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Abstract

Excessive CO; from human activities was released into atmosphere, resulting into global
climate change. Microalgae play a significant role in carbon sequestration, whereas the low
quantum efficiency during photosynthesis limits the application of microalgae cultivation in plant
carbon fixation and sustainable solar energy conversion. In this study, the mixture containing red
and blue fluorescent carbon quantum dots were utilized to enhance microalgal carbon fixation due
to their tandem synergies both in vivo and in vitro. The biohybrid system demonstrated a 1.8-fold
increase in carbon fixation and a 1.6-fold increase in energy storage capability. The improved
extracellular conductivity and enhanced anaerobic photosynthesis indicated that extracellular
electrons are internalized into intracellular photosystem II (PS-II). Furthermore, reduced oxidative
stress and an optimized ratio of photosystem I/II activity (~1.6) confirmed the synergy of electron
transfer from PS-II to PS-1. Specifically, the CQDs facilitated efficient electron transport along the
entire electron transport chain, enhancing both extracellular electron uptake and intracellular
electron flow between PS-II and PS-I. This study represents the first instance of enhancing
photosynthetic carbon fixation in microalgae through tandem synergies along the entire electron
transport chain. These findings offer a novel approach for carbon recycling and sustainable energy
generation via photosynthesis, providing valuable insights for the rational design of conductive
nanomaterials aimed at activating photosynthetic electrons for both extracellular and intracellular
processes.
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1. Introduction

Over the past decade, approximately 18.7 billion tons of CO> have been released into
atmosphere annually, significantly contributing to the intensifying greenhouse effect. [1]
Photosynthesis is the dominate metabolic process through which green plants and cyanobacteria
fix carbon dioxide and water to synthesize carbohydrates, powered by sunlight. [2] Among various
photosynthetic organisms, microalgae are particularly noteworthy, contributing over 50% of the
global carbon fixation efficiency in plant while also converting carbon dioxide into valuable
chemicals such as antibiotics, proteins and lipids etc. [3] However, the low efficiency of solar-to-
biomass energy conversion in microalgae has primarily limited their overall photosynthetic
efficiency. [4] The core of photosynthesis lies in converting solar energy into chemical energy
through electron flow, yet microalgae exhibit a low electron flow efficiency of merely 4%, severely
limits their capacity for carbon fixation. [5, 6] Much efforts were attempted to activate the
photosynthetic efficiency in microalgae, such as the regulation of light wavelength [7] and co-
culture with other microorganism. [8] The first method might activate pigments in photosystems,
whereas the activation difference might result into photo protection to limit the algal
photosynthesis. The latter strategy might develop the algal photosynthesis by the mutualism
process. However, the introduction of other microorganism might result the nutrition competition
to inactivate microalgae.

During photosynthetic electron flow, extracellular electrons can be transformed into
intercellular photosystem (PS) via transmembrane transport and linear electron flow (LEF). In the
research of algae-supported microbial fuel cells, microalgae were utilized as the electron transport
medium between cathode and anode chamber. This independent unit should transfer electrons in
the microalgae species. [9] Enhancing microalgal carbon fixation by suppling additional active
electrons suggests the potential of utilizing extracellular electrons within intracellular PS-II. [10]
Extracellular electrons from electroactivity extracellular polymeric substances (EPS) may be
carried into intracellular PS-II by binding proteins and proper potential effect. [11] These
extracellular electron transfer (EET) processes can provide more excited electrons for Calvin cycle,
thereby enhancing carbon fixation. Efforts have also been made to improve conductivity in PS-I
or II, aiming to enhance LEF electron transport from PS-II to PS-1. Activation of PS-II via blue
light regulation, coupled with enhanced electron transport, can assist the Hill reaction, providing
additional active electrons to support carbon fixation.[12] Similarly, red florescent semiconductors
have been shown to increase electron excitation in PS-I, generating NAPDH to supply sufficient
energy for LEF. [13] However, most research has focused on the activation of single PS, often
leading to the imbalanced reactions. Overexcitation of electrons within the photosystems can
overload the electron chain, potentially generating reactive oxygen species (ROS) in respiratory
chain, which can damage microalgae. [14] Given the complexity of the entire photosynthetic
process, researched have long grappled with the challenge of regulating and activating the entire



electron chain in a tandem manner.

Strategies that activate extracellular-intracellular electron transfer and optimize intracellular
PS enhancement hold significant promise for boosting microalgal photosynthesis. Nanomaterials,
in particular, may facilitate electron conductivity for electrons transfer. Additionally, the
intracellular Emerson effect suggests the influence of light spectra and phototropism on
photosynthesis, where multi-colored light enhances the activity ratios of PS-I and PS-II. [7, 15]
Therefore, tandem synergies at both the extracellular and intracellular levels require the
incorporation of low-toxic, conductive, and fluorescence-controllable nanomaterials into
microalgae cultivations. Non-metallic carbon quantum dots (CQDs) are highly advantageous in
biological systems due to their low toxicity and excellent bioavailability. [ 16] Unique structure in
carbon quantum dots (CQDs) provides notable conductivity, making them suitable for applications
in bioelectronics and biosensors. Furthermore, their fluorescence properties can be tuned via
surface modifications, potentially enhancing photosynthesis through the multi-excitation in
chlorophyll. [17] These characteristics make CQDs ideal candidates for improving photosynthesis
efficiency through tandem synergies. Previous studies have confirmed that CQDs from antibiotics
and citric acid can enhance microalgal photosynthesis by activating extracellular or intracellular
electron transfer pathways. [18-20] However, the potential for CQDs to synergistically enhance
the entire electron flow remains underexplores. This limitation could potentially constrain the
comprehensive understanding of the photosynthetic mechanism and hinder the rational design of
more effective enhancement strategies.

