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Photosynthesis is regarded as the foundation for sustaining planet living, and light-harvesting is the initial step
of photosystems and activates the subsequent photochemical reactions. However, the incomplete match
between the solar radiation spectrum and absorption profile of chloroplasts limits the full absorption and
utilization of sunlight by the photosynthetic pigments. Here, we designed two new aggregation-induced
emission (AIE)-active molecules with activated alkyl groups (TPE-PPO and TPA-TPO), and realized the
substantial manipulation of live chloroplasts via facile metal-free “Click” reaction. Owing to the matched
photophysical properties, the AIE luminogens (AlEgens) could harvest harmful ultraviolet radiation (HUVR)
and photosynthetically inefficient radiation (PIR), and further convert them into photosynthetically active
radiation (PAR) for chloroplasts absorption. As a result, the conjugated AlEgen-chloroplasts exhibited better
capability of water splitting and election separation for adenosine triphosphate (ATP) generation, which are
important products in photosynthesis. This is the first AlEgen-based conjugation strategy reported for
improving solar-energy utilization and augmenting photosynthetic efficiency.

INTRODUCTION

The sun directly or indirectly provides solar and thermal energies for almost all living organisms. And the familiar
chemical fuels (e.g., coal, petroleum oil, and natural gas) essentially is the conversion and transmission from solar
energy as well.(1) Most of the solar energy is converted to chemical energy and stored in green plants by
photosynthesis, and all our foods extraordinarily rely on the photosynthesis in origin.(2) So the fact is that the sun
supports all life on the earth, and the photosynthesis is the foundation of sustaining planet living. As the discovery and
study in 1954, the isolated chloroplast (cp) was found to be the basic light-driven metabolic factory of higher plant
cells where carbohydrates and oxygen are produced from carbon dioxide and water.(3, 4) The contained chlorophyll
A and chlorophyll B are the main photosynthetic pigments of chloroplasts. As the initial step of photochemical reaction,
they could harvest the sunlight and activate the subsequent process.(5) However, not all solar energy could be absorbed
and utilized by the photosynthetic pigments because of the incomplete match between the solar radiation spectrum
and the absorption profile of chloroplasts. The absorbance of the chlorophyll A and chlorophyll B is mainly located
at blue and red spectral regions (Fig. 1a), while the solar energy is distributed evenly across the entire spectrum,
without any gaps, dips, or spikes.(6) Additionally, the nonvisible ultraviolet region is likely to be a harmful radiation
source, resulting in the damage of DNA and protein.(7) To improve the efficacy of photosynthesis, the required
effective strategy is that can regulate the natural photosynthetic unit and redistribute the solar energy.

Several materials have been tried to convert the unutilized solar energy into photosynthetically active radiation
(PAR).(8-11) Among them, partly natural characteristics of inorganic luminescent materials have shortages of high
cost of raw material, difficult operation for purification, and poor. In contrast, organic fluorescent materials could
avoid these drawbacks and thus they are more suitable for this domain.(2, 12-14) But some of the hydrophobic
fluorescent dyes are apt to present as an accumulation state, and suffer from aggregation-caused quenching (ACQ)
effect in aqueous.(15) The excitons of ACQ molecules dissipate their energy through nonradiative decay, rather than



photoluminescence. Obviously, they are not well-matched materials for the goals of highly efficient solar energy
transfer and conversion.

On the contrary, the concept of aggregation-induced emission (AIE) describing an unusual photophysical
phenomenon was proposed by Tang et al. in 2001, in which the accumulated molecules could still exhibit strong
fluorescence instead of emission quenching.(16) As the defined mechanism of the AIE phenomenon, the aggregates
of AlEgens could lead to the restriction of intramolecular motion (RIM) and largely inhibit the nonradiative decay,
resulting in the escalation of luminescence.(17) It means that the excitation energy of molecules is more likely to
appear as optical energy, rather than other pathways. So AlEgen is a more desirable choice for light-harvesting and
solar energy conversion. Inspired by the concept of cellular engineering,(18) chloroplast-based bioconjugation is a
proper way to introduce AlEgens into the photosynthetic systems. Just like the manipulation of a live cell, the
conjugation strategy toward chloroplast is more beneficial to explore the scientific essence and maximize
photosynthetic efficiency. And the double-membrane envelope and complex internal organization of chloroplasts
could apply many possible reactive sites for the proposed modification. Considering the requirements of mild reaction
condition, facile site-specificity, and the maintained biofunction, the satisfied metal-free bioconjugation reaction
between activated alkynes and native amino groups is projected in this strategy.(19, 20)

