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Incorporating a molecular antenna 
in diatom microalgae cells 
enhances photosynthesis
Gabriella Leone1,2, Gabriel De la Cruz Valbuena3, Stefania Roberta Cicco4, Danilo Vona1, 
Emiliano Altamura1, Roberta Ragni1, Egle Molotokaite2, Michela Cecchin5, 
Stefano Cazzaniga5, Matteo Ballottari5, Cosimo D’Andrea2,3, Guglielmo Lanzani2,3* & 
Gianluca Maria Farinola1*

Diatom microalgae have great industrial potential as next-generation sources of biomaterials and 
biofuels. Effective scale-up of their production can be pursued by enhancing the efficiency of their 
photosynthetic process in a way that increases the solar-to-biomass conversion yield. A proof-of-
concept demonstration is given of the possibility of enhancing the light absorption of algae and of 
increasing their efficiency in photosynthesis by in vivo incorporation of an organic dye which acts 
as an antenna and enhances cells’ growth and biomass production without resorting to genetic 
modification. A molecular dye (Cy5) is incorporated in Thalassiosira weissflogii diatom cells by 
simply adding it to the culture medium and thus filling the orange gap that limits their absorption of 
sunlight. Cy5 enhances diatoms’ photosynthetic oxygen production and cell density by 49% and 40%, 
respectively. Cy5 incorporation also increases by 12% the algal lipid free fatty acid (FFA) production 
versus the pristine cell culture, thus representing a suitable way to enhance biofuel generation from 
algal species. Time-resolved spectroscopy reveals Förster Resonance Energy Transfer (FRET) from Cy5 
to algal chlorophyll. The present approach lays the basis for non-genetic tailoring of diatoms’ spectral 
response to light harvesting, opening up new ways for their industrial valorization.

Drastic changes in climate and reduction in the availability of raw chemical materials are drawing academic and 
industrial research, as a matter of considerable urgency, towards photosynthetic organisms as living factories for 
the large-scale production of fuels and active chemical products. Phytoplankton have great industrial potential 
in this context, which includes diatoms, the major group of microalgae responsible for ocean pH, worldwide 
carbon recycling and atmospheric  CO2  regulation1. Diatoms are envisioned as a valuable energy and food source 
for the near future, potentially producing more biomass per unit of land area than terrestrial  organisms2. These 
unicellular eukaryotic  microalgae3 are the main oxygen producers in marine  ecosystems4,5 and control the 
Earth’s carbon cycle, as they are responsible for ~ 40% of total organic carbon produced yearly in  seawater6,7. 
Their excellent lipid-accumulation properties make diatoms promising candidates for large-scale production of 
 biofuels8. Further scientific interest in diatoms centers on their suitability for application in  biomedicine9–12 and 
 photonics13–15 given their mesoporous silica cell walls (frustules), whose hierarchically organized nanostructure 
has functions linked to cell protection from predators and harmful solar wavelengths.

Despite the variety of applications, the high costs of large-scale cultivation have so far restricted diatoms’ 
suitability for industrial  production16. A possible way of circumventing this issue is to enhance their growth-
improving photosynthetic efficiency that increases biomass and  CO2  fixation17. In principle, photosynthesis can 
be enhanced by modifying external parameters such as  CO2 concentration, light  intensity18 or algal excitation 
 wavelengths19,20 but these procedures face several limitations including cost of artificial illumination, change of 
the natural light availability, possible photoinhibition phenomena occurring at high irradiances and  CO2 trapping 
in the liquid  phase21. Photosynthetic efficiency can also be enhanced by genetic modification of microalgae, for 
example by inhibiting their photoprotective mechanisms that limit light  absorption22–24. Genetic modification 
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can overcome microalgal non-photochemical quenching (NPQ) by inhibition of genes that normally reduce 
photosynthetic efficiency under high light intensities. Genetic modification has been recently used to enhance 
photosynthesis of microalgae cells also by enlarging their sunlight absorption  capability25. Fu et al. genetically 
expressed the enhanced green fluorescent protein (eGFP) in Phaeodactylum Tricornutum diatoms, with eGFP 
acting as a chromophore capable of absorbing light in solar spectral regions where algal absorption is otherwise 
limited and transferring the collected light energy to the pigment-protein complexes of the photosystem units. 
This approach favored photochemical reactions, allowing to outperform the wild-type parental microalgal strain 
in biomass production rate under outdoor simulated sunlight  conditions25.

Nevertheless, genetic strategies require expensive tools, not straightforward experimental procedures and are 
still limited to a few genetically fully-sequenced species of  diatoms26–28, which inevitably prevents their current 
general industrial application.