In this study, the carbon fixation performance of microalgae was significantly enhanced by
incorporating mixed carbon quantum dots (CQDs) containing red and blue emission into the
cultivation medium. This research represents the first attempt to augment microalgal
photosynthetic activity through tandem synergies, focusing on enhanced extracellular-intracellular
electron transfer and balanced activation of two intracellular photosystems across the entire
electron transport chain. Photosynthetic performance was systematically evaluated by measuring
carbon fixation rates and the relative activities of key enzymes. Furthermore, we demonstrated the
intracellular utilization of extracellular electrons in photosynthesis through anaerobic
photosynthesis assays and photoelectric experiments. The balance between photosystems was
quantitatively confirmed by analyzing the active sites of each photosystem and monitoring LEF.
Notably, the optimized ratio of PS-I/PS-II activity (~1.6) and reduced oxidative stress highlighted
the synergistic electron transfer from PS-II to PS-I, which was facilitated by the CQDs. This study
provides a novel approach to advancing carbon neutrality and sustainable energy production by
integrating functional nanomaterials with photosynthetic organisms. The findings offer valuable
insights into the rational design of conductive nanomaterials for enhancing both extracellular and
intracellular electron transport in photosynthesis.

2. Materials and Methods



2.1 Microalgae culture

The photosynthetic microalgae species, C. pyrenoidosa (strain No. FACHB-9) and
Tetradesmus obliquus (strain No. FACHB-12) were obtained from the Institute of Wuhan
Aquabiology of the Chinese Academy of Sciences, China. The microalgal cultivation process
followed the same protocol as described in our previous study research. [16, 21, 22] According to
prior engineering research, which identified the optimal conditions for carbon fixation efficiency,
C. pyrenoidosa was inoculated at an initial concentration of 1 x 10° cells/mL in each experimental

group.

Multicolor carbon quantum dots (CQDs), including blue (B-), green (G-), yellow (Y-), red
(R-), and a red-blue composition (B+R) at a 4:1 ratio, were used in this study. The composite ratio
followed with previous research in monochromatic light-emitting diodes to enhance microalgal
growth and biodiesel production. [23] All CQDs were prepared at a concentration of 10 mg/L. The
CQDs were dispersed into the culture medium using ultrasound, and the resulting suspension was
mixed with air bubbling throughout the cultivation period. The preparation and characterization of
the CQDs are detailed in Supporting Information Text S1. Considering to enhance the conductivity
of CQDs, the nitrogen-doping was utilized to modify CQDs. [24]

2.2 Cell density and determination of intracellular composition in microalgae

To evaluate the culture efficiency under different conditions, microalgae cells were counted
using a flow cytometer (FACScalibur, Becton Dickinson, USA). During the 10-day cultivation
period, 2 mL of the algae culture was collected daily for cell counting and observation. The specific
growth rate (M), used as a parameter to evaluate microalgae growth, was calculated using the
following equation:

— In(N-Nia)

v (1

where Ny and N;-4 were cell density in the time ¢ and /—A4t. Moreover, At was the time interval
between above two tests.

Detection methods of intracellular substance such as chlorophyll, protein, carbohydrate, and
lipid were all illustrated at Text S2.

2.3 Carbon fixation and energy storing calculation from microalgal photosynthesis

The carbon fixation efficiency of microalgal photosynthesis were counted by the total organic
carbon content in biomass (Ec-biomass) and EPS (Ec.gps), the related content was measured by total
organic carbon analyzer (Shimazu, Japan). The equation for total carbon fixation efficiency (E.-
total) Was proved as follow:



E C-total =E C—biomass+E C-EPS (2)

According to our previous research, the major components of microalgae cells were
carbohydrate, lipid, and protein. The amount of energy produced for complete oxidation was 15.7
KlJ/g for carbohydrate, 37.6 KJ/g for lipid, and 16.7 KJ/g for protein. [25] Thus, the biomass energy
of microalgae was derived from the following equation:

Biomass Energy (k]) = Dry Weight (g) X [Carbohydrate Content (%) x16.7k]/g
+Lipid Content (%) X 36.7Kk]/g +Protein Content (%) X 16.7K]/g] 3)
2.4 Extracellular electron transform validation

Photo-current response and electrochemical impedance spectroscopy (EIS) were utilized to
measure the conductivity of microalgae-CQD composites. [19] In these experiments, the
composite and individual microalgae served as working electrodes, while a platinum electrode and
an Ag/AgCl electrode were used as the counter and reference electrodes, respectively. During the
photo-current response measurements, current intensity was monitored through light-dark cycles
(20s-20s). The Fe(CN)s>" solution (2M) was employed as the electrolyte, with an operating voltage
of 2V for the EIS scanning. The extracellular electron transform was also validated by the
anaerobic photosynthesis experiment, the detail was proved in Text S3.

2.5 Total photosynthetic activity measurement

The total photosynthetic activity was assessed through multi-enzyme quantification and
product analysis. NADP?/NAPDH and ADP/ATP concentrations, along with ATP synthase
activities in various biohybrid systems, were determined following the methodologies of Huang
and Cruz in Text S4. [19, 26] The RuBisCo content was tested as followed by the Ellisa Assay Kit
(Shanghai ruifan Biological Technology Co,Ltd) and the details were enlisted at Text S5.