In this contribution, we designed two novel AlEgens with activated alkyne groups by the derivatization of
tetraphenylethylene (TPE) and triphenylamine (TPA). By conjugation strategy, they were successfully modified on
the chloroplasts through the metal-free “Click” reaction based on high reactivity of alkynes to amines (Fig. 1b). Owing
to their excellent light-harvesting and energy transfer ability, the synthesized TPE-PPO and TPA-TPO respectively
realized the conversion of harmful ultraviolet radiation (HUVR) and photosynthetically inefficient radiation (PIR)
into the photosynthesis active radiation (PAR). The AlEgen-chloroplasts bioconjugation effectively improved solar-

energy utilization and photosynthetic activity.
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Fig. 1. (a) Diagrammatic illustration of solar energy conversion from harmful ultraviolet radiation (HUVR) and photosynthetically inefficient
radiation (PIR) to chlorophylls A and B in chloroplasts (cp) for augmenting photosynthesis. (b) Facile conjugation of AIEgens to cp via metal-free
“Click” reaction of activated alkynes and natural amino groups under ambient conditions. ¢ and d) The absorption (Ab) and emission (Em) spectra
of the alkyne-functionalized AlEgens: TPE-PPO (c) and TPA-TPO (d).



RESULTS AND DISCUSSION

The photophysical property of the AlEgens was first investigated, which was useful to evaluate the light regulating
ability and the possibility of energy transfer. Refer to the absorption spectrum of chloroplasts (Fig. S7), the wavelength
of solar energy less than 350 nm was hard to be captured by the chloroplasts, while the blue and red lights could be
efficiently absorbed for photosynthesis. Coincidentally, the absorption range of TPE-PPO was from 300 to 400 nm,
and the emission range was from 400 nm to 650 nm with blue fluorescence (Fig. 1c). The spectral matching suggested
that the TPE-PPO could convert the ineffective HUVR into blue fluorescence for chloroplast absorption. Similarly,
the absorption range (around 500 nm to 680 nm) of TPA-TPO belonged to the photosynthetically inefficient radiation
(PIR) of solar energy, while the red fluorescence (540 nm to 780 nm) could be capture by chloroplast (Fig. 1d). And
then the titration experiment of AlEgens toward chloroplasts was conducted to further verify the hypothesized idea of
energy conversion (Fig. S8). With the addition of the chloroplasts, the emission intensity of AIEgens was decreased
gradually. This phenomenon demonstrated that the emission from AlEgens could be efficiently captured by
chloroplasts, and the typical energy transmission from AlEgens to chloroplasts was accused. So, the matched optical
characteristic indicated that the TPE-PPO and TPA-TPO are expected to intelligently regulate solar light as the plant
demand and further promote the solar-energy utilization and photosynthetic effects.