In vivo incorporation of tailored organic dyes into microalgae by simply adding them as photoactive nutrients 
into cells culture can, in principle, constitute an alternative photosynthesis-enhancing approach in living algal 
cells, promoting light harvesting without the need for genetic  modification29–32. In last years, organic dyes were 
used to demonstrate the possibility to enhance photosynthesis in green microalgae such as Chlorella sorokini-
una33, Dunaliella salina34 and Nannochloropsis gaditana35: in particular, solutions of spectral shifting dyes were 
located in external cavities surrounding the microalgal photo-bioreactors, thus demonstrating that proximity 
of dyes solution kept separated from the algal culture can ensure transfer of the energy harvested by the dyes 
to algal cells without altering cells viability. However, this approach requires a complex and expensive design of 
photo-bioreactors since direct contact of dyes with cell cultures is avoided to preserve cells, this being incompat-
ible with large scale applications.

Alternative photosynthesis-enhancing strategies, which in principle are more profitable in terms of scalabil-
ity, resort to the incorporation of spectral shifting dyes into living algal cells. The dyes used must fulfill certain 
requirements: (i) irrelevant toxicity for the target living organisms, (ii) light absorption and emission properties 
suitable for energy transfer to algal photosystems, and (iii) amphiphilic chemical structures that are both dispers-
ible in water and easily incorporated into cells. Current literature gives a few examples of studies relating to the 
effects on photosynthesis of the in vivo incorporation of organic dyes in diatoms cells. In particular, rhodamines 
have shown efficiency in penetrating diatom cells and staining both cell wall and  cytoplasm36, but they were found 
to be toxic for various species such as Coscinodiscus granii and wailesii37. Their toxicity was also demonstrated 
for plants and fungal  cells38,39, and the suitability of rhodamines was thus restricted to enhancing the efficiency 
of photosynthetic complexes extracted from photosynthetic  organisms40.Recently, in vivo incorporation of a 
BODIPY (dipyrrometheneborondifluoride) dye into diatom microalgae has been shown to increase diatoms’ 
biomass rapidly in short-term cultivation but a decrease in cell population was observed 24 h after adding the 
dye, revealing overall harmful effects on diatom cultures rather than the expected beneficial cell  proliferation25.

These studies thus confirm that, in principle, enhancement of algal photosynthesis can be pursued by the 
in vivo incorporation of dyes selected to extend algal absorption cross-sections, but the biocompatibility of 
incorporated dyes represents a crucial issue that must be overcome.

Here we demonstrate that, upon simple addition of a cyanine dye (Cy5, Fig. 1) to the culture medium of 
Thalassiosira weissflogii diatom cells, the dye incorporation into cells occurs without altering cells viability 
and induces an increase of light-dependent cell density (40%), biomass (23%) and lipid (12%) production, by 

Figure 1.  Effects of in vivo incorporation of the Cy5 antenna dye in Thalassiosira weisflogii diatoms. Scale bar of 
the confocal diatoms micrograph: 10 µm.
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improving diatoms’ spectral response to light harvesting with no need for genetic engineering. The enhance-
ment of photosynthetic activity of Cy5 treated versus pristine diatoms was also confirmed by 49% increase of 
light-dependent oxygen production.

Confocal microscopy reveals that Cy5 rapidly penetrates into cells, being located both into frustules and 
organic protoplasm. Time-resolved spectroscopy indicates that energy transfer compatible with a FRET mecha-
nism occurs between Cy5 and the chlorophyll a of living diatoms.

This proof-of-concept paves the way for the development of light harvesting dyes that, upon incorporation 
into living algae cells, can enhance photosynthesis and potentially favor large scale production of biomass to be 
used in different industrial sectors.

Results
The antenna dye. Cy5 is a cyanine dye selected as a model molecular antenna due to its (i) commercial 
availability, (ii) recognized suitability as an imaging tool for biomolecular systems, (iii) amphiphilic chemical 
structure (Fig. 1) favoring both molecular dispersion in aqueous media in the presence of biocompatible con-
tent of dimethylsulphoxide and molecular permeation through cell membranes. Moreover, (iv) light absorption 
and emission properties of Cy5 are suitable for light harvesting and energy transfer to chlorophylls of Thalas-
siosira weissflogii diatoms since Cy5 absorbs light in the range 570–650 nm and emits light at wavelengths (λmax: 
660 nm) where the chlorophyll a absorption in diatoms cells is maximum (Fig. 2). In fact, the UV–vis absorp-
tion spectrum (red line in Fig. 2) of photosynthetic pigments extracted from Thalassiosira weissflogii, shows the 
major Chl a absorption peaks at 430 and 662 nm and less intense peaks due to xanthophylls (480 nm) and Chl 
c (580, 620 nm)41,42. The major Chl c absorption peak at 450 nm is weakly visible, being hidden by xanthophylls 
and Chl a absorption.