2.6 Photosystem I/II activity

PS-I activity was assessed using an Fe-S protein assay kit and a chlorophyll fluorescence
meter (PAM-100, Walz). The PS-II activity was determined by measuring oxygen evolution with
a Clark-type oxygen electrode; specific test procedures are detailed in the Supplementary
Information. [19] Additionally, the chlorophyll fluorescence meter was employed for evaluating
PS-II activity. The P515 signal method was used to quantify the number of active PS-I and PS-II
sites in microalgae. [27]

2.7 Analysis of photo-protection stress and electron transportation between PS-1/11

Characteristic substances of oxidative stress, including intracellular reactive oxygen species



(ROS), superoxide dismutase (SOD), and malondialdehyde (MDA), were quantified using
corresponding assay kits (Jiancheng Bioengineering Institute, Nanjing, China) in Text S6. The
non-photochemical quenching (NPQ) index, a crucial metric for demonstrating active electron
quenching and self-oxidation in PS-II, was measured using a chlorophyll fluorescence meter.
Additionally, the efficiency of electron transfer between PS-I and PS-II was assessed using 77K
fluorescence spectra (Text S7). [28]

3. Result and Discussion

3.1 Characterization of CQDs

Several characterizations confirmed the presence of CQDs and delineated their optic-electric
attributes. HRTEM images revealed that the CQDs exhibited nanosphere morphologies and
displayed the (002) plane characteristic of graphite layers (Figure 1a and 1b), indicating successful
synthesis. The CQDs with different size (~5nm for RCQDs and ~3nm for BCQDs in Fig. S1)
interacted obviously and it supported the heterojunction between BCQDs and RCQDs could be
confirmed. In the realm of optical and energy capture, the absorption peaks in the blue and red
regions for microalgae are associated with Soret and Qy transition bands of chlorophyll. (See in
Figure 1c) [29] The emission spectra of B- and R-CQDs significantly overlap with the absorption
spectrum of the microalgae, suggesting a potential for efficient energy transfer in the
photosynthesis. This phenomenon suggested the dual excitation in chlorophyll, which indicated
that the synergistic effect of blue and red emissions enhances quantum efficiency in microalgal
carbon fixation.

The optical and structural properties of CQDs were hypothesized to influence their
fluorescence and conductivity, which could affect the photosynthetic process in microalgae. The
band edges for various CQD samples were situated at 494 nm, 533 nm, 632 nm, and 692 nm,
corresponding to B-CQDs, Y-CQDs, G-CQDs, and RCQDs, respectively (Figure 1d). Using an
empirical equation, the band gaps of these samples were calculated, revealing a progressive
decrease from 2.51 eV to 1.79 eV. The reduction of band gap is inversely related to particle size
and the number of graphite layers, because of the quantum confinement effect. [30] This
hypothesis is further supported by the particle size differences observed in Figure S2. The
observed redshift in the band edges, along with the narrower band gaps, indicates enhanced light
absorption and electron excitation capabilities.
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Figure 1 Characterization of CQDs. TEM imagines of (a) BCQDs and (b) RCQDs with its (002) plan
lattice distance, (c) Florescent spectra of CQDs with the excitation of 420nm and absorption of C.
pyrenoidosa, (d) UV-vis absorption spectra of all CQDs samples in 350-800nm range, (e) photo-current
response of different CQDs samples in mixed 0.1M Fe(CN)¢* and 0.1M PBS solution (100mg biohybrid in
each electrode), (f) CLSM images of overlap, microalgae cells, BCQDs, and RCQDs ex wavelength: 488
nm and emission wavelength:450-780nm in the microalgae with B+RCQDs cultivation (2mL microalgae
solution for scanning microscopy).

Additionally, the B+RCQDs electrode demonstrated the highest photocurrent intensity (See
in Figures 1e and S3), suggesting superior conductivity among the CQD samples. [31] The slow
decay of current from B+RCQDs electrode also suggested the BCQD/RCQD heterojunction
should save electrons for the latter utilization, this continuous recession could be attributed into
the rich conjunction structure in the composite CQDs to attract electrons. [32] This composite
heterojunction may facilitate accelerated intracellular and extracellular electron transport, offering
broad implications for various biological applications. Taken together, characterizations
substantiated the successful fabrication of multicolor fluorescent CQDs. The composite B+R-
fluorescent CQDs, with their enhanced light absorption and conductivity, are posited to bolster the
transformation of photo-electric energy during the microalgal carbon fixation. [33]

The interaction between CQDs and microalgae cells was elucidated using confocal laser
scanning microscopy (CLSM). Figure 1f displays the colocalization of three distinct colors—red



for RCQDs, blue for BCQDs, and yellow for microalgae cells. This colocalization indicates that
BCQDs and RCQDs are present both inside and outside the cell walls of C. pyrenoidosa. This
distribution may influence the microalgae's photosynthetic CO; fixation and overall growth.

