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A B S T R A C T   

The Light-Harvesting (LH) pigment-protein complexes found in photosynthetic organisms have the role of 
absorbing solar energy with high efficiency and transferring it to reaction centre complexes. LH complexes 
contain a suite of pigments that each absorb light at specific wavelengths, however, the natural combinations of 
pigments within any one protein complex do not cover the full range of solar radiation. Here, we provide an in- 
depth comparison of the relative effectiveness of five different organic “dye” molecules (Texas Red, ATTO, Cy7, 
DiI, DiR) for enhancing the absorption range of two different LH membrane protein complexes (the major LHCII 
from plants and LH2 from purple phototrophic bacteria). Proteoliposomes were self-assembled from defined 
mixtures of lipids, proteins and dye molecules and their optical properties were quantified by absorption and 
fluorescence spectroscopy. Both lipid-linked dyes and alternative lipophilic dyes were found to be effective 
excitation energy donors to LH protein complexes, without the need for direct chemical or generic modification 
of the proteins. The Förster theory parameters (e.g., spectral overlap) were compared between each donor- 
acceptor combination and found to be good predictors of an effective dye-protein combination. At the highest 
dye-to-protein ratios tested (over 20:1), the effective absorption strength integrated over the full spectral range 
was increased to ~180% of its natural level for both LH complexes. Lipophilic dyes could be inserted into pre- 
formed membranes although their effectiveness was found to depend upon favourable physicochemical in
teractions. Finally, we demonstrated that these dyes can also be effective at increasing the spectral range of 
surface-supported models of photosynthetic membranes, using fluorescence microscopy. The results of this work 
provide insight into the utility of self-assembled lipid membranes and the great flexibility of LH complexes for 
interacting with different dyes.   

1. Introduction 

In most photosynthetic organisms, light-harvesting (LH) pigment- 
protein complexes have the primary function of absorbing solar en
ergy with extremely high efficiency and transferring it to reaction centre 
(RC) complexes where photochemistry transduces this energy to a 
chemical form [1,2]. LH complexes in plant and bacterial membranes 
act as “peripheral antennas” for the RC and contain high concentrations 
of carotenoids and (bacterio)chlorophyll((B)Chl)-type pigments for light 

absorption [3,4]. The biochemical process of producing (B)Chl mole
cules is complex and energy consuming [5], which limits the number of 
chemical variants of (B)Chl molecules that organisms can produce. 
Phototrophs appear to have evolved to produce appropriate LH com
plexes for their own ecological niche and do not attempt to cover the 
entire solar spectrum [6]. Instead, a particular LH complex will contain 
multiple copies of a few specific pigment types, with these arranged via 
precise protein-pigment interactions, resulting in a characteristic ab
sorption spectrum. Such spectra reveal wavelengths of light where 

* Corresponding author at: School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, UK. 
E-mail address: p.g.adams@leeds.ac.uk (P.G. Adams).  

Contents lists available at ScienceDirect 

Journal of Photochemistry & Photobiology, B: Biology 

journal homepage: www.elsevier.com/locate/jphotobiol 

https://doi.org/10.1016/j.jphotobiol.2022.112585 
Received 4 August 2022; Received in revised form 16 September 2022; Accepted 11 October 2022   

mailto:p.g.adams@leeds.ac.uk
www.sciencedirect.com/science/journal/10111344
https://www.elsevier.com/locate/jphotobiol
https://doi.org/10.1016/j.jphotobiol.2022.112585
https://doi.org/10.1016/j.jphotobiol.2022.112585
https://doi.org/10.1016/j.jphotobiol.2022.112585
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotobiol.2022.112585&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Photochemistry & Photobiology, B: Biology 237 (2022) 112585

2

absorption is highly effective but also highlight the “spectral gaps” 
where there is minimal light absorption for any given LH complex [7,8]. 
Strong dipole-dipole and energetic coupling between closely-spaced (B) 
Chl molecules can allow excitation energy to be delocalised across 
multiple pigments and promote highly efficient transfer of excitation 
energy within the network of LH and RC protein complexes [9]. These 
transfers may be modelled by a combination of modified Redfield theory 
for strongly coupled pigments [10] and Förster theory for resonance 
energy transfer (FRET) for relatively weakly coupled pigments [11]. The 
effective light absorption and energy transfer properties of pigment- 
protein complexes make them desirable candidates for nano
technological applications or at least a source of inspiration for synthetic 
designs [12,13]. Bio-hybrid systems could utilize the natural properties 
of photosynthetic proteins in a useful device, for example, protein- 
sensitized solar cells often termed “biophotovoltaics” [14–18] and bio
sensors for the detection of herbicides [19,20]. 

It is possible to augment LH proteins with other molecules in order to 
extend their absorption range so that light which falls within the 
aforementioned spectral gaps can be utilized. This is typically achieved 
by interfacing the protein with alternative pigments [21–24], or 
optically-active nanoparticles [25–27], which absorb strongly in com
plementary spectral regions where the natural absorption of the protein 
is minimal. Alternatively, complementary fluorescent proteins can be 
fused with natural LH proteins to enhance their absorption by using 
genetic modification strategies [28]. If these additional molecules are in 
close proximity to the protein and the spectral properties are favourable 
then energy will be absorbed and transferred to the protein’s natural 
pigments via FRET, effectively enhancing the absorption strength of the 
protein in the bio-hybrid system. The most common method of aug
menting LH proteins is by direct covalent attachment of the donor 
molecule/nanoparticle [21–24,27]. A covalent linkage can be highly 
effective for ensuring a very short donor-acceptor distance but it does 
have some drawbacks, typically requiring either specific chemical re
actions or time-consuming genetic modifications. Another limitation of 
many previous studies is that the augmented protein complexes were 
generally isolated in detergent micelles rather than in their natural 
biomembrane location, which is a different physicochemical environ
ment. A useful alternative system would be one that self-assembles, 
which does not require laborious chemical or genetic processes and 
that still provides enhanced light-harvesting capacity compared to nat
ural systems. An ideal self-assembly approach: (i) would be applicable to 
any LH protein (e.g., both plant and bacterial), (ii) would allow a suite of 
different pigments to be used to fill the specific absorption ‘gaps’ for 
different proteins, (iii) would not need adaptation for different combi
nations of pigments and proteins, (iv) would utilize membranes. In this 
study, we investigate the use of a suite of membrane-localised dyes to 
enhance both plant light-harvesting complex II (LHCII) and bacterial 
light-harvesting 2 complex (LH2) by co-reconstituting them into model 
lipid membranes formed via a simple self-assembly process. To test the 
effectiveness of this system, we address the following questions: (i) can 
different dyes be selected to enhance different spectral regions of various 
reconstituted LH proteins? (ii) can multiple dyes work in conjunction to 
fill more of the absorption gap of LH proteins? (iii) can dyes be added 
into pre-formed membranes after their initial assembly to allow multiple 
pigment additions? (iv) can the enhancement of LH proteins be 
demonstrated both for membranes suspended in solution and mem
branes deposited onto solid surfaces? 

2. Materials and Methods 

All chemicals were from Sigma-Aldrich (Merck), unless otherwise 
stated. Organic solvents were HPLC grade or higher and solid salts were 
BioUltra grade or higher. All water was deionized and passed through 
milli-Q purification system before use. 