We further investigated their AIE effects and metal-free “Click” reactivity, which are important for the manipulation
of chloroplast and the solar-energy capture and utilization. As one of the most distinctive characters, the AIE
phenomenon contributed to the outstanding optical performance of AlEgens in the physiological micro-environment.
As shown in Fig. 2a, 2b and S9, the AIE effect was conducted in DMSO/water mixtures with different water fractions
(fw). TPE-PPO and TPA-TPO both exhibited weak fluorescence emission when the water content was less than 40%,
while the emission intensity gradually increased when further increasing the water content. The peak of TPE-PPO
was at about 515 nm, and that of TPA-TPO was at 630 nm (Fig. 1c and 1d). It demonstrated that both TPE-PPO and
TPA-TPO could form the aggregated state and induce stronger fluorescent signals under the aqueous environment.
So, their quantified AIE effect and photophysical property could satisfy our desirable biological application. Besides,
the AIE effect was a utility tool to qualitatively analyze the metal-free “Click” reactivity of TPE-PPO and TPA-PPO.
The bovine serum albumin (BSA), a single polypeptide and consisted of 59 lysine residues, was treated as the model
target for the conjugated reaction. As shown in Fig. 2c, a clear fluorescent signal could be collected from the AlEgens-
modified with BSA, while the pristine BSA showed very faint fluorescence. Based on the well-defined AIE
mechanism, the linkage between AlEgens and BSA could hinder the inherent intramolecular motion of TPE-PPO and
TPA-TPO, inducing the fluorescence emission. In addition, the conjugation efficiency of the AlEgens-modified BSA
was further quantified by matrix-assisted laser desorption/ionization (MALDI). The positive shift of mass spectra in
Fig. 2d showed that the molecular weight of the modified BSA (more than 67 kDa) was larger than that of the pristine
BSA (around 66 kDa). The further calculated results demonstrated that about two AlIEgen units could link with one
BSA molecule, under a moderate reaction condition. The MALDI results attested to the above fluorescence increasing,
and it verified the covalent reactivity of TPE-PPO and TPA-TPO again. Because approximately 3000 proteins were
involved in the chloroplast and cooperatively worked as the organelle for photosynthesis.(21) It was foreseen that both
the TPE-PPO and TPA-TPO could be modified on chloroplasts stably.
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Fig. 2. (a) Fluorescent spectra of TPE-PPO in DMSO/H20 mixtures with different water fractions (f.). (b) Plots of AIE vs. f,, of AlEgens: TPE-
PPO at 505 nm and TPA-TPO at 603 nm; AIE = I/l,. Insets: fluorescent images of solid powders of PTE-PPO (left) and TPA-TPO (right) taken



under 365 nm illumination. (c) Fluorescent spectra of pristine and AlEgen-conjugated bovine serum albumins (BSA). (d) Laser desorption mass
spectra of BSA and its AIEgen conjugates: TPE-PPO-BSA and TPA-TPO-BSA.
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Fig. 3. (a) Absorption spectra of pristine and AlEgen-cp normalized at 680 nm. (b) Fluorescence spectra of cp and AlEgen-cp. (c) Confocal images
of TPE-PPO-cp, TPA-TPO-cp, and cp. Pseudo green color is from TPE-PPO (Lex=405 nm, Aem=450-550 nm); Pseudo yellow color is from TPA-
TPO (Aex=405 nm, Aem=500-620 nm), Pseudo red color is from chloroplasts (Aex= 488 nm, Aem= 680-750 nm).
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Subsequently, spectroscopy and confocal laser scanning microscopy (CLSM) were used to characterize the
conjugated behavior between AlEgens and chloroplasts. As shown in Fig. 3a and 3b, the characteristic absorption
peak at 360 nm and emission peak at 500 nm of AlEgen-chloroplasts verified that the TPE-PPO has been conjugated
to chloroplasts facilely. Similarly, the absorbance peak at 460 nm and the emission range around 600 nm demonstrated
that the TPA-TPO could do that as well. Relying on the photophysical information, fluorescent microimaging was
applied to provide more direct evidence about the conjugation. As shown in Fig. 3c and Fig. S10, the fluorescence
signal from TPE-PPO and TPA-TPO (pseudo green color and yellow color) were only appeared and well collected in
the AlEgen-chloroplasts. Moreover, these spots partly overlapped and colocalized with the autofluorescence of
chloroplasts (pseudo red color). These visual results further presented the conjugation effects more credibly.
Furthermore, the time-dependent experiments demonstrated that the reaction process was highly effective and accrued
within 20 mins (Fig. S11). All the above results confirmed that the AlEgen-chloroplasts had been constructed by a
facile conjugation strategy.