3.2 Photosynthetic CO: fixation and growth of microalgae interacted by CQDs

The growth of C. pyrenoidosa was significantly enhanced by the addition of various
fluorescent CQDs in Figure 2a and S4. Compared to the blank, all types of CQDs promoted
microalgae growth, with the enhancement order being Blank < GCQD <YCQD <RCQD <BCQD
< B+RCQD. The same enhanced trend and order also could be confirmed into
Tetradesmus obliquus cultivation (Fig. S5). Notably, cultivation with B+RCQDs (10 mg/L)
resulted in the highest cell density 199.26 (+ 6.87) x10° cells/mL (Fig. S4), surpassing single B-
and R-CQDs by factors of 1.22 and 1.45, respectively. Moreover, in the B+RCQDs with different
concentrations, 10mg/L proved the best efficiency in the microalgae cultivation, which was much
lower than other analogous research, the relative low concentration of CQDs could reduce
environmental toxicity and risk. [19, 34] The maximum specific growth rate (¢max) in Figure S6
corroborates this enhancement, with B+RCQDs showing an 18.70% increase over the blank. This
stimulation may be attributed to the increased intracellular and extracellular electron flux, resulting
the metabolic activation. [35, 36] Efficient electron transportation supports photosynthesis and
Calvin-Benson-Bassham (CBB) cycle, potentially generating more energy precursors, such as
NADPH, ATP, and proteins. [37] The composite B+R-CQDs, with their dual fluorescence, may
induce the dual excitation in chlorophyll, activating photosystems and carbon fixation, thereby
accelerating intracellular electron transport and metabolism.
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Figure 2 The effect of CQDs to microalgal growth and carbon fixation. (a) microalgal cell density in
different CQDs cultivation (The CQDs concentration was 10mg/L), (b) organic carbon content in
microalgae biomass and EPS within different CQDs addition, (c) product concentration from the

microalgal carbon fixation and (d) related biomass energy from microalgal carbon fixation product
(P<0.05, n=3).

The photosynthetic CO> fixation performance showed a total organic carbon increasement
within both biomass and EPS from microalgae cultivated with CQDs (Figure 2b). Among various
CQDs, B+RCQDs exhibited the highest activity in Ec-total (1643.60 = 33.40 mg-L!), representing
a2 29.98% and 67.82% improvement compared to single B (1264.63 + 40.30 mg-L!) and RCQDs
(979.35 £ 32.57 mg-L"). The fixation trends paralleled the cultivation ranking, suggesting a
positive correlation between microalgae growth and photosynthetic CO; fixation. [38] Although
CQDs cannot be separation from samples TOC measurement, its low concentration (10mg = L)
in the algae cultivation suggested its negligible role in the test, comparing to the high TOC
concentration in each sample. Deeply, CQDs cultivation led the more organic carbon content in
EPS, which indicated the more active CO> fixation to secrete extra organic compounds into
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extracellular. Furthermore, comparing into single florescent BCQDs (129.74 + 8.73 mg-L™') and
R-CQDs (132.55 £ 6.57 mg-L "), B+RCQDs cultivation (111.10 + 9.33 mg-L!) proved less EPS
production. (Figure S7) This trend may signal less peroxidation stress to benefit photosynthesis
from dual florescent CQDs. [39]

In terms of biomass, EC-biomass cultivation showed significantly higher total carbon fixation
than B- and R-CQDs, with concentrations at 1532.50 £ 27.73 mg-L!, 1.36 and 1.56 times greater,
respectively. Organic carbon content correlated positively with cell density, as organic compounds
such as lipids, proteins, and polysaccharides constitute the primary framework of microalgae cells.
[40] Consequently, active organic synthesis through the ATP consumption contributed to the high
organic carbon content in biomass, indicating efficient electron transfer facilitated by CQDs
additions. [41] Efficient cell proliferation and more organic carbon content in biomass both present
more COz fixation activity from the B+RCQDs cultivation. Based on biomass and EPS calculation,
it further illustrated the more active photosynthetic performance from composite B+RCQDs
activation. These improvements in microalgal carbon fixation performance show promise for
greenhouse gas mitigation.

3.3 Intracellular substances and energy storing calculation from microalgal photosynthesis

Intracellular substances, such as carbohydrates, lipids and proteins, were products of
microalgal photosynthesis, with their content linked to carbon fixation and energy storage
processes. The CQDs/microalgae biohybrid system enhanced carbohydrates generation could be
confirmed in Figure S8a. Specifically, systems with RCQDs, BCQDs, and B+RCQDs showed
significantly higher carbohydrate content compared to the blank (P < 0.05). Carbohydrates, as
products of CO; fixation, indicate the activity of photosynthesis and electron transport in the C3
and CBB cycles. Their concentration correlates positively with microalgal photosynthetic activity
and increased carbohydrate production from the B+RCQDs biohybrid suggested enhanced
photosynthetic and electron transport activities. [42] Moreover, lipid and proteins are other product
of carbon fixation by energy conversion (Figure 2¢), further indicating enhanced photosynthesis.
The surplus carbohydrates from active photosynthesis promote lipid accumulation through
activation of the tricarboxylic acid cycle. [43] These high levels of intracellular substances
observed underscore active carbon resource utilization by microalgal photosynthesis in biohybrids.

The intracellular substances present in these products serve as ideal bioenergy sources and
valuable chemicals, energy storage within these products was quantified using microalgae
components. Owing to the intracellular substance improvement within CQDs addition, the energy
stocking in microalgal biomass was also developed. (See in Figure 2d) Among various cultivation
conditions, the B+RCQDs addition proved the most energy storage in microalgae components
(55.33 £ 2.45 kJ). The enhanced lipid accumulation and nutrients uptake from CQDs additions
was the main reason for the obvious energy stocking. [44] Comparing to the other cultivation
condition, B+RCQDs showed increases of 86.28%, 45.83%, and 22.59% relative to blank, RCQDs,
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and BCQDs, respectively. The biohybrid composites of CQDs integrated with active
photosynthesis demonstrated potent energy storage via carbon fixation into organic chemicals.
This method presented a green and effective approach for sustainable carbon treatment and
chemical production.