2.1. Lipids and Dyes 

All lipids and dyes were purchased in a dry, lyophilized form. The 
lipid-linked dyes (i) Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phos
phoethanolamine (TR-lipid), (ii) 1,2-dioleoyl-sn-glycero-3-phosphoe
thanolamine-ATTO647N (ATTO-lipid) and (iii) 1,2-dioleoyl-sn-glycero- 
3-phosphoethanolamine-Cyanine 7 (Cy7-lipid) were purchased from 
Invitrogen, ATTO-TEC and Avanti Polar Lipids, respectively. The lipo
philic dyes (i) 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI) and (ii) 1,1’-Dioctadecyl-3,3,3′,3′-tetramethylindo
tricarbocyanine iodide (DiR) were both purchased from Invitrogen. The 
standard lipids (i) 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(DOPG) and (ii) soy asolectin lipid extract were from Avanti Polar Lipids 
and Sigma-Aldrich, respectively. 

2.2. Biochemical Purification of Plant LHCII 

Spinach leaves from a local supermarket were used as starting ma
terial. Trimeric LHCII complexes (the major antenna complex of 
photosystem II) were purified as described by Adams et al. [29] using 
the detergent n-dodecyl α-maltoside (α-DDM). SDS- and native- 
polyacrylamide gel electrophoresis (PAGE) and pigment extraction as
says confirmed the protein’s purity and trimeric state (see supplemen
tary Fig. S1). 

2.3. Biochemical Purification of Bacterial LH2 

Rba. sphaeroides cells lacking the second LH2 operon (Δpuc2BA) and 
spheroidene monooxygenase (ΔcrtA) were grown in sealed 1 L glass 
Roux bottles under ~50 μMol m− 2 s− 1 for 72 h [30]. This strain was 
selected to ensure a homogenous population of peptides and carotenoids 
were assembled into the LH2 complex. LH2 complexes were purified as 
described by Swainsbury et al. [31], except the detergent LDAO was 
exchanged for β-DDM at concentrations of 2% w/w for solubilisation 
and at 0.03% w/w, thereafter. The purified protein had an A850:A280 
absorbance ratio of >3.0, confirming its high degree of purity. 

2.4. Reconstitution of LH Complexes and Dyes into Lipid Vesicles 

Glass vials and glass/steel Hamilton syringes were used whenever 
working with lipids or dyes in organic solvents. Dry lipids and lipid- 
linked dyes were dissolved into 2:1 chloroform:methanol and then 
mixed to generate the desired molar ratios and subsequently dried under 
nitrogen flow (40 min) and then placed in vacuum desiccator to remove 
any residual trace of organic solvents (10–16 h, in the dark). The bulk 
lipid used for preparing samples for plant LHCII was soy asolectin lipid 
extract, whereas, the bulk lipid was DOPG for bacterial LH2. These lipids 
were chosen because they were previously established to provide a 
stable membrane environment for these specific protein complexes 
[32–34]. Aliquots of ~0.5 mg dry lipid mixture (as prepared above) 
were solubilised with an aqueous buffer of 0.5% α-DDM, 20 mM HEPES 
(pH 7.5) at room temperature for 12–16 h with agitation to generate a 
mixed micellar lipid-DDM solution to a detergent-to-lipid molar ratio of 
~9:1. A protein-lipid-detergent suspension was then prepared in plastic 
microfuge tubes by mixing calculated volumes of the following: lipid- 
DDM solution, aqueous buffers, and purified LH protein to produce a 
final concentration of 1 mM total lipid, 0.2% α-DDM, 20 mM HEPES (pH 
7.5), 40 mM NaCl and the desired concentration of purified LH com
plexes. This protein-lipid-DDM suspension was then incubated with Bio- 
Beads SM-2 resin (Bio-Rad) to gradually remove the detergent (8, 20, 40 
and 100 mg/mL for 1.5, 1.5, 1.5 and 16 h, respectively). The lipids and 
membrane proteins self-assemble during the detergent removal process 
to form vesicles, termed proteoliposomes [35]. 
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2.5. Spectroscopy of Proteoliposomes 

Before spectroscopy measurements, proteoliposome samples were 
diluted in a buffer of 40 mM NaCl, 20 mM HEPES (pH 7.5), to obtain a 
large enough volume for use in a 10 × 10 mm quartz cuvette (3 mL) at a 
low enough absorbance (~0.1 at 675 nm or 850 nm) to avoid inner filter 
effects [36]. Absorption spectroscopy was performed using an Agilent 
Technologies Cary 5000 UV–Vis-NIR absorption spectrophotometer. 
Fluorescence emission and excitation spectra were acquired immedi
ately after absorption spectroscopy. During measurements, samples 
were maintained at 20 ◦C and gently stirred using a thermoelectrically 
cooled cuvette-holder with magnetic stirring capabilities (Quantum 
Northwest TC 1). Measurements on all LH2/dye and LHCII/TR samples 
were performed using an Edinburgh Instruments FLS980 fluorescence 
spectrophotometer equipped with a 450 W Xenon arc lamp and dual 
excitation and emission monochromators. Scans for LH2/dye and 
LHCII/TR were collected using red-sensitive PMTs (Hamamatsu R928 or 
R980, respectively). Measurements on LHCII/DiI samples were per
formed using a Horiba Quantamaster fluorescence spectrometer equip
ped with similar specification Xenon arc lamp, dual monochromators 
and PMT detector. The two different fluorescence spectrometers were 
used simply due to equipment availability, therefore, to allow for fair 
comparisons, each dataset contained control samples of proteolipo
somes without dyes, and all subsequent analysis was of “relative 
enhancement” levels as compared to these control samples. Data 
acquisition parameters were 0.5 nm step size, integrating 0.2 s/step and 
five scans averaged, for all measurements. Slit widths (spectral band
widths) and wavelength range are specified in the main text figure 
captions. Spectra were analysed using Origin Pro (2019b) graphing 
software. 

For assessing TR, Cy7 or ATTO, these lipid-linked dyes were included 
in the original lipid mixture (see section 2.4). Whereas, for assessing DiI/ 
DiR, a solution of ~10.7 μM dye in ethanol was prepared and low vol
umes were injected into a pre-prepared sample of LHCII/LH2 proteoli
posomes in a cuvette. Sequential absorbance and fluorescence spectra 
acquired ~15 min after each injection of dye solution. 

2.6. Formation of Hybrid Thylakoid Membranes on Glass Substrates 

The polymerized lipid templates were prepared as described previ
ously [37]. Briefly, lipid bilayers of 1,2-bis(10,12-tricosadiynoyl)-sn- 
glycero-3-phosphocholine (Diyne-PC) were deposited onto glass cover
slip substrates by vesicle spreading and then polymerization was con
ducted by UV irradiation through a custom-designed photomask. 
Patterned substrates were stored in water, dried with nitrogen gas 
immediately before use, and placed into a microscopy sample holder. 
“Hybrid thylakoid membranes” were prepared as described by Meredith 
et al. [38]. Briefly, suspensions of thylakoid membranes (extracted from 
spinach) and lipid vesicles were combined in a 1:3 w/w ratio and 
incubated with a patterned glass substrate for 30 min. This generated 
supported membranes that were confined in 2-D into corrals. These 
samples were rinsed with copious buffer solution (50 mM KH2PO4, 
10mM NaCl, 2mM MgCl2, 330 mM sorbitol, pH 7.5) and then charac
terized by microscopy. TR-lipids and DiI dyes were incorporated into 
membranes as described in section 3.6. 