Diatoms’ growth kinetics. Diatoms’ growth in culture medium enriched with Cy5 (1 μM final concentra-
tion) was monitored under normal lighting conditions (light: dark 16 h:8 h, light intensity 70 µmol/m2 s) and 
compared to a reference sample of diatoms grown in the absence of the dye (Fig. 3a): in both cases, exponen-
tial growth started after 48 h, reaching a plateau at the 5th day. In particular, the concentration curve of Cy5 
treated diatoms was steeper than in the control in the 48–70 h exponential growth period. After 8 days, the cell 
concentration of the sample treated with Cy5 exceeded the value observed for the control sample by 40%. The 
growth rate, calculated in the exponential phase between 48 and 70 h, was 0.9 ± 0.2 for algae grown with Cy5 and 
0.4 ± 0.3 for the control.

We also observed a 23% increase in biomass dry weight (Fig. 3b) for algae grown for 8 days, under normal 
lighting conditions, in the presence of Cy5 versus the control.

Furthermore, the effect of Cy5 on diatoms’ lipid biosynthesis was explored. The lipid fraction of free fatty 
acids (FFA) was extracted from biomass of both pristine and Cy5 treated diatoms and FFA were subjected to 
esterification reaction to fatty acids methyl esters (FAME). This chemical conversion is commonly performed 
to increase sample volatility and improve resolution of GC–MS analysis. According to the literature, saturated 
and unsaturated C16 FFAs represent the most abundant portion of lipids extracted from Thalassiosira weissflogii 
 diatoms43. As an effect of Cy5 algal incorporation, a 12% increase of C16 FAME lipidome mass was recorded by 
GC–MS (Supplementary Fig. S1a,b).

To check that the increase of algal growth and biomass was effectively related to the photosynthetic 
 enhancement17, we performed the same experiments in absence of light, inhibiting photosynthesis (Fig. 3c). 
In this case, the growth curve of algae incubated with Cy5 did not differ from the control growth curve, thus 
confirming that cell growth and biomass production are dependent on dye photoexcitation and ruling out any 
possible effects of Cy5 in non-photosynthetic related metabolic pathways. As an additional control experiment, 
diatoms were grown in the presence of Cy5 and the culture excited with blue light (410–450 nm), which allowed 

Figure 2.  Absorption spectra of Cy5 (blue continuous line) and pigments (red line) extracted from 
Thalassiosira weissflogii diatoms and emission spectrum of Cy5 (dashed blue line) in seawater.
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algal photosynthesis to occur but excluded the contribution of Cy5 which is not excited at that wavelength 
(Fig. 3d). In this case, too, Cy5 did not affect algal growth with respect to the control.

Photosynthetic activity. The ability of Cy5 to enhance diatom photosynthesis was also investigated by 
measuring the photosynthetic activity as light-dependent evolution of oxygen by cells, in an early exponential 
phase, grown in the presence and absence of Cy5 (Fig. 4a). The presence of Cy5 increases the maximum photo-
synthetic activity (Pmax) by ~ 49% versus the control sample (Fig. 4b). Similarly, the α-parameter, indicating the 
photosynthetic efficiency at limiting light intensity, was increased by ~ 48% (Fig. 4c). Interestingly, an increased 
photosynthetic  O2 production was evident across all the irradiances range herein tested, with a ~ 50% increase 
in Cy5 treated cells (Fig. 4a inset). As reported in the supplementary Table 1, the chlorophyll content per cell 
was not significantly influenced by the presence of Cy5, so the increase in oxygen content was relevant on both 
chlorophyll and cell basis.

These results, together with the light-dependent effect of Cy5, supports the hypothesis that the dye gener-
ates photosynthetic enhancement. In fact, oxygen production is related to the water splitting photosynthetic 
mechanism that fuels electron transport chains; hence, the improved  O2 production in the presence of Cy5 can 
be regarded as plausible proof of photosynthetic enhancement.

Moreover, oxygen consumption in the dark was similar in the presence and absence of Cy5, suggesting that 
there are no major effects of Cy5 on mitochondrial oxidative pathways (Fig. 4c). Increased photosynthetic activity 
was consistent with the increased growth rate.