3.4 Enzymes and intermediates analysis for the microalgae photosynthetic activation

The enhancement of photosynthetic activity in microalgae using B+RCQDs was investigated
by assessing key enzymes and metabolites involved in the C3 photosynthetic cycle. [45] The
activity of RuBisCo, a crucial enzyme in converting CO; to C3 carbohydrates, was highest in
microalgae cultivated with B+RCQDs compared to other treatments (Figure 3a). This elevated
RuBisCo activity suggested a metabolic activation effect exerted by B+RCQDs, consist with the
observed enhancement in photosynthetic carbon fixation. Previous studies have indicated that the
increased electron conductivity can stimulate RuBisCo activase, which was modulated by ATP
generated in the electron transport chain. [46] In our study, the heightened activity observed in
B+RCQDs-cultivated microalgae could be attributed to improved electron transport, potentially
induced by the composite nature of CQDs. This active metabolism is further supported by
increased concentration of carbohydrates and the efficient conversion of inorganic carbon in
B+RCQDs cultivation. The active RuBisCo enzymes underscored the effective conversion of light
energy into chemical energy stored in organic compounds.
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Figure 3 Enzymes and intermediates analysis for the microalgae photosynthetic activation. (a) RuBisCo
content in microalgae with different CQDs cultivation in BG-11 medium, 1mL biohybrids in each test
(n=3, P<0.05). (b) ATP/ADP and NADP*/NADPH content in different biohybrid, 0.5mL biohybrids in each
test (n=3, P<0.05), (c) activity measurement of ATP syntheses, the half-decay time could be regarded as
the activity of ATP syntheses, (d) pigment in in different biohybrid (Chl a, chlorophyll a; Chl b, chlorophyll
b; Car, carotenoid).

To substantiate the role of photosynthetic energy and electron carriers in this enhancement,
we conducted a 14-day quantification study. The B+RCQDs treatment exhibited the highest levels
of energy carriers, showing 1.9 and 2.2-fold increase in ATP/ADP and NADP*/NADPH contents,
respectively, compared to the control group (Figure 3b). The enhanced energy carriers suggested
that more light energy injected into electron transform in CBB cycle and carbon fixation by the
B+RCQDs cultivation. [47, 48] The positive effect for the microalgal carbon fixation was also
proved in other red florescent nanomaterials via the PS-I activation. [49] Moreover, real-time PCR
and metabonomic analysis in our previous research and other reports, carbon based-QDs addition
in the microalgae cultivation might activate the metabolism in carbon fixation and fatty acid
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metabolism. These enhancements both beneficial for carbon fixation to accumulate more organic
carbon into lipids. [16, 50] It was likely facilitated by electron and proton transportation from the
conductive CQDs (Figure S8). [51] Moreover, the accelerated electron transport likely influenced
ATP synthase activity by P515 measurements, supporting the enhanced conductivity in the
biohybrid system (Figure 3¢). The H" conductivity in the B+RCQDs biohybrid (11.92 s!) was
superior to that in B- (13.12 s7') and R- (23.43 s') CQDs treatments, indicating the most efficient
ATP synthesis in the B+RCQDs biohybrid. [52] The activation of ATP synthesis is connected to
mitochondrial proteins involved in glucose and lipid metabolism, it was stimulated by active
electron transformation in the mitochondria. [53] Owing to its ideal conductivity, the intracellular
CQDs might act as carriers to shuttle electrons in the mitochondria. The active generation of ATP
and NADPH in the B+RCQDs treatment confirms effective energy and electron transformation in
the photosynthetic carbon fixation.

Pigments such as chlorophylls and carotenoids, serving as major antenna molecules for light
energy absorption and photosynthetic electron excitation, were evaluated. After 14 days of
cultivation, the B+RCQDs biohybrid exhibited significantly higher chlorophyll a content (P <
0.05), indicating improved light absorption for photosynthetic electron excitation (Figure 3d). The
red and blue fluorescence emitted by the CQDs may regulate the synthesis of chlorophyll a (Chl
a), influenced by the light-harvesting capabilities of the microalgae. Additionally, the addition of
composite CQDs improved the chl a/b ratio, suggesting enhanced PS-I activity and electron
transport efficiency compared to single CQDs treatments. [54] (Figure S9) In the photosynthetic
LEF, Chl a excites the light-harvesting complex I (LHC-I) in PS-I, promoting electron transport
and energy conversion from PS-II to PS-I through efficient energy capture. [55] The proper
activation of PS-I also helps to mitigate photoprotection and activate PS-II, because this process
could dephosphorylate in LHC-II. [52] Thereby, B+R-CQDs addition prove the potential to
improve both PS-I and II activity in LEF. The B+R-CQDs also induced the highest carotenoid
concentration, which was 20.36% greater than that of the control. It further demonstrated that B+R-
CQDs may facilitate photosynthetic carbon fixation and intracellular electron transport. Enhanced
photosynthetic carbon fixation in B+RCQDs cultivation is corroborated by enzyme and
intermediates analysis, confirming efficient electron transport observed.