2.7. Fluorescence Lifetime Imaging Microscopy of Hybrid Thylakoid 
Membranes 

FLIM measurements were performed using a Microtime 200 time- 
resolved confocal fluorescence microscope (PicoQuant). This system 
uses an Olympus IX73 inverted optical microscope as a sample holder 
with light passing into and exiting various filter units for laser scanning, 
emission detection and timing electronics. The two excitation sources, 
561 nm and 640 nm laser diodes, were driven in pulsed interleaved 
excitation mode by a PDL 828 Sepia II burst generator module 

(PicoQuant) at a pulse rate of 20 MHz to selectively excite either TR/DiI 
dye (561 nm) or the Chl within LH complexes (640 nm). The pulse width 
for the lasers were 70 ps and 90 ps, respectively. The laser power was set 
so that the excitation fluence at the sample was 0.026 mJ/cm2, found to 
be a good balance between achieving reasonable signal and avoiding 
annihilation effects, as previously reported [38]. The lasers were re
flected towards the sample by a 561/640 (dual band) dichroic mirror 
with the beam focused through a 100× oil objective lens (N.A. 1.4) 
(UPlanSApo, Olympus). Emission from the sample was passed through 
the same objective and dichroic, towards the detectors. Emission light 
was separated by a 635LP beamsplitter so that emission <635 nm was 
directed though a 620/60 bandpass filter and to a hybrid PMT detector 
(TR/DiI emission) whilst emission >635 nm was directed though a 690/ 
70 bandpass filter to a single-photon counting avalanche diode detector 
(Chl emission). Analysis of FLIM data was performed with SymPhoTime 
software (PicoQuant) and Origin Pro (2019b) graphing software. 

3. Results and Discussion 

3.1. Concept: Testing Multiple Energy Donors with Two Different LH 
Complexes 

Our previous work has shown that plant LHCII [39,40] can be 
“enhanced” with lipid-linked Texas Red (TR) chromophores when they 
are co-assembled into model membranes in the form of either lipid 
vesicles [35] or lipid nanodiscs [41]. This TR moiety is amphiphilic and 
is tethered to lipid headgroups which allow the possibility of close 
contact with membrane proteins (Fig. 1A(i)) and, importantly, TR has 
absorption between 525 and 625 nm in the “green gap” of the LHCII 
absorption spectrum where there is minimal natural absorption 
(Fig. 1C). In these studies we demonstrated several advantages of using 
lipid-tagged chromophores: (i) the system is modular in the sense that 
dyes can be incorporated at a wide range of concentrations, (ii) LH 
proteins can be “enhanced” whilst in a biologically-relevant membrane 
environment, and (iii) membranes readily adsorb to surfaces making 
them amenable to surface-based nanotechnologies [35]. Evidence was 
presented for attractive interactions occurring between the TR chro
mophores and LHCII proteins which increased the rate of energy transfer 
[41]. For the current study, we hypothesized that it should be possible to 
enhance other LH complexes in a similar manner, and chose to study the 
LH2 antenna from Rhodobacter (Rba.) sphaeroides because it allows 
testing of an alternative spectral range compared to plant LHCII, with an 
absorption spectrum extending into the near-infrared. Furthermore, the 
Rba. sphaeroides LH2, referred to as LH2 henceforth, is a well-studied 
model protein for understanding light-harvesting in photosynthesis, 
giving a strong foundation for incorporating new pigments [31,42–45]. 
LH2 has a spectral gap in the visible red region, between approx. 
620–750 nm, and we chose two different chromophores which fit 
spectrally at different positions within this range: ATTO647N (hereafter, 
ATTO) and Cy7 (Fig. 1D). Both these dyes are commercially available 
conjugated to the headgroup of a DOPE lipid and were expected to co- 
assemble with LH2 during proteoliposome formation (Fig. 1A(iv-vi)), 
analogous to TR-lipids assembling with plant LHCII. Furthermore, we 
were interested in testing alternative methods for pigment incorporation 
that may have greater ease-of-use, so that they could be readily applied 
to other LH proteins of interest. We conceived that it might be possible to 
use relatively hydrophobic pigments that spontaneously localize to the 
hydrophobic interior of the lipid bilayer, and insert directly into pre- 
formed membranes. Therefore, we chose to test a series of dia
lkylcarbocyanine dyes which are commonly used as “lipophilic tracers” 
for whole-cell fluorescence microscopy [46]. These dialkylcarbocyanine 
dyes are dissolvable in polar organic solvents that are miscible with 
water, allowing them to be easily mixed with typical aqueous biological 
materials at any stage of sample preparation. These advantages allow for 
the simple injection of a few microliters of concentrated dia
lkylcarbocyanine in an ethanolic solution into an aqueous suspension of 
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liposomes to deliver a significant quantity of exogenous pigment to the 
membrane (see Methods section 2.4). The dialkylcarbocyanines DiI and 
DiR were chosen as potential energy donors to plant LHCII and LH2, 
respectively (Fig. 1A(ii-iii)), and for their appropriate spectral proper
ties, as detailed in later sections. 

We can characterize the potential for energy transfer between pro
teins and extra pigments by assessing vesicular model membranes with 
solution spectroscopy, however, there is also interest in generating 
model membranes on solid support surfaces, because they are amenable 
to high-resolution microscopy [47–49] and could be compatible with 
surface-based device applications [50,51]. Therefore, as a final test 
system we considered the possibility of enhancing our recently-reported 
“hybrid membranes” in which natural plant membranes are fused with 
synthetic membranes and assembled onto a planar glass surface [37,38]. 
We considered that the LH complexes within these supported mem
branes could also be enhanced by incorporating either lipid-linked 
chromophores (TR) (Fig. 1B(i)) or free chromophores (DiI) (Fig. 1B 
(ii)) and we characterize these samples using fluorescence microscopy. 

3.2. Expectations for Each Donor-Acceptor Pair from Theory 

We selected dyes that were spectrally well-matched to the proteins of 
interest, as described above, although each dye will have other photo
physical properties that affect their capacity for FRET. It is necessary to 
assess how photophysical differences contribute to the effectiveness of 
each dye, and whether structural and chemical interactions between the 
dyes and the proteins modify these properties. One can expect the 
magnitude of the LH protein’s fluorescence enhancement (FLH) to be 
related to both the probability of photon absorption by the dye (Adye) 

and the efficiency of dye-to-protein FRET (EFRET), in other words: FLH ∝ 
Adye and FLH ∝ EFRET(dye→protein). The properties that absorption and FRET 
efficiency depend upon can then be considered. For the former: 

Adye∝ε(λ)⋅C (1)  

where ε(λ) is the dye’s molar absorption coefficient at a given wave
length (a measure of its intrinsic absorbing strength), and C is the dye’s 
molar concentration. Then, assuming a certain number of dye molecules 
successfully promoted to an excited state, EFRET will depend upon the 
donor-acceptor separation distance (r) and their photophysical proper
ties. Specifically, EFRET can be related to r by applying Förster theory 
[52]: 

EFRET =
1

1 +
(

r
R0

)6 (2)  

where R0 is the distance at which the transfer efficiency is 50%, termed 
the Förster radius of the donor-acceptor pair. R0 depends upon a com
bination of the photophysical properties of the system: 

(R0)
6∝κ2⋅ϕD⋅J (3)  

where, κ2 represents the relative orientation between the donor and 
acceptor transition dipoles, ϕD is the fluorescence quantum yield of the 
donor and J is the donor-acceptor spectral overlap integral. The full 
expressions for all properties discussed are detailed in the supplemen
tary theory (ESI 2). 

