The spectrum of the afterglow
emission greatly overlapped with the absorption spectra of the
photosynthetic pigments (Fig. S71). These optical character-
istics clearly indicated that the obtained phosphors are very
promising for efficiently converting the photosynthetically
harmful UV region and the low active green region of the sun-
light into photo-synthetically active blue and red light that can
be fully utilized by photosynthetic organisms in nature.
Importantly, such phosphors are highly capable of storing
solar energy to emit under gloomy and dark conditions, which
could thus serve as a highly efficient photosynthesis platform
working under all-weather conditions. Notably, beside the
advanced solar energy regulation capability, the core-shell
phosphors’ structure also showed a promising stability for
their application in aqueous solution (Fig. S8t).

In order to fully utilize the sunlight-regulating function of
the phosphor materials in photosynthetic organisms, we
further fabricated a phosphor doped porous 3D scaffold
(PP3DS) as the culture platform. Typically, PP3DS was prepared
through a sacrificial template method with polystyrene (PS)
sponge as the template and a phosphor doped agarose hydro-
gel as the skeletal material (Fig. 3a). The resulting scaffold
showed a highly porous structure composed of a well-intercon-
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Fig. 3 (a) Fabrication of PP3DS. (b) Photographs of PP3DS and its mor-

phology (scale bar = 500 pm). (c) The time-lapse images and afterglow
intensity of PP3DS after 30 min solar irradiation.
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nected spherical pore network with an average pore size of
more than 200 pm and a porosity of up to 70% (Fig. 3b and
S9t), which is sufficient to provide enough space for micro-
algae (~10 pm in diameter) cultivation. Growing in a cavity sur-
rounded by the matrix encapsulated with phosphors, micro-
algae can, to the utmost extent, utilize the converted light and
afterglow emission. Moreover, this porous cultivation system
can greatly facilitate light dilution and prove uniform distri-
bution to further improve the overall sunlight utilization by
photosynthetic organisms.

The afterglow light density of the scaffold was also
measured to explore the possibility of the afterglow emission
to initiate photosynthesis. Typically, after 30 min sunlight
irradiation, the scaffold can give a strong afterglow emission
over 4 mW cm™2 in the first 30 min. Even after 4 h, the after-
glow intensity is higher than 0.3 mW cm™>, although this
value is much lower than the sunlight intensity, which is
enough to trigger photosynthesis in microalgae.*” Considering
the microalgal growth within the scaffold cavities, which is
surrounded by and also close to the afterglow of the phos-
phors, the actual light harvested by microalgae will be likely
much higher than the measured value. Furthermore, such
PP3DS exhibited promising stability. There was no apparent
attenuation in the optical properties of the scaffold even after
one-month placement (Fig. S10t1). Meanwhile, there were no
obvious metal elements dissolved in water after immersion
with PP3DS (Fig. S117), clearly indicating its stability for long-
term wusage with minimal concern for environmental
contamination.

We then investigated the growth of microalgae using PP3DS
as the culture scaffold. The indoor culture under a metal-
halide lamp, a commonly used light source to mimic the sun-
light, was first shown with one typical model microalga,
Chlorella vulgaris (C. vulgaris). As a frequently studied green
unicellular microalga, C. vulgaris is also known as an impor-
tant source of dietary supplements containing a high level of
proteins, vitamins, and unsaturated fatty acids.*® In order to
simulate the weather variation, the cultivation was exposed to
9 h of daily light irradiation with a light/dark cycle of 1.5 h/
0.5 h applied. After cultivation under different conditions, the
microalgae were harvested and the density was quantified by
monitoring the absorbance at 680 nm (ODsgg). Notably, com-
pared with plant microalgae that have a very short growth cycle
of just a few days, in our experiment, the ODgg, value of micro-
algae was used to monitor the cultivation. As shown in Fig. 4a,
after a four-day cultivation in the pure culture medium, the
optical density of microalgae increased by about 0.3. As
expected, the increment greatly enhanced when PP3DS was
immersed in the medium as the culture scaffold (Fig. 4a).
Moreover, this enhancement increases gradually with the
increasing amount of phosphors doped in PP3DS and tends to
be stable when the doping amount reaches 60 mg mL™". At the
doping amount of 60 mg mL™", the increment of the micro-
algae density (ODgg) in PP3DS reaches 0.7, which is ~1.3 fold
higher than that in the pure medium. Using PP3DS as the
culture carrier, significantly enhanced photosynthesis was also
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Fig. 4 (a) Growth of C. vulgaris in medium and in the presence of
PP3DS fabricated with different phosphor concentrations. (b) The
growth of different microalgae species in medium with or without
PP3DS. (c) The relative ROS levels in C. vulgaris cultured with or without
PP3DS. Significant difference: ***P < 0.001. (d) The outdoor growth
curves of C. vulgaris with or without PP3DS.