3.5 Photosynthesis enhancement from synergy of extracellular-intracellular electrons
transfer

The role of extracellular electron transfer in the enhancement of photosynthetic carbon
fixation by B+RCQDs merits in-depth analysis, given their ability to facilitate extracellular
electron transfer at the microalgae cell wall. Applying principles from microbial electrochemistry,
we conducted photo-current measurements to evaluate extracellular electron conduction in
microalgae. The weak light current intensity (15.32x107 A-cm?) in the single microalgae
electrode substantiated the poor extracellular electron conduction in microalgae. (Figure 4a and
S10a) The increased current intensity in the biohybrid systems suggests superior conductive
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properties conferred by the addition of CQDs, especially the highest intensity in the B+RCQDs
biohybrid (33.74x107 A-cm™). Furthermore, reduced arc in electrochemical impedance
spectroscopy (EIS) spectra confirms improved extracellular electron conduction in the CQDs
biohybrid, with B+RCQDs demonstrating the most significant effect (Figure 4b and S10b). [56]
The active EPS in the biohybrid likely generated electroactive components such as proteins,
polysaccharides, and humic acids, which, along with the conductive CQDs, served as electron
shuttles in EET. [57] Consequently, the enhanced EET in the B+RCQDs biohybrid was evident, it
might provide more active extracellular electron for intracellular carbon fixation.
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Figure 4 Extracellular-intracellular electrons transfer analysis. (a) Photo-current response and (b) EIS
spectra in different biohybrids, photosynthetic HER activity measurement in in mixed 0.1M Fe(CN)¢*
and 0.1M PBS solution, (c) different biohybrids and (d) agents addition (1.5 mg-L™! Eosin Y disodium salt
(EY) and 100 mg-L! triethanolamine (TEQA)), (¢) histograms of chlorophyll fluorescence characteristics,
(f) Corresponding spider plots of chlorophyll fluorescence parameters from anaerobic PS-II.

Beyond cell-cell transfer, extracellular electrons also penetrate the intracellular metabolic
processes. The anaerobic hydrogen evolution reaction (HER) serves as an effective assay for
demonstrating the promotional effect of extracellular electrons on photosynthesis. The HER rate
in the B+RCQDs biohybrid reached 15.10 umol Hz (mg chlorophyll) “'-h™!, marking a significant
enhancement over 3.23 pmol H> (mg chlorophyll) !-h™!), R-CQDs (2.51 umol H> (mg chlorophyll)
“L-h™!) and blank (1.80 umol Hz (mg chlorophyll) “!-h™!) cultivations (Figure 4c¢). The enhanced
HER in biohybrid supported the previous research that extracellular electrons in microalgae could
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be involved into intracellular LEF in photosynthetic hydrogen production. [58] All HER results
indicated slow EET in the single microalgae and the B+RCQDs could speed up the EET transfer
to reinforce the intracellular photosynthetic carbon fixation. Lipids might work as fat-soluble
electron shuttles to transform extracellular electrons from outer membrane into macroalgae cells.
The intracellular substances measurement validated that the enhanced lipids generation from
CQDs might further assist the electron internalization. [59] To further validate the role of
extracellular electrons internalization, photosensitizer (EY) and sacrificial agent (TEOA) were
employed in the HER with the B+RCQDs biohybrid, resulting in a 23.32% and 34.57%
improvement in hydrogen generation efficiency, respectively (Figure 4d and S11). Moreover, the
addition of these two kinds of agent also activated the blank group without any CQDs and it might
indicates that the improvement was due to electron transmembrane transport rather than electrons
generated by extracellular CQDs. This finding corroborates the promotional effect of the
extracellular-intracellular electron transfer in the photosynthesis.

The carbon fixation enhancement from extracellular electrons internalization was further
investigated using chlorophyll fluorescence transient curves and kinetic parameters in PS-II under
different cultivation conditions. The photochemical quenching coefficient (¢P) increased by 5.34%
with the addition of agents, while the non-photochemical quenching coefficient (¢NP) decreased
by 34.60%, indicating a higher energy consumption in intracellular PS (Figure 4e). [49] In the
energy utilization side, the elevated quantum yield for electron transport (Fv/Fm) and electron
transport rate (ETR) suggest that more light energy and intracellular electrons are being utilized in
the LEF and latter carbon fixation. The chlorophyll fluorescence curve also revealed an increase
in maximum chlorophyll fluorescence (Fm), indicative of activated D1 protein and a greater
capacity for electron acceptance in PS-II. The less energy requirement for complete plastoquinone
reduction (Sm) provides robust evidence for an expanded PQ pool and efficient electron
transformation in the intracellular LEF. [60] All these data both pointed out the effective energy
utilization and effective intracellular electron transform from the extracellular electron
internalization.

In terms of reaction centers within PS-II, the increased number of PS-II reducing centers per
excited cross-section (RC/CSm) indicates a higher density of reaction centers. Energy flux analysis
in PS-II showed that the absorbed energy (ABS) and trapped energy (TRo) per CSn, also increased
with TEOA and EY stimulation. This trend suggested that more photo energy was absorbed and
utilized in the LEF to reduce PQ. In details, more energy input could lead into a considerable
improvement in absorption (Plus), cross-section (Ple), and energy conversion (Pliozar)
performance (Figure 4f). [61] The chlorophyll fluorescence data from PS-II illustrated that
B+RCQDs expedite the internalization of extracellular electrons into intracellular PS-II, facilitated
by their excellent conductivity. These active electrons are subsequently integrated into the LEF,
thereby enhancing the transformation and internalization of extracellular electrons. This process
provided additional electrons and energy to support intracellular photosynthesis and carbon
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fixation.
3.6 Photosynthesis enhancement from synergy of intracellular PS-I/1I electrons transfer