From the above relationships, the effectiveness of each dye should be 
maximized by having: (i) broad absorption peaks and a high absorption 

Fig. 1. Schematic of the series of model membrane samples studied in this work. Proteoliposomes (A) were generated by combining lipids and biochemically-purified 
proteins in the desired molar ratios, following an established procedure that induces the spontaneous self-assembly of membrane vesicles (see Methods section 2.4). 
When lipid-linked chromophores were used (TR, ATTO, Cy7) these were incorporated into the membrane during lipid and protein assembly, whereas the hydro
phobic pigments (DiI, DiR) were injected into the buffer solution immediately prior to measurements, with multiple sequential injections possible. Full chemical 
names of the dyes are specified in Methods section 2.1. Supported membranes (B) were assembled onto hydrophilic glass coverslips, following a recently-developed 
procedure to generate “hybrid membranes” comprising a fusion of thylakoid membranes extracted from spinach chloroplasts and synthetic liposomes. Normalised 
absorption spectra of plant LHCII (C), and LH2 (D), with the additional dyes used to enhance the absorption of each protein. All dyes were obtained from commercial 
suppliers. The LH complexes were purified using established biochemical procedures (see Methods section 2.2–2.3 and Fig. S1). 
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coefficient, (ii) a high fluorescence quantum yield and (iii) a good 
spectral overlap with the LH protein. Values from the literature for the 
first two parameters are given for each dye in Table 1. In order to predict 
the effectiveness of the dyes as energy donors, the spectral overlap (J) 
and Förster radius (R0) were calculated for each dye-protein combina
tion, see Table 1, supplementary theory (ESI 2) and Fig. S2. A large 
value for both R0 and J predicts a high FRET efficiency if the dyes are 
sufficiently close to the protein. Our experiments will measure the 
fluorescence enhancement of the protein and the FRET efficiency and 
these will be compared to the photophysical parameters discussed 
above. This allows us to determine whether the dyes have been properly 
incorporated into the lipid membranes and dispersed in a way that 
makes them structurally assemble to the protein. 

3.3. Comparison of the Effectiveness of TR and DiI for Increasing the 
Spectral Range of Plant LHCII 

Previously [35], we showed that plant LHCII in liposomes could be 
enhanced with TR but only considered a limited range of chromophore 
concentrations up to a TR:LHCII molar ratio of ~20:1. Surprisingly, the 
trend for the enhancement of LHCII fluorescence appeared to be linear, 
so we speculated that the enhancement must saturate well in excess of a 
20:1 ratio. In the current work, we assess the absolute limit of LHCII 
enhancement by TR, by extending the ratios up to ~80:1. A sample set of 
LHCII-TR proteoliposomes was prepared, starting with a constant con
centration of the purified LHCII (~0.6 μM) and lipid (1 mM) and a series 
of increasing TR concentrations (9–45 μM). Absorption spectra showed 
that sample preparation had been successful, whereby the LHCII Chl a 
Qy transition at ~675 nm was relatively consistent between samples and 
the TR peak at 590 nm with a vibronic shoulder at 550 nm increased 
linearly with the dye concentration (Fig. 2A). For all samples, the actual 
dye-to-protein ratio achieved was quantified by analysing the absor
bance spectra of the assembled liposomes (see supplementary Table S1). 
Fluorescence emission scans were acquired by selectively exciting the 
dye at 540 nm (where LHCII absorption is very low) and collecting 
broad-range emission spectra to distinguish the fluorescence emission 
from the dye (direct re-emission) or from the LH2 protein (FRET then 
emission). These fluorescence emission spectra showed strong 
enhancement of the LHCII emission peak at ~680 nm, increasing with 
TR concentration to >3× the fluorescence of LHCII alone (Fig. 2B). This 
is good evidence for FRET from TR to LHCII, as observed in previous 
work [35]. Note that the magnitude of the TR emission peak at ~610 nm 
does not increase proportionally with TR concentration suggesting that 
it becomes self-quenched at high concentrations (supplementary Fig. S3 
and Table S2) [57]. 

Next, the idea of assembling dialkylcarbocyanine dyes from solution 
into pre-formed proteoliposomes was tested. To do this, the DiI dye was 
sequentially injected into a sample of LHCII proteoliposomes and spectra 
were acquired after each addition. This was repeated to cover a series of 
different ranges of DiI concentration. Absorption spectra of the resulting 
LHCII-DiI proteoliposomes (Fig. 2C) show similar height peaks for LHCII 
at ~675 nm and the expected range of DiI content is evident from the 

sequence of double peaks at ~560/520 nm. A greater final concentra
tion of DiI was easily achieved with this injection method, up to a 
measured DiI:LHCII ratio of 184:1, as compared to the more time- 
consuming co-assembly method required when utilizing lipid-linked 
TR (77:1). Fluorescence emission spectra (Fig. 2D) showed an 
enhancement of the main (681 nm) LHCII fluorescence peak up to nearly 
4× its original level. A shoulder at ~660 nm is apparent on the LHCII 
peak at the higher DiI:LHCII ratios due to the contribution from the 
vibronic tail of the DiI emission. Unlike for TR-LHCII, DiI produces a 
relatively linear increase in LHCII fluorescence intensity relative to its 
concentration suggesting that dye self-quenching is not significant at 
these concentrations. 

The effectiveness of these two dyes was compared by plotting the 
enhancement of LHCII fluorescence against the dye:protein ratio for 
each (Fig. 2E). The TR dye appears to generate higher levels of LHCII 
fluorescence than DiI at similar dye concentrations, i.e., TR appears to be 
a more effective donor of excitation energy to LHCII. This is supported 
by calculations of energy transfer efficiency (ETE), determined by a 
comparison of the fluorescence excitation and linear absorption spectra 
of selected samples (see supplementary Table S4), which found that ETE 
is between 60 and 97% for TR-LHCII and only 25–33% for DiI-LHCII. 
The significantly higher FRET efficiency must be due to a stronger 
average coupling between TR + LHCII than between DiI + LHCII and 
could be due either to the difference in spectral overlap (i.e., energetic 
coupling) and/or due to different distributions and thus separation 
distances between protein and dye molecules (i.e., dipole-dipole 
coupling). For TR-LHCII and DiI-LHCII interactions, the values for J 
(spectral overlap) were calculated as 1.03 × 1017 and 5.93 × 1016 M− 1 

cm− 1 nm4, respectively, and R0 (Förster radius) as 88 Å and 79 Å, 
respectively, as shown in Table 1. This supports the possibility that 
spectral overlap is a major reason why the observed ETE is higher for TR 
than DiI. It could also be that the TR-lipids localize at shorter distances 
to LHCII than DiI does within the membrane. The maximum enhance
ment observed was ~361% for TR at a dye:protein ratio of 77:1 whereas 
enhancement due to DiI continued to increase with an apparently linear 
trend up to ~450% at a dye:protein ratio of 184:1. It was not possible to 
generate stable proteoliposomes with >80:1 TR/protein or >180:1 DiI/ 
protein presumably due to lipid-lipid assembly issues, which could arise 
because both TR and DiI are bulky; furthermore, TR is charged and 
unfavourable repulsive interactions may occur. The enhancement effect 
when using TR but not DiI was also limited by fluorescence self- 
quenching (the propensity of different molecules to self-quench is not 
trivial to define). This meant that although DiI had a lower overall ETE 
due poorer energetic coupling it induced a greater absolute level of 
LHCII enhancement than TR because higher DiI concentrations could be 
assembled into membranes. Altogether, these findings show that 
different structural, physicochemical and spectral properties may alter 
the effectiveness of any given dye, although these may be difficult to 
distinguish. This will be explored further in the next section. 