Location of the dye in the cells. Once the light-dependent effect of Cy5 on diatom growth had been 
assessed, confocal analysis was performed to investigate the location of the dye in Cy5 treated diatoms with 
respect to bare cell structures. Samples were obtained using diatoms incubated with Cy5 in the earlier stage 
(45 min) and in the growth plateau stage (8 days), to evaluate both the incorporation of Cy5 and cell morphol-
ogy related to their viability.

Emission colors were arbitrarily assessed as red and blue for chloroplasts and Cy5, respectively, to distinguish 
their photoluminescence. Confocal microscopy images detected 45 min after incubation unequivocally showed 
the presence of Cy5 in diatom frustules (Fig. 5a: ii. Row 2) where chloroplasts appeared sticked (Fig. 5a: i. Row 2). 
Interference from the fluorescence of photosynthetic organelles in the Cy5 channel, also observed in the control 
sample (Fig. 5a: ii. Rows 1–4) did not allow the location of Cy5 in chloroplasts to be unambiguously assessed. 
The dye’s incorporation in cells was also confirmed observing Cy5 emission in the mitotic septum, as shown in 
Fig. 5a (ii. and iii. Row 2) and in the 3D reconstruction of Fig. 5b 44.

Figure 3.  (a) Curves for diatom growth and (b) biomass recorded, under normal lighting conditions, in the 
presence (blue line) and absence (red line) of Cy5. Curves for diatom growth recorded under (c) darkness and 
(d) blue light excitation.
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Confocal analysis was also performed after 8 days’ incubation with Cy5, i.e. in proximity of the growth pla-
teau. A weak photoluminescence of Cy5 was observed in the cell walls (Fig. 5a: ii. and iii. Row 4), but diatoms’ 
morphology, as well as the location and intensity of chloroplasts’ luminescence (Fig. 5a: ii. and iii. Row 4) con-
firmed the viability of Cy5 treated microalgae versus the control (Fig. 5a: Rows 1 and 3). General morphological 
assessment using bright field microscopies showed that all diatoms, examined at 45 min and 8 days (Fig. 5a: 
iv. Rows 1–4) were able to produce similar box-like silica structures both in the presence and absence of Cy5.

Confocal microscopy images were also recorded for bare and Cy5 treated cells under darkness, in order to 
inhibit photosynthesis (Supplementary Fig. S2). The presence of Cy5 was still evident after 8 days but with a 
weaker signal and, after 8 days, diatoms and chloroplasts changed morphology due to the negative effects of 
prolonged darkness that inhibited photosynthesis. Anyway, the similar pattern of Cy5 distribution in cells either 
light treated or incubated in the dark demonstrates that the localization of Cy5 within the cells is not related to 
light availability.

Time resolved fluorescence spectroscopy. Interaction between Cy5 and the photosynthetic unit 
was investigated in vivo by time-resolved fluorescence spectroscopy measurements using a streak camera, as 
described in the Methods Section. Figure 6a and Supplementary S3 show the temporal decays obtained by inte-
grating the fluorescence signal over the 625–665 nm spectral range, where the contribution of Cy5 is much 
higher compared to Chlorophyll, at different times after incubation of Cy5 with algae. In order to remove the 
free Cy5 (not incorporated into diatoms) we carried out three washing steps with centrifugation collection and 
addition of fresh sea water medium. Temporal decay of the molecular Cy5 dye in seawater was also recorded. 
Figure 6b shows the fluorescence lifetime obtained fitting, with a monoexponential decay function, the temporal 
profiles as a function of the incubation time of diatoms with Cy5. For all the samples we observed a monoexpo-
nential decay, indicating a single population of emitting molecules. This can be ascribed to the removal of free 
dye molecules, not incorporated, by the washing procedure.

Figure 6 b shows a decrease of Cy5 fluorescence lifetime after 24 h incubation and this keeps almost constant 
up to 96 h. Over longer time periods, a recovery of the fluorescence lifetime was detected but even at 144 h, the 
fluorescence decay was still faster compared to the measurements carried out after 45 min (time 0 in Fig. 6a). 

Figure 4.  Light response curves. (a) Algae oxygen evolution rates at different actinic lights in the presence (blue 
line) and absence (red line) of Cy5. (b) Pmax: Experimental data were fitted with hyperbolic function y = Pmax 
* x/(KI + x); (c) α-parameter related to the photosynthetic efficiency at limiting light intensity; (d) Oxygen 
consumption by dark respiration.
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Lifetime decrease of Cy5 is consistent with the FRET process between Cy5 (donor) and Chl a (acceptor). Förster 
radius  (R0), the distance at which energy transfer rate is 50%, for this donor acceptor pair is 5.1  nm42. The FRET 
yield of energy transfer E has been estimated by using the expression

 where τDA and τD are the lifetimes of the donor (Cy5) in presence and absence of the acceptor (Chl), respectively. 
By comparing the Cy5 fluorescence lifetime in the presence and absence of diatoms (Fig. 6b), a FRET yield of 
energy transfer between donor and acceptor of ~ 30% and 10% was evaluated at 24 h and 144 h, respectively.