Intracellular electron transfer constitutes a crucial step in the internalization of extracellular
electrons necessary for completing photosynthetic carbon fixation. The energy requirement for this
process is derived from successive electron excitations in PS-II and I. To assess PS-II activity
initially, chlorophyll fluorescence parameters were employed (Figure Sa and S12). The ETR
increased with the addition of CQDs, with B+RCQDs showing the highest enhancement, indicated
greater energy input and electron conduction for carbon fixation. This increase is attributed to the
enhanced electron conduction and light absorbance due to the dual excitation in chlorophyl.
Concurrently, the active generation of NADPH provides additional energy for the reduction of the
plastoquinone pool and phosphorylation of the D1 protein, a key reaction to activate PS-II. [62]
The improved electron and energy transformation in B+RCQDs biohybrids is further evidenced
by a significant decrease in photoenergy quenching indices, like mg and v;. It suggested that the
B+RCQDs conduct the intracellular electron in PS-II to avoid the quenching effect. The superior
intracellular conductive activity of the B+RCQDs biohybrid is corroborated by oxygen evolution
measurements in the Hill reaction. (Figure 5b) In comparison, BCQDs were found to be more
effective in activating PS-II and water splitting than RCQDs, due to the ATP-ADP conversion in
biohybrids. [63] Furthermore, the conductive nature of CQDs may also catalyze
photophosphorylation and RuBisCo activation, facilitating ATP synthesis and consumption for
subsequent energy supply. [64] A series of PS-II measurements indicate that B+RCQDs exhibit
the most efficient activation, with a notable activation trend observed for BCQDs.
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Fig. 5 Intracellular electrons transfer analysis. (a) The time course of oxygen evolution of microalgae with
different CQDs (10mg-L-') cultivation, (b) Corresponding spider plots of chlorophyll fluorescence
parameters from aerobic PS-II, (c) Fe-S contents in different biohybrids, 2mL microalgae solution in each
test (n=3, P<0.05), (d) Corresponding spider plots of chlorophyll fluorescence parameters from aerobic
PS-1, (e) Oxidative stress biomarkers level (P<0.05), and (f) active ratio between PS-I and PS-II in different
biohybrids with 77K emission spectra (exciting the sample at 475 nm and recording emission from 500 to
800 nm, normalizing to the GFP signal at 508 nm).

PS-I activity, which significantly impacts the intracellular electron chain, was also measured
using various methods. Chlorophyll fluorescence parameters revealed an increase in ETR across
all biohybrids (Figure Sc¢ and S13). The rank was enlisted as follow, Blank < GCQD < YCQD <
BCQD < RCQD < B+RCQD. Enhanced ETR and other quantum parameters, such as average
quantum yield (4QY), light capture efficiency (a), and tolerance to light intensity (/x), verified
effective photo-electron energy conversion facilitated by B+RCQDs. The Fe-S proteins, which
served as electron carriers in the LEF at PS-I, were found in higher concentrations in the
B+RCQDs biohybrid compared to other treatments in Figure 5d. Its concentration also positively
correlated with LEF efficiency at PS-I and promoting carbon fixation, due to its electron carrying
function in the LEF. [65] The generation of Fe-S proteins was stimulated by active nitrogen
assimilation and fatty acid synthesis, indicative of efficient microalgal proliferation and
ATP/NADPH production. [66] The dual excitation in Chlorophyl a, with its red tropism from P700
excitation, along with the high conductivity of heterojunction nanomaterials, resulted in the most
significant PS-I enhancement from composite R- and BCQDs. Comparative analysis of single
CQDs indicated that BCQDs were less effective in PS-I activation than RCQDs, contrasting with
the activation tendency observed in PS-II. [67] Systematic detection of PS-I confirmed the superior
conductivity from B+RCQDs and suggests that RCQDs provide greater assistance to PS-1.

The interplay and connection between PS-I and PS-II require investigation, as imbalanced
activity between the two can lead to the generation of excess reactive electrons that may damage
microalgae cells. The active electron conductivity from CQDs resulted in higher levels of oxidative
stress biomarkers, such as ROS, SOD, and MDA, in all biohybrids. Particularly, a high level of
biomarkers and strong photoprotective effect revealed in BCQDs, RCQDs, and B+RCQDs
biohybrids, due to active electron transformation (Figure S14). The B+RCQDs biohybrid,
however, exhibited lower concentrations of oxidative stress biomarkers compared to single CQDs
and the control. [ t revealed a weaker protective effect and higher carbon fixation efficiency within
the intracellular PS. Single PS activation tendency in BCQDs and RCQDs might lead into the
imbalanced PS activity and photoprotection. The weak PS-I activity can disrupt the LEF, affecting
the redox state of intermediate electron carriers. This excitation could degrade D1 proteins and cell
membranes through superoxide radicals and singlet oxygen attack. [68] Moreover, poor PS-II
activity can result in over-reduction of PS-I, causing disturbance of the reaction center by ROS.
[67] The enhancement tendency observed in RCQDs and BCQDs biohybrids is thus associated
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with unbalanced PS activity and oxidative stress, which is harmful for the carbon fixation.