Table 1 
Photophysical properties collated from literature and Förster radius values calculated for each dye used in this study. “dye abs/em λmax”: wavelength of the main 
absorption/emission peak. ε: molar absorption coefficient. Φ: fluorescence quantum yield. J: spectral overlap integral. R0: Förster radius. Values for λmax, ε, Φ are taken 
from the reference listed. Values for J and R0 are calculated (see supplementary theory text ESI 2 and Fig. S2). *Lipodots are dye-loaded oily droplets in an aqueous 
solution and the values for λmax, ε, Φ for DiI/DiR dyes in this solvent were used in place of values measured in aqueous solution (these dyes are not directly soluble in 
water).  

dye 
(donor) 

LH protein 
(acceptor) 

dye abs/em 
λ max (nm) 

dye ε 
(M¡1 cm¡1) 

dye Φ J  
(M¡1cm¡1nm4) 

R 0  

(Å) 
Solvent Reference 

TR plant LHCII 589/ 610 116,000 0.35 1.03 × 1017 88 aqueous [53] 
DiI plant LHCII 549/ 790 144,000 0.31 5.93 × 1016 79 Lipiodot* [54] 

ATTO LH2 646/ 664 150,000 0.65 4.36 × 1016 85 aqueous [55] 
Cy7 LH2 747/ 779 250,000 0.28 4.54 × 1017 109 aqueous [56] 
DiR LH2 748/ 780 270,000 0.21 3.74 × 1017 101 Lipiodot* [54]  
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3.4. Comparison of the Effectiveness of Three Different Dyes for 
Increasing the Spectral Range of LH2 

Whilst other studies have assessed how covalent attachment of 
synthetic pigments to the LH2 polypeptides could enhance the absorp
tion range of LH2 [23,34], the effectiveness of self-assembled dyes for 

enhancing this protein has not been explored. To do this, first, we 
studied a series of proteoliposome samples with similar LH2 concen
trations assembled with a range of concentrations of Cy7-lipids. The 
absorption of Cy7 appears at ~770 nm overlapping with the B800 LH2 
BChl peak at 800 nm, and is observed as a shoulder on the blue-side of 
the B800 band at low Cy7 concentrations, becoming dominant at higher 

Fig. 2. Comparison of the effectiveness of two different types of chromophore for enhancing plant LHCII. (A) Absorption spectra of LHCII proteoliposomes con
taining lipid-linked TR at the concentrations shown. *Indicates normalised reference data. (B) Fluorescence emission spectra of the same samples as in (A) with 
selective excitation of TR at 540 nm (ex/em bandwidths 1/1 nm). (C) Absorption spectra of LHCII proteoliposomes after injection of DiI to the concentrations shown. 
(D) Fluorescence emission spectra of the same samples as in (C), with selective excitation of DiI at 525 nm (em/ex bandwidths 2/2 nm). Selective excitation 
wavelengths for dyes were chosen to minimise direct LHCII excitation rather than to be centred at their peak excitation wavelengths. The legend on each graph 
indicates the dye:LHCII ratio of selected spectra; the full table of results are shown in supplementary Tables S1 and S3. (E) Graph comparing the relative 
enhancement effect between these dyes, where 100% is the intensity of fluorescence at 680 nm in LHCII proteoliposomes in the absence of any dye. The LHCII 
emission intensity was calculated after subtraction of the overlapping fluorescence due to the dye, the full calculations are shown in supplementary Table S3. 
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Cy7 concentrations (Fig. 3A). The dye-to-protein ratio and the dye 
incorporation yield for all LH2 proteoliposomes was quantified (see 
supplementary Table S1). Fluorescence emission spectra acquired with 
selective excitation of the Cy7 chromophore show an increasing in
tensity for both the Cy7 (790 nm) and LH2 (860 nm) peaks as the con
centration of Cy7 is increased across the sample range, which is good 
evidence of FRET from Cy7 to LH2 (Fig. 3B). The emission spectrum of 

Cy7 has excellent energetic overlap with the B800 BChl absorption of 
LH2 (J ≈ 4.5 × 1017 M− 1cm− 1nm4, Table 1) so effective transfer would 
be expected, assuming that the dye is in close proximity to the protein. 
To test the effect of different spectral overlaps, ATTO-lipids were 
incorporated as a lipid-linked dye which absorbs over an alternative 
range, filling a different part of the spectral gap of LH2 and having a 
much weaker energetic overlap with the B800 BChl Qy transition (J ≈

Fig. 3. Comparison of the effectiveness of three different types of 
chromophore for enhancing fluorescence emission from the LH2 com
plex. Absorption spectra of LH2 proteoliposomes containing either lipid- 
linked Cy7 (A), lipid-linked ATTO (C), both Cy7 and ATTO lipid-linked 
dyes together (E), at the concentrations shown. *Indicates normalised 
reference data. Fluorescence emission spectra of the matched samples is 
shown, with selective excitation of Cy7 at 700 nm (ex/em bandwidths 
4/4 nm) in (B) and (F), or with selective excitation of ATTO at 625 nm 
(ex/em bandwidths 2/2 nm) in (D). Absorption spectra of LH2 pro
teoliposomes after injection of DiR in ethanolic solution (G) to the 
concentrations shown. (H) Fluorescence emission spectra of the same 
samples as in (G), with selective excitation of DiR at 700 nm (ex/em 
bandwidths 4/4 nm). Selective excitation wavelengths for dyes were 
chosen to minimise direct LH2 excitation rather than to be centred at 
their peak excitation wavelengths. The legend on each graph indicates 
the dye:LH2 ratio of selected spectra; the full table of results are shown 
in supplementary Tables S1 and S3. (I) Graph comparing the relative 
enhancement effect between these dyes, where 100% is the intensity of 
fluorescence at 865 nm in LH2 proteoliposomes in the absence of any 
dye. The LHCII emission intensity was calculated after subtraction of the 
overlapping fluorescence due to the dye, the full calculations are shown 
in supplementary Table S3.   
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4.4 × 1016 M− 1cm− 1nm4). The absorption of ATTO appears at ~650 nm 
and has slight overlap with the LH2 peak representing the BChl Qx 
transition at ~590 nm (Fig. 3C). Emission spectra acquired for this 
sample set with selective excitation of the ATTO were quite weak 
compared with the emission from ATTO, although LH2 fluorescence is 
still greatly enhanced compared to the level in the absence of any syn
thetic chromophores at this excitation wavelength (Fig. 3D). When the 
two different lipid-linked pigments are mixed and incorporated into LH2 
proteoliposomes a combinatorial effect is observed and the enhance
ment of LH2 fluorescence is greater than using either dye alone (Fig. 3E- 
F). The effect of using two dyes together can be quantified more easily 
with alternative measurements that assess a range of excitation wave
lengths, presented later. Next, a dialkylcarbocyanine dye that is 
spectrally-compatible with LH2 was trialled. DiR was injected into pre- 
formed LH2 proteoliposomes. The absorbance spectra show a broad and 
inhomogeneous band between 600 and 750 nm representing DiR at 
increasing concentrations (Fig. 3G), which could suggest that DiR was 
unstable in liposomes and had aggregated. This broadening of the DiR 
emission would decrease the J integral calculated from the DiI emission 
and LH2 absorption (see supplementary Fig. S2) and result in decreased 
energy transfer efficiency as observed. The calculated incorporation 
yield of DiR into LH2 proteoliposomes was relatively low (10–15% of the 
injected DiR was actually detected in the final sample, see supplemen
tary Table S1), meaning that a relatively low dye:LH2 ratio of ~20:1 
was achieved even after injecting large quantities. Nevertheless, emis
sion spectra showed that there was significant enhancement of LH2 
fluorescence at the highest DiR concentrations (Fig. 3H). 