achieved in other different industrial microalgae species
(Fig. 4b), revealing the versatility of our energy converting and
storing system for efficient photosynthetic applications in
different organisms.

To understand the intrinsic roles of light regulation in
enhancing photosynthesis, we studied the growth of micro-
algae under different light irradiation. As shown in Fig. S12,f
neither the continuous UV light nor the green light alone
could support the fast growth in microalgae. However, under
the same UV and green light conditions, a significant enhance-
ment in the microalgae growth was readily achieved in our
PP3DS culture system, strongly suggesting the capability of
PP3DS to transfer photosynthetically harmful UV and low
active green light to photosynthetically active radiation that
augments the photosynthesis efficiency. Moreover, on cultiva-
tion under dark conditions, no apparent growth of microalgae
was found, while in the presence of irradiated PP3DS, obvious
growth of microalgae was observed (Fig. S137). These results
clearly suggest the possibility of the afterglow effect to support
photosynthesis during dark conditions. Additionally, the
photon conversion would eliminate the harmful UV light,
which could be another reason for the enhanced photosyn-
thesis.'® Indeed, compared with that placed under dark con-
ditions, microalgae cultured in the medium under light
irradiation without PP3DS exhibited obvious ROS stress
(Fig. 4c and S147). Notably, a remarkable ROS decrease was
observed on using PP3DS as the culture carrier (Fig. 4c and
S147). These results suggested that PP3DS can shift UV light
irradiation and thus minimize the adverse effect on photosyn-
thesis caused by ultraviolet light.

Considering the feasibility of the PP3DS scaffold in indus-
trial bio-production, we validated its performance in outdoor
culture under direct solar irradiation. As shown in Fig. 4d, the
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microalgae showed a very low growth rate even after six days of
cultivation in the medium without PP3DS. Excitingly, in the
presence of PP3DS, a 3.7-fold increase in the photosynthetic
output could be easily achieved with the net production
increased by more than 5-fold. Moreover, this PP3DS scaffold
can be reused for different cycles without noticeable attenu-
ation in the performance (Fig. S15t), thus unequivocally indi-
cating the promising capability of the as-developed scaffold
towards outdoor cultivation.

In summary, we have demonstrated a smart photosynthesis
platform with a robust sunlight recomposition and storage
capability that could significantly augment the photosynthesis
efficiency in different photosynthetic models. Using this plat-
form the photosynthesis in microalgae was significantly
enhanced by more than 1-fold in indoor culture and more
than 5-fold in outdoor culture under direct solar irradiation.
Moreover, this platform is environment-friendly, stable, and
reusable, which provides valuable solutions towards augmen-
ted photosynthesis, and would thus boost the economic viabi-
lity of microalgal food or biofuel industrial production in the
near future. It is true that there is still a long way to go to
industrialize the current system. To realize the industrial appli-
cation of the current system several research studies from the
following aspects should be further performed, including (i)
simplifying the synthesis process of phosphor materials for
mass synthesis, (ii) using glass or other materials to construct
phosphor doped porous 3D scaffolds to further improve the
stability and long-term usability, and (iii) construction of reac-
tion vessels with gas supplement function and microalgae
harvest assist function for large-scale cultivation.
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