Non-photochemical quenching serves as a photoprotective mechanism to dissipate harmful
ROS and free electrons. NPQ indices in PS-II are correlated with self-oxidation from excess
electron activation (Figure S15). [69] Active NPQ test also emerge excess electron excitations in
RCQDs (1.12) and BCQDs (1.24). In contrast, the lower NPQ in B+RCQDs (0.24) approved the
lower NPQ in B+RCQDs signifies a higher utilization efficiency of photo-electric energy.
Moreover, less quenching also minimized oxidative stress and heat dissipation, these effect both
beneficial for microalgae growth and carbon fixation. The enhanced electron carriers in the carbon
fixation path also displayed the decreased electron waste in oxidation stress and heat dissipation.
[70] Enhanced electron carriers in the LEF, such as ATP/ADP, NADPH/NADP", and Fe-S proteins,
also suggest reduced electron waste in oxidative stress and heat dissipation.

The balance of activity between PS-I and PS-II was directly influenced by the reactive centers
in these photosystems. In microalgae cells, the LHC in PS-I and PS-II acted as antennae to capture
photo energy for electron excitation and carbon conversion. The ratio of reactive centers in PS-I
and PS-II provided evidence of the balance in the photosynthetic system. Gaussian fitting of 77 K
fluorescence emission spectra (Figure 5f and S16) revealed peaks at 685 nm (LHC-II) and 709
nm (LHC-I). [28] Owing to the higher fluorescence intensity at PS-I and II peaks, two PS activation
from CQDs could be confirmed from the CQDs activation. Furthermore, the ratio of peaks
intensity (Isgs/I709) in blank, BCQDs, RCQDs and B+RCQDs were calculated as 1.23, 1.45, 1.13
and 1.31, respectively. Owing to the positive correlation between emission intensity and LHC
activity, the PS-I and PS-II enhancement tendencies corresponding in RCQD and BCQD
biohybrids was confirmed. Moreover, the middle intensity in the B+RCQDs biohybrid represented
the balanced two PS activity in the enhancement and the same trend was also confirmed by P515
detection (Figure S17). [71] The unbalanced PS-I and II in single CQDs biohybrids generate
excess electron in intracellular PS-I or II. Related active products further converse into ROS via
cellular respiration, restraining photosynthetic carbon fixation by D1 proteins destruction in
chloroplasts and peroxidization at cell membrane. [72] This side effect was mitigated by the
composite CQDs, due to balanced activity regulation in both PS-I and PS-II. In summary,
B+RCQDs biohybrid optimized PS-I/Il enhancement to initiate the synergy of intracellular
electrons transfer, activating the intracellular photosynthetic activity for carbon fixation.
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Scheme 1 The mechanism of enhanced photosynthetic carbon fixation in microalgae through tandem
synergies from B/R CQDs

Overall, the enhanced microalgal carbon fixation from tandem synergies could be divided
into two steps (Scheme 1), as following: firstly, the extracellular CQDs assist the extracellular
electrons transform into intracellular PS-II. Secondly, the intracellular B/R CQDs optimized the
PS-I and IT activation for the later LEF and carbon fixation. These tandem synergies work as the
dual promotion in the microalgal carbon fixation.

4. Conclusion

Microalgal photosynthesis plays a crucial role in capturing carbon dioxide and converting it into
valuable chemicals. However, the limited efficiency of photosynthesis, primarily due to slow
electron flow, has hindered the broader application of plant-based carbon fixation. In this study,
we address this limitation by incorporating a mixture of red and blue fluorescent carbon quantum
dots (CQDs) into microalgal cultivation. These CQDs enhance electron transfer, thereby activating
carbon fixation and energy storage. This innovative strategy resulted in a 1.03-fold increase in
carbon fixation and a 0.85-fold increase in energy storage. Given the pivotal role of plants in
photosynthetic carbon fixation, the enhancement achieved through CQD addition holds significant
promise for advancing carbon neutrality and resource recycling.
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Mechanistically, our work unveils a cascade synergy in the photosynthetic electron flow. The
red and blue fluorescent CQD biohybrids, with their superior conductivity, significantly enhance
both extracellular and intracellular electron transfer, thereby boosting photosynthetic carbon
fixation. Through integrated photo-electric experiments and intracellular photosynthesis
measurements, such as quenching effect analysis, we confirmed that extracellular CQDs facilitate
the transfer of extracellular electrons into intracellular PS-II. Further investigation revealed a novel
synergistic interplay between intracellular PS-II and PS-I, driven by the dual excitations mediated
by CQDs. This synergy significantly enhances photosynthetic activity and LEF. To our knowledge,
this is the first study to report such tandem synergies that enhance photosynthetic electron transfer
across the entire electron transport chain.

Our findings provide a groundbreaking approach for improving photosynthetic efficiency and
offer new insights for fundamental research and engineering applications in carbon neutrality
through the integration of functional nanomaterials and photosynthetic plants. However, the
potential side effects of CQDs on microalgae and aquatic ecosystems must be carefully considered.
Based on the photosynthetic electron flow mechanism and the oxidative stress induced by
conductive nanomaterials, future studies should explore nanomaterials-immobilized biofilm
carriers to prevent the release of nanomaterials and mitigate potential environmental risks.
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Highlights
[ Dual fluorescent CQDs were more efficient to activate microalgal carbon fixation.
[ Electron activation in microalgae was confirmed in photosynthetic electron flow.

[l It is the first proof of tandem synergies in the whole photosynthetic electron flow.
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Blue and red florescent carbon quantum dots activated microalgal cultivation and carbon fixation
via in electron transport flows.
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