The effectiveness of these dyes in terms of their enhancement of the 
fluorescence intensity of LH2 was compared against the dye:protein 
ratio (see Fig. 3I). Note, this analysis compares the relative change in 
fluorescence intensity of LH2, due to the presence of donors as compared 
to their absence, when using an idealized wavelength that selects for 
excitation of the particular dye. Cy7 and ATTO are both effective at 
enhancing LH2 fluorescence emission with Cy7 appearing to be slightly 
superior, maximum enhancements of 421% and 409% are observed at 
dye/protein rations of 12.9: 1 and 18.8: 1 for Cy7 and ATTO, respec
tively (blue vs. black datapoints, Fig. 3I). This may be explained when one 
considers both the spectral overlap relevant for FRET and the back
ground level of LH2 absorbance at different wavelengths. First, we note 
that the spectral overlap integral between LH2 and the dye is signifi
cantly lower for ATTO-to-B800 than Cy7-to-B800 and this is reflected in 
the values calculated for Förster radii of 85 Å and 109 Å for ATTO-LH2 
and Cy7-LH2, respectively (see Table 1). This correlates with a lower 
average ETE calculated from linear absorption versus excitation spectra 
of 53–66% for ATTO-LH2 compared to 60–91% for Cy7-LH2 (see sup
plementary Fig. S4 and Table S4). However, the absorption of the LH2 
complex is slightly lower at 625 nm compared to 700 nm, the wave
lengths used in these experiments to selectively excite either ATTO or 
Cy7, respectively, and this subtle difference actually leads to a relatively 
large enhancement factor for ATTO with 625 nm excitation light. 
Conversely, DiR appears to be much less effective as an excitation donor 
to LH2 than either Cy7 or ATTO at the similar concentrations with a 
maximum enhancement of 158% at a dye: protein ratio of 20.4: 1, less 
than 1/5 of the level with ATTO and Cy7 (red datapoints, Fig. 3I). This 
correlates with the relatively low ETE calculated for DiR to LH2 in these 
samples with a range of 3–11% (see supplementary Fig. S4 and 
Table S4). Considering that the spectral overlap for DiR-LH2 is very 
similar to Cy7-LH2, leading to a similar Förster radius of 101 Å vs. 109 Å 
(Table 1), then this implies that the much lower measured ETE is due to 
less favourable structural interactions between DiR and the protein. In 
other words, the average distance between DiR and LH2 must be larger 
than between Cy7-lipids and LH2 even for the same ratio of dye:LH2. 
The most reasonable explanation is that some physicochemical factors 
limit the molecular interactions between DiR and LH2, for example, 
repulsive electrostatic interactions between DiR and the protein or due 
to aggregation of DiR. The latter possibility is supported by broadening 

of the absorbance peaks of DiR at high dye:protein ratios (see Fig. 3G). 
Overall, our findings on the potential for enhancing LH2 fluorescence 
with dyes show that spectral overlap is very important but that 
favourable structural interactions allowing proper dye incorporation 
into lipid bilayers are a prerequisite. 

3.5. Assessment of the Overall Enhancement of LH Complexes by 
Consideration of the Increased Peak Area in Fluorescence Excitation 
Spectra 

In the previous sections, we assessed the dye-to-protein ratio from 
absorbance spectra and the “enhancement” of the LH protein’s fluores
cence by monitoring the relative increase in the intensity of its emission 
peak. It is also informative to assess the overall performance of the 
system over a broad range of illumination wavelengths where the syn
thetic dyes may or may not be excited, rather than only selecting the 
ideal wavelength for dye excitation. To do this, fluorescence excitation 
scans were acquired on LH2 proteoliposomes. Here the detection 
wavelength was fixed at a position that only monitors fluorescence 
emission from LH2 (886 nm) and a full range of excitation wavelengths 
was scanned (450–875 nm). The magnitude and breadth of these addi
tional peaks relative to the peaks attributed to the pigments bound to 
LH2 represents the effective increase of the absorption range. We use the 
term “effective increase in absorption” because only those absorption 
events which lead to FRET and subsequent emission from LH2 appear as 
a signal here. Fluorescence excitation spectra for LH2 proteoliposomes 
are shown side-by-side for all dyes in Fig. 4 and the enhancement effect 
can be quantified as the area under these peaks. Firstly, comparing data 
for the lipid-linked dyes (Fig. 4A-B), it is apparent that Cy7 produced 
significantly greater enhancement than ATTO, although the latter was 
still effective. For example, at ~5:1 ratio of Cy7:LH2 the effective in
crease in absorption area related to the dye between 600 and 800 nm 
was similar to the original area of the LH2 B800 peak (blue spectrum, 
Fig. 4A) and at ~14:1 Cy7:LH2 the increase in area was greater than the 
LH2 B850 peak (red spectrum, Fig. 4A). Whereas, at the maximum-tested 
ratio of ~21:1 ATTO:LH2 the new band at ~650 nm only reached an 
area similar to the LH2 B800 transition (red spectrum, Fig. 4B). In com
parison, the enhancement of LH2 achieved with DiR using the injection 
method was smaller, where the peak related to the dye at ~750 nm was 
more subtle, reaching an area of approximately half of the LH2 B800 
band at the highest ratio of ~23:1 DiR:LH2 (red spectrum, Fig. 4C). The 
combination of both Cy7 and ATTO led to the most impressive results 
with prominent peaks at both ~650 nm and 770 nm, varying in 
magnitude according to the ratio of the two dyes that were included 
(Fig. 4D). At the highest ratio of ~16:11:1 ATTO:Cy7:LH2 the 
enhancement effect was large enough to approximately double the 
original absorption area of LH2 considering the full range 450–875 nm 
(red vs. purple spectra, Fig. 4D). This is likely due to the combination of 
both ATTO-to-LH2 and Cy7-to-LH2 transfers and the additional pathway 
of ATTO-to-Cy7 energy transfer, which is discussed further at the end of 
this section. The process of analysing fluorescence excitation spectra was 
also performed for plant LHCII proteoliposomes and it was clear that 
both the TR and DiI dyes produced sufficient enhancement in the green 
spectral region, 525–625 nm, significantly enhancing the absorption of 
the complex across the full range (see supplementary Table S5). 