Immunoblotting quantification of photosynthetic subunits. Immunoblotting analysis was per-
formed with specific antibodies recognizing subunits of PSI (PsaA), PSII (CP43), chloroplast ATPase (ATPase C 

E = 1−τDA/τD ,

Figure 5.  (a) Confocal microscopy image of diatom control (Ctrl), and diatoms grown with Cy5 1 μM after 
45 min and 8 days’ incubation in normal lighting conditions (light: dark 16: 8 h). Red and blue colors were 
arbitrarily assigned for chloroplast and Cy5 emission, respectively. (Size bar 10 μm); (b) 3D reconstruction of 
diatoms incubated with Cy5 after 45 min (Size bar 10 μm).
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Figure 6.  (a) Temporal evolution of Cy5 alone and inside diatoms at different incubation times. (b) Evolution 
of the fluorescence lifetime decay of Cy5 alone and incorporated into diatoms after different incubation times.

Figure 7.  Immunoblotting quantification of photosynthetic subunits. The bands appearing upon western blot 
analysis were quantified by densitometry and normalized to the control case to determine the protein content in 
the Cy5 treated sample.
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subunit) and RUBISCO (Fig. 7), in order to evaluate whether the increased photosynthetic efficiency observed 
in the presence of Cy5 could be related to an effect of Cy5 on the stoichiometry of the photosynthetic apparatus. 
Figure S4 in the Supplementary shows full-length blot. As reported, no major changes were observed for PSI, 
PSII, chloroplast ATPase or RUBISCO content on a chlorophyll basis in the presence or absence of Cy5. These 
results indicate that the increased light harvesting properties of the photosynthetic apparatus in the presence of 
Cy5 did not change the PSI/PSII or the ATPase or RUBISCO/chlorophylls ratios suggesting that the presence of 
Cy5 did not significantly affected the organization of the photosynthetic apparatus.

Discussion
Effective ways of increasing the productivity and growth rate of diatoms have an important impact on their use 
as a source of biomaterials and  biofuels3. The large-scale production of microalgae and related biocomponents 
can be facilitated by enhancing photosynthesis. The use of light-absorbing molecules to increase light collection 
in spectroscopic regions not covered by photosynthetic pigments of the microalgae represents a suitable and 
scalable approach which would rule out the need to use technologies based on genetic modification. A limited 
number of spectral shifting systems and dyes converting unabsorbed wavelength regions from white light sources 
into absorbable light have been reported in the literature 33–35,45. However, due to their toxicity, these dyes had to 
be maintained physically separated from the algal culture, acting, that is, just as spectral shifting solutions. This 
introduces complexity into the structure of bioreactors and reduces the industrial applicability of this approach.

Here we have described a cyanine molecule Cy5 (Fig. 1) functioning as an artificial antenna that can be easily 
incorporated in vivo into Thalassiosira weissflogii diatoms by simple addition to the culture medium, exploiting its 
amphiphilic properties for crossing cell membranes: Cy5 partially fills the diatom pigment absorbance gap in the 
orange spectral region, is non-toxic and leads to increased cells growth and biomass production (Figs. 1 and 3).

In normal white lighting conditions (70 µmol/m2 s), the addition of Cy5 leads to a ~ 23% increase in diatom 
biomass production (Fig. 3b) with a 40% increase in cell density (Fig. 3a) in a week. The enhanced cell density 
mediated by Cy5 was achieved using 1 μM dye concentration, which is significantly lower than that previously 
used for dyes spatially confined from cultures:33 1 μM was selected as the suitable Cy5 concentration after the 
experiments reported in Supplementary S5.

The involvement of Cy5 in the photosynthetic pathway was demonstrated in a preliminary way by evaluating 
the consistent Cy5 light dependent effect on diatoms’ growth in different lighting conditions (Fig. 3). In fact, the 
growth of Cy5 treated diatoms was increased under a white light source that excites the Cy5 antenna (Fig. 3a). On 
the contrary, no effect was observed when diatom cells treated with Cy5 were grown in dark conditions (Fig. 3b) 
or on illumination with blue light (410–450 nm) which is not absorbed by Cy5 (Fig. 3d).