The above hypothesis about the improved photosynthetic activity was measured by 2,6-dichlorophenolindophenol
(DCPIP). As an artificial electron acceptor, the DCPIP could trap the electrons generated from the process of water
splitting and electron separation in photosystem Il (Fig. 4a). So the reduction rate of DCPIP could evaluate the
photosynthetic activity of AlEgen-chloroplasts. Following this guild, the decrease of DCPIP absorbance at 600 nm by
AlEgen-chloroplasts was measured and calculated. The optimum state was measured by linking different amounts of
AlEgens (from 1 uM to 4 uM) with 20 mg/mL chloroplasts. Next, they were separately conducted under the irradiation
of 0.5 mW/cm? UV light and 1 mW/cm? visual light. As shown in Fig. S12, all the chloroplast modified with AlEgens
displayed a higher reductive ability toward DCPIP comparing with the pristine chloroplasts, which indicated that
rational conjugation had fewer effects on the bioactivity of chloroplasts. Moreover, the 2 uM TPE-PPO and 1 uM
TPA-TPO could make the chloroplasts reached the optimum test condition. The roles of light-harvesting and energy
transfer of AlEgens was further verified by changing irradiation intensity. Comparing with the pristine chloroplasts,
the TPE-PPO modified ones could result in the absorbance of DCPIP decreasing more rapidly with prolonged
irradiation. And the gap between them could be further widened when the UV light intensity was increased from 0.5
mW/cm?to 1 mW/cm? (Fig. 2b). It was because that the TPE-PPO-chloroplasts generated more electrons from water
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separation and distinctly accelerated the reduction rate of DCPIP under irradiation. And the stronger light could further
promote the photosynthetic reaction rate. Similarly, the chloroplasts modified with TPA-TPO presented a promoted
tendency under visual light irradiation. These results testified that the light conversion effects of TPE-PPO and TPA-
TPO contributed to the improved photosynthesis by applying more energy for chloroplasts absorption. As another
important product of the photosynthetic system, the adenosine triphosphate (ATP) was investigated and measured by
the luciferin/luciferase assay in addition. The results demonstrated that both the UV and visual irradiation could drive
the AlEgen-chloroplasts to generate more ATP (Fig. 4c). The increased yield of ATP was consistent with the electron
separation results of DCPIP assay. The mechanism of the optimized light-harvesting ability was further confirmed by
chlorophyll fluorescence parameters. The results showed that the AlEgens could improve the light absorption
capability, energy trapping, and energy efficiency for electron transfer of per reaction center of the chloroplasts (Table
S1). So the more efficient solar energy utilization can be described as the promoted light-harvesting and energy
transfer. The bioconjugation strategy based on TPE-PPO and TPA-TPO can noticeably augment the photosynthesis

of chloroplasts.
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Fig. 4. (a) Simplified illustration of photoinduced electron generation (PEG) in the photosynthesis process of cp; reaction schedule for evaluating
PEG efficiency by 2,6-dichlorophenolindophenol (DCPIP). b) Time dependence of absorbance of DCPIP at 600 nm in aqueous suspensions of
pristine and AlEgen-cp under irradiation of (upper panel) UV light of 0.5 (weak, w) and 1 mW/cm? (strong, s]; (lower panel) visual light of 1 (weak,
w) and 2 mW/cm? (strong, s). ¢) Production of adenosine triphosphate (ATP) in pristine and AIEgen-cp in the dark (d) and under light irradiation
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CONCLUSION

In summary, we synthesized two new AlEgens with the activated alkyne units, and further artificially conjugated them
on chloroplasts by metal-free “Click” reaction at a mild condition. For the reconstructive photosynthetic system, due
to their outstanding light-harvesting and energy transfer characteristics, the ultraviolet and green light irradiations
could be respectively absorbed, and converted into blue light and red light for the photosynthesis of chloroplasts. In
this way, the AlEgens realized the conversion of harmful ultraviolet radiation (HUVR) and photosynthetically
inefficient radiation (PIR) to the photosynthesis active radiation (PAR) for more effective photosynthetic reactions.



In this proof-of-concept study, the constructed AlEgen-chloroplasts with enhanced light-harvesting ability owned
better capability of water splitting and electron separation for more ATP production. The facile conjugation strategy
could efficiently improve solar energy utilization and augment the photosynthetic efficiency. Furthermore, this work
exhibited that the excellent optical functional materials had enormous potential to develop modern bioenergy in the
future. The material chemists have a great stage for reforming the chloroplasts, optimizing the photosynthetic system,
and transforming nature.
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