To quantify how each dye enhances LH2 and LHCII complexes, the 
fluorescence excitation data were analysed in more detail. The effective 
enhancement was calculated as the increase in the integrated area under 
each spectrum, normalised so that an area of 100% represents the nat
ural absorption strength of the particular LH protein across the full 
measurement range. This highlights the additional absorption due to the 
presence of the dye. Comparison between plant LHCII and LH2 
enhancement was achieved by converting the dye-to-protein ratio to a 
dye-to-(B)Chl ratio (mol/mol) for each sample by accounting for the 
number of Chl-type pigments known to be present in each LH complex 
(42 Chls in LHCII, 27 BChls in LH2). This analysis is shown for all dye/ 
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protein combinations in Fig. 5. Two general comments can be made. 
Firstly, it was possible to increase the absorption both LH proteins by 
close to 100% (i.e., to 200% of the natural absorption strength), but less 
dye was required for LH2 than plant LHCII (~1 dye:BChl versus >2 dye: 
Chl) to achieve the same level of enhancement. Secondly, the trends for 
effective absorption appear to plateau only for the very highest dye-to- 
Chl ratios reached for TR lipids and, surprisingly, the maximum en
hancements for LH2 with Cy7 and Cy7 + ATTO have not yet been 
reached, nor for LHCII with DiI. Note that this analysis considers the 

absorption across the full spectral range as a fair way to place the 
enhancement effect in the context of an entire LH protein complex 
exposed to unfiltered white light. If we choose to focus only on the ab
sorption in “spectral gap” regions then the effective absorption 
compared to the very low natural levels reaches a maximum of 489% for 
plant LHCII with DiI and 465% for LH2 with combined ATTO and Cy7 
(see supplementary Table S5). 

Beyond these general trends, we can gain further insight by consid
ering the differences between types of dye, as explained below. At the 
highest concentrations of TR and DiI, the effective absorption of plant 
LHCII was enhanced to 160 and 177%, respectively. This follows a trend 
of increasing enhancement with increasing dye content and shows that 
TR is slightly more effective at lower concentrations compared to DiI 
(Fig. 5, black vs red datapoints). This reinforces the finding that the 
simple method of injection and spontaneous insertion of lipophilic dyes 
into pre-formed proteoliposomes has the potential to enhance an LH 
complex as strongly as a lipid-linked dye, although greater quantities of 
the lipophilic dye may be required. For LH2, the effective absorption 
strength increased more rapidly with Cy7 than ATTO and reached a 
greater absolute level of 164% vs. 117% at the highest dye concentra
tions measured (Fig. 5, blue vs green datapoints). This could be partially 
attributed to the much greater spectral overlap of Cy7 with LH2 than 
ATTO with LH2, as noted earlier. Furthermore, the ATTO dye has a 
lower molar absorption coefficient and a slightly narrower absorption 
peak than Cy7, which limits its absorption strength and range (ε646 

nm[ATTO] = 150,000 M− 1 cm− 1; ε747nm[Cy7] = 250,000 M− 1 cm− 1). We 
cannot rule out the possibility that the Cy7-lipids simply have more 
favourable packing with LH2 than the ATTO-lipids, due to different 
chemical interactions, and because of the sixth-power relationship be
tween donor-acceptor separation distance and transfer rate even small 
variations in average distance will have major effects on the level of 
enhancement. The highest absolute enhancement of LH2 was achieved 
by the combination of high levels of ATTO and Cy7 to a maximum of 
194% (Fig. 5, orange datapoints). This may be further explained by the 
finding that energy absorbed by the ATTO has two potential routes to
wards LH2, either directly (ATTO→ LH2) or via Cy7 (ATTO→ Cy7 → 
LH2) (data in supplementary Fig. S6 and Table S6 confirms that 

Fig. 4. Comparison of the relative enhancement of LH2 by assessment of fluorescence excitation spectra. All spectra were acquired with the selective detection of 
LH2 emission at 886 nm (ex/em bandwidth 4/2 nm). Fluorescence excitation spectra for LH2 proteoliposomes containing either Cy7-lipids (A), ATTO-lipids (B), 
injected DiR (C), or both Cy7-lipids and ATTO-lipids together (D). Fluorescence excitation spectra for plant LHCII samples are shown in supplementary Fig. S5. 

Fig. 5. Comparison of LH protein enhancement between all dye and protein 
combinations, considering an extended spectral range. The “effective absorp
tion” was calculated from the integrated areas under the fluorescence excitation 
spectra for LH2 (Fig. 4) and plant LHCII (Fig. S2), and normalizing so that 
100% absorption (380–680 nm and 450–875 nm for LHCII and LH2, respec
tively) represents the natural (unmodified) protein complex. The numerical 
data are tabulated in see supplementary Table S5. The molar Dye:Chl ratio was 
calculated as [dye:protein] × 42 for plant LHCII and [dye:protein] × 27 for 
plant LHCII, using the dye:protein ratios already determined from absorption 
spectra (see supplementary Table S1). 
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ATTO→ Cy7 FRET occurs). DiR provided the least enhancement of LH2 
to an effective absorption of just 114% (Fig. 5, pink datapoints). Whilst 
the trends over the low-concentration range for DiR-LH2 and DiI-LHCII 
were similar, overall, DiR may be considered much less effective because 
higher dye:protein ratios simply could not be achieved (due to the low 

incorporation yield of DiR noted earlier). 
Overall, we can highlight the factors that dominate the ability of a 

dye to enhance the absorption strength of LH complexes by a final 
comparison of the predicted potential for FRET from theory (Table 1) to 
the experimental data from actual assembled membranes (Fig. 5): (i) a 

Fig. 6. Comparison of the effectiveness of TR and DiI dyes to enhance 
the fluorescence of surface-supported “hybrid thylakoid membranes”. 
(A) Series of FLIM images to test the effectiveness of TR. “Thy-only” 
(panels i-iii) represents hybrid membranes generated by fusion of 
extracted thylakoid membranes and lipid vesicles; “TR-only” (panels iv- 
vi) represents lipid membranes generated from lipid vesicles containing 
0.5% TR-lipids (mol/mol%); “Thy + TR” (panels vii-ix) represents 
hybrid membranes incorporating TR generated by fusion of extracted 
thylakoid membranes and lipid vesicles containing 0.5% TR-lipids. 
Three separate FLIM channels were defined using two alternating la
sers and two detectors with selective optical filters to produce the 
excitation and emission as labelled (ex./em.). Full description of mi
croscopy setup is given in Methods section 2.7. (B) Series of FLIM 
images to test the effectiveness of DiI. The samples are labelled as fol
lowed: “Thy-only” (panels i-iii) represents hybrid membranes generated 
as in (A), “Thy+ 5% DiI” (panels iv-vi) and “Thy+ 10% DiI” (panels vii- 
ix) represent hybrid membranes after the injection of a defined quantity 
of DiI dissolved in ethanol and incubation for 15 min (0.3 μL or 0.6 μL 
of DiI at 10 μg/mL) (i.e., DiI injected relative to the estimated lipid on 
the surface, as mol/mol%). The scale bars in (A) and (B) represent 20 
μm. (C) A bar chart comparing the relative intensity in the “Chl 
enhancement channel” between samples, where the fluorescence in the 
Thy-only sample is set to 100%. The mean value was calculated from 
analysis of multiple images from several samples and the error bars 
represent ± S.D. (see supplementary Tables S7-S9 for full numerical 
analysis). Spectral spillover between image channels was minimal but 
nevertheless carefully accounted for. For all samples, the actual dye 
concentration generated within membranes cannot be quantified, 
therefore, the initial amount of dye introduced relative to the known 
concentration of lipids used is reported (see calculations in supple
mentary section ESI 11). Any excess unincorporated TR-lipids and DiI 
were removed prior to recording images of the supported membranes, 
by exchanging the aqueous buffer solution above the membrane mul
tiple times.   
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strong spectral overlap resulted in a high FRET efficiency and explained 
why TR was more effective than DiI and why Cy7 more effective than 
ATTO, (ii) a larger bandwidth of absorption peaks and absorption co
efficient was also beneficial (Cy7 > ATTO), (iii) the differences in 
fluorescence quantum yield did not overcome the differences in spectral 
overlap (2× higher Φ for ATTO did not rescue its performance against 
Cy7 which had a 10× higher J-integral), (iv) the ability to assemble high 
dye-to-protein ratios was crucial for overall effectiveness and presum
ably resulted in high packing densities of dyes in the membrane (DiI >>