Under white lighting conditions, Cy5 was also found to promote lipid biosynthesis in diatoms: photosynthesis 
is strictly correlated with lipid metabolism in photosynthetic microorganisms and diatoms represent the major 
group of microalgae exploiting fixed inorganic carbon to produce lipidogenic masses, thus representing promis-
ing sources for biofuel  production46. Lipidome has been already investigated in  diatoms43,47, being composed of 
saturated and unsaturated C16 FFAs in high concentration. GC–MS spectrometry carried out after esterification 
reaction of free fatty acids extracted from lipidome of both pristine and Cy5 treated diatoms revealed a 12% 
increase of C16 FAMEs as an effect of the dye incorporation (Supplementary Fig. S1). The increased lipid pro-
ductivity in Cy5 treated cells further reinforced the observed improved photosynthetic efficiency in the presence 
of Cy5, being lipids the macromolecule class with the highest content in chemical energy per gram.

Confocal microscopy images demonstrate the dye’s incorporation (Supplementary Fig. 5). The presence of 
the dye in cells, in close proximity to chloroplasts, is significant when attempting to bring about Cy5-Chl energy 
transfer.

Time-resolved fluorescence spectroscopy (Fig. 6 and Supplementary S3) reveals a decrease in Cy5 excited 
state lifetime over a period of days with a maximum after 24 h of incubation, suggesting that a FRET mechanism 
from Cy5 to Chl a pigments potentiating light harvesting is a plausible explanation for the increase observed in 
photosynthetic efficiency. After 24 h, the observed quenching of the incorporated Cy5 keeps almost constant up 
to 96 h and then it gradually decreases but it never reaches the start value, suggesting that energy transfer occurs 
over days. Slow Cy5 degradation over a period of days and consequent absorbance-emission decay can be held 
responsible for FRET rate fading over time, since reducing the donor concentration determines a consequent 
increase in donor–acceptor average distance.

To further investigate the mechanism of energy transfer from the dye to diatoms pigments, we also explored 
the effect of a 1 µM Cy5 solution acting as spectral shifter physically separated and interposed between the 
culture medium and the light  source33. In this case, no effect on cells growth kinetics was observed (Supplemen-
tary Fig. S6), this supporting the hypothesis that incorporation allows the dye to act as a FRET donor in close 
proximity of diatoms plastid.

Oxygen production measurements provided further evidence of increased photosynthetic activity stimulated 
by Cy5 treatment (Fig. 4). The Pmax parameter (Fig. 4b), indicating the maximum oxygen produced by the Pho-
tosystem II of Cy5 stained diatoms, and the photosynthetic efficiency at limiting light conditions (α-parameter) 
were in both cases strongly increased in the presence of Cy5, with in general 50% increase of photosynthetic 
oxygen evolution in dye treated cells. Differently, no Cy5 effect was observed in dark respiratory conditions 
(Fig. 4d). Cy5 effect on  O2 production occurs both at low and high light irradiance (Fig. 4a): as reported in the 
literature, this result may be due to a photosynthetic apparatus rearrangement to manage the increased excitation 
pressure at the level of the Photosystems due to the increased light harvesting due to Cy5 addition. Accordingly, 
several microalgae exhibited enhanced Pmax when grown at higher irradiances as a consequence of acclima-
tion to these conditions. Similarly, strains selected for having a reduced chlorophyll content per cell, allowing 
for a better penetration of the light available in the photobioreactor, were in many cases characterized by an 
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increased oxygen evolution not only in limiting light, but also in saturating light  conditions48–50. In this case it 
is possible to consider Cy5 treated diatoms as cells experiencing an higher excitation pressure on Photosystems, 
likely inducing adaptation mechanisms in order to manage the increased photon flux 51,52. We evaluated the 
expression of proteins relating to photosynthesis after the incorporation of Cy5 for a week in normal lighting 
conditions. A similar organization of the photosynthetic apparatus was observed in presence or absence of Cy5 
(Fig. 7 and Fig. S4). The possible adaptation mechanisms induced by Cy5 treatment do not include variations in 
the stoichiometry of photosystems or changes in the ATPase or RUBISCO content but they could be related to a 
more efficient production and consumption of ATP and NADPH. Oxygen evolution is related to the onset of a 
photosynthetic electron transport leading to NADPH formation coupled with proton transport from lumen to 
stroma to establish the electrochemical proton gradient used by the ATPase to produce ATP. Hence, improved 
light harvesting by Cy5 causes increased electron transport across the photosynthetic apparatus, as witnessed by 
increased light-dependent oxygen evolution compared to the control, leading to increased ATP and NADPH for-
mation which can then be used by the carbon fixing reactions for the assimilation of  CO2 into organic molecules. 
RUBISCO is a key enzyme for photosynthesis, whose activity is strongly controlled by the organism to manage 
metabolic activity. After 24 h incubation, the RUBISCO content was similar both in the presence and absence of 
Cy5, suggesting that the increased photosynthetic efficiency of Cy5 treated cells is due to increased production 
of ATP and NADPH during the photosynthetic light phase, which are then used by the Calvin-Benson cycle to 
fix  CO2 in the biomass. It is important to note that the adaption of the chloroplast and cell metabolism to the 
increased excitation pressure on the photosynthetic apparatus could be complex: for instance, the increased lipid 
productivity observed in the Cy5 treated cells could be related to the need of increased regeneration of  NADP+ to 
properly manage the increased photosynthetic electron transport caused by improved light harvesting. It is also 
worth noting that the use of a pigment being able to collect wavelengths poorly or not absorbed by chlorophylls, 
as in the case of Cy5, might contribute to mitigate the negative effect for biomass productivity caused by self-
shading in highly pigmented cultures. Indeed, it is well known that self-shading is one of the main limitations 
for microalgae  cultivation49, with the most of light wavelengths absorbable by chlorophylls being absorbed by the 
first layer of the cultures, leaving the inner layers almost in the dark or exposed to wavelength poorly absorbed 
by the photosynthetic apparatus. By using a dye as Cy5, or other dyes properly developed, it would be possible 
to collect these wavelengths not absorbed by chlorophylls, improving the overall light use efficiency of the cul-
tures. To efficiently use Cy5 or other dyes for this purpose it will be important to set-up the dye concentration.

In conclusion, microalgae are highly attractive for industry as feedstock for food and pharmaceutics and as a 
source of lipids for biofuel production. However, the costs of achieving a high rate of growth, the difficulties in 
genetically modifying non model microalgal species for increasing growth, and the resistance of public opinion 
toward genetically modified organisms, limit their industrial use. In this work, we have demonstrated enhanced 
photosynthesis in diatom microalgae that increases biomass and growth without resorting to genetic modifica-
tion. We stained living Thalassiosira weissflogii diatoms with a cyanine Cy5 dye, which partially fills the orange 
absorption gap of the photosynthetic pigments and increases light harvesting. Besides the enhanced growth and 
biomass, including lipid fraction, Cy5 increases diatom oxygen production. The most credited role for Cy5, dem-
onstrated by spectroscopic measurements, is that it acts as an energy transfer donor for chlorophyll. Moreover, 
the energy transfer occurs on Chl a, which is a pigment present in most photosynthetic organisms. This approach 
may thus be in principle extended to other classes of photosynthetic organisms and can sustain diatoms and, in 
general, microalgae industrial valorization for biomass production to be further processed to obtain feed, food, 
bio-compounds or even potentially biofuels. The enhanced light response may boost algal growth by increasing 
the photoactive range in large incubators. In addition, the potential tuning of the spectral response makes it 
possible to envision the use of algae with any desired light spectrum, whether natural or artificial.

Methods
Algal culture conditions. The algal strain of Thalassiosira weissflogii diatoms (CCAP 1085/10, Scottish 
marine Institute, Scotland UK) was used. Diatoms were grown in F/2 Guillard-enriched seawater  medium53 with 
1:3000 of the stock sodium metasilicate, under sterile conditions in polystyrene 250 mL flasks. Before producing 
F/2 Guillard, seawater was sterilized in an autoclave and filtered twice (4–7 μm ø). Flasks were maintained in a 
photobioreactor under continuous fluorescent light (18 ± 2 °C, 65% ± 5% humidity, light: dark cycle 16:8 h, Pump 
Photon Flux: 70 µmol/m2 s).

Pigments extraction and spectrophotometric analysis. In keeping with the  literature54, 1  mL of 
washed algae was added in pigment extraction solution containing 8 mL of pure acetone, 1820 μL of distilled 
water, 180 μl of ammonium hydroxide 19%). The mixture was then centrifuged (5000 rpm for 15′) and 2 mL of 
pure hexane were added. The absorbance spectrum of pigments in hexane was evaluated by UV–visible spectro-
photometer (Shimadzu UV-2401 PC).