DiR). Thus, the dicarboxylate dye DiI was found to be an effective 
alternative to lipid-linked TR, despite a lower FRET efficiency, because 
very high dye:protein ratios could be accessed with the injection method 
(and self-quenching did not occur). Whereas, the other dicarboxylate, 
DiR, could not compete with lipid-linked Cy7 due to both poor incor
poration yield and a low FRET efficiency. These findings show the 
importance of investigating different dyes and highlight the fact that 
physicochemical factors are critical in the self-assembly processes. 

3.6. Assessing the Potential for Enhancing Surface-Associated Membranes 

Finally, we wished to assess the feasibility of using dyes in surface- 
supported membranes. Recently, we reported a new model system of 
bio/hybrid photosynthetic membranes that are amenable to high- 
resolution surface-based microscopy. These “hybrid thylakoid mem
branes” are generated from a combination of natural membranes 
extracted from spinach chloroplasts and synthetic lipid vesicles that fuse 
on a glass surface to form large-scale array patterns [38]. These surface- 
supported membranes are confined to corrals of 20 × 20 μm by using a 
pre-designed template (see Methods section 2.6). In order to test 
whether our strategy of self-assembly of donor chromophores into lipid 
bilayers could be effective for enhancing LH complexes within sup
ported membranes, experiments were performed where hybrid mem
branes were supplemented with additional dyes. Both of the dye 
incorporation methods studied earlier in this paper were trialled, i.e., 
inclusion of TR-lipids at the lipid preparation stage or DiI injection after 
membrane formation. Fluorescence Lifetime Imaging Microscopy 
(FLIM) was performed to quantify both the donor quenching and 
acceptor enhancement which would be indicative of FRET. The FLIM 
instrument was set up to generate three separate image channels: (i) the 
“Dye channel” had selective TR/DiI excitation (561 nm) and selective 
collection of TR/DiI emission (590–635 nm), (ii) the “Chl channel” had 
selective excitation of the Chl within LH proteins (640 nm) and selective 
collection of Chl emission (655–725 nm), and (iii) “Chl enhancement” 
channel had selective TR/DiI excitation (561 nm) and selective collec
tion of Chl emission (655–725 nm). To test TR, three different types of 
sample were compared: (i) hybrid membranes, (ii) lipid membranes 
containing TR-lipids, (iii) hybrid membranes including TR-lipids (top, 
middle, or bottom row of panels in Fig. 6A). Considering the TR channel, 
the fluorescence intensity was somewhat lower in the combined sample 
(Fig. 6A(vii)) as compared to the TR-only sample (Fig. 6A(iv)). 
Concurrently, the fluorescence lifetime of TR was significantly reduced 
between these samples, a strong indication of TR-to-Chl FRET (green vs. 
yellow colour, equating to a mean lifetime of 1.9 ns vs. 3.7 ns). 
Considering the Chl channel, the intensity was similar in the hybrid 
membrane samples irrespective of the presence of TR (Fig. 6A(ii) and 
(viii)), as expected. In contrast, for the Chl enhancement channel repre
senting Chl-protein fluorescence after selective excitation of TR, there 
was much greater signal in the hybrid membranes containing TR as 
compared to the control samples (Fig. 6A(ix) compared to either (iii) or 
(vi)). This is good evidence for FRET from TR dyes to either LHCII or 
photosystem complexes within these mixed membranes. 

Similar FLIM data were acquired to test the effectiveness of DiI for 
enhancing surface-supported membranes. Here, a hybrid thylakoid 
membrane sample was assembled onto glass and then DiI was injected 
into the liquid above this membrane. FLIM images were acquired before 
and after multiple injections of dye, giving sufficient time between 

measurements for spontaneous insertion of the DiI into lipid bilayers 
(Fig. 6B). The template pattern was supposed to act as a non-binding 
surface, however, it did not appear to prevent DiI binding. Images 
showed that DiI associated non-specifically with both the hybrid mem
branes (square regions) and the template (meshwork) (Fig. 6B(iv) and 
(vii)), however, the DiI located within the hybrid membranes appeared 
to have a much shorter lifetime (blue-green rather than yellow colour). 
This decreased DiI lifetime supports the interpretation of FRET from DiI 
to LH proteins. As expected, the fluorescence intensity in the standard 
“Chl channel” was relatively similar before/after DiI injections (Fig. 6B 
(ii), (v),(viii)). A modest increase in the intensity was found in the “Chl 
enhancement” channel due to the presence of DiI (Fig. 6A(ix) compared 
to (iii)). 

The extent of the enhancement of Chl fluorescence was calculated for 
all samples with a careful statistical analysis performed on many corral 
regions within each sample, see Fig. 6C. The emission intensity from 
thylakoid proteins reached a mean value of 206 ± 17% in the presence 
of TR, whilst reaching only 169 ± 20% when using the highest con
centration of DiI (n = 4, for each), relative to the emission from mem
branes in the absence of additional dyes. Note that it is difficult to 
accurately compare the enhancing effect of dyes between hybrid mem
branes and proteoliposomes because it is challenging to assess the actual 
dye concentration. Due to the time-consuming nature of FLIM analysis 
only one concentration of TR was analysed here, but it is known that 
supported membranes can be formed from liposomes that contain up to 
2% (mol/mol) TR-lipids relative to normal lipids [57], so the addition of 
more TR could allow even greater enhancement of these membranes. 
However, we may expect a similar lack of membrane stability as 
observed in proteoliposomes at high dye concentrations. Similarly, a 
greater quantity of DiI may be injected assuming that the organic solvent 
used to deliver it does not disrupt the membrane. In summary, lipid- 
linked dyes appeared to provide superior enhancement effects for 
surface-associated membranes as compared to injectable dyes, although 
their full potential remains to be fully investigated. 

3.7. Benefits and Drawbacks: Protein-Dye Self-Assembly Versus Covalent 
Linkages and Lipid-Linked Dyes Vs “Free” Dyes 

Our self-assembly approach utilizing lipid membranes as a matrix 
allowed for modularity for choosing different proteins and different dyes 
and flexibility to vary the dye concentration as desired by simply 
changing the ratio of materials in the starting mixture. Furthermore, 
compositional modifications were straightforward by the injection of 
dyes that inserted into pre-existing membranes. Such modularity may be 
more difficult to generate with alternative approaches employing co
valent crosslinking of a dye directly to the LH protein complex 