Diatom incubation with Cy5 and evaluation of cells growth and biomass. Thalassiosira weissflogii 
diatoms were added in polystyrene flasks containing freshly prepared F/2 Guillard enriched seawater medium 
(final diatom density of 5 ×  104 cell/mL; final flask volume 50 mL). For in vivo incorporation experiments, Cy5 
dye was added once at the start point. A volume of 26 μL of Cy5 Stock commercial solution (0.0019 M Amer-
sham Pharmacia Cyanine 5 NHS ester in DMSO, λexc = 640 nm, λem = 670 nm) were added to 50 mL of diatom 
cell culture, reaching 1 μM final Cy5 concentration. Diatom samples treated with the dye and used as control 
(Ctrl) bare cells were produced in quintuplicates. Algae were grown for 8 days in the photo-bioreactor, (18 °C ± 2, 
65% ± 5% humidity, light: dark cycle 16:8 h), maintained at different light regimes. Growth in white light was 
achieved using 70 µmol/m2 s neon source conditions. The light path in the algal cultures was 3 cm. To evaluate 
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cells growth using 0.5 and 2 μM concentrations of dye, experiments were carried on using the same experimental 
conditions.

Blue light (440–480 nm) was used at the same intensity and lighting cycle conditions used for white light. 
Diatom growth was evaluated daily by Thoma Chamber in contrast phase microscopy. Diatom density of each 
sample was calculated in triplicates and monitored for a week. According to literature, diatom growth rate was 
evaluated from 48 to 70 h of incubation, in the exponential growth phase. Biomass accumulation at the end of 
the growth curve was determined as dry weight per liter, as reported in the  literature22.

Lipid extraction and analysis. A set of three samples of pristine and Cy5 treated diatom cultures was 
used to perform analyses in triplicate. After incubation, cells were collected in centrifuge tubes (20′, 3500 rpm), 
and washed twice with a methanol: water solution (5 mL, 1:1 vol/vol). Pellets were dried overnight and 7 μL of 
standard solution of cis 2-hexadecenoic acid in ethanol (10 mg/mL) was added in each sample. Then, a Fatty 
Acid Methylation Kit (MAK224; Sigma Aldrich) was used to induce precipitation and separation of waxes and 
membrane lipids and to convert free fatty acids (FFA) into their methyl ester derivatives (FAME). To investigate 
the Cy5 effect on lipid biosynthesis in diatoms, we calculated the % area ratio (%R parameter)55 as it follows:

where Ame is the area related to the diatoms C16 FAME (retention time: 15.9–16.1 min. range), As is the area 
under the internal standard peak (retention time: 15.45 min).

Oxygen evolution curves. Oxygen evolution curves were performed as described in the  literature56,57. 
Net oxygen production was calculated subtracting oxygen consumption in the dark after each measurement at 
different actinic lights. Experimental data were fitted with hyperbolic functions in order to retrieve the Pmax 
(maximum photosynthetic activity).

Confocal microscopy. Diatom samples were washed in Milli-Q water. Diatoms were then pelleted and 
characterized by confocal laser scanning microscopy (LSM-510 confocal microscope, Zeiss). Microscopy config-
uration was: UV/Diode laser (λexc = 405 nm for chlorophyll, λexc = 640 nm for Cy5) and HC PL APO CS2 63x/1.40 
Oil objective. Emission spectra were recorded in the visible spectral range (Δλem = 670–750 nm for chlorophyll, 
Δλexc = 650–670 nm for Cy5). Colors were arbitrarily assessed as blue for Cy5 and red for chloroplasts.

Time resolved fluorescence spectroscopy. Time-resolved fluorescence measurements were carried out 
using a Ti: sapphire laser (Chameleon Ultra II, Coherent) with a repetition rate of 80 MHz and pulses with a 
temporal full width half maximum (FWHM) of ∼140 fs. The output was sent to an optical parametric oscillator 
(OPO) providing pulses in the NIR (1000–1400 nm). The signal was, then, doubled by beta barium borate crystal 
(BBO) to reach the final excitation light at 620 nm. A streak camera system (C5680, Hamamatsu), coupled to a 
spectrometer, was selected as the detection system giving spectro-temporal matrices with spectral and temporal 
resolutions of ∼1 nm and ∼20 ps, respectively. The fluorescence signal was separated from excitation light by a 
proper set of high pass filters.

SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting were performed as described in the 
 literature54 In details, Antibodies α-PsaA (AS06 172) α-CP43 (AS11 1787) α-ATPase C subunit (AS08 312) 
and α-RUBISCO large subunit (AS03 037) were obtained from Agrisera (https ://www.agris era.com/). Samples 
were loaded at different amount of chlorophylls (2; 1; 0.5, 0.25 µg) in order to evaluate the linearity of the sig-
nals detected. Western blots were digitalized by ChemiDoc MP imaging system (Bio-rad) and quantified by 
using Image Lab software from Bio-rad (https ://www.bio-rad.com/it-it/produ ct/image -lab-softw are?ID=KRE6P 
5E8Z).

Statistics. A one-way ANOVA test was performed to evaluate the significance in difference between sam-
ples. Data were considered statistically significant for P < 0.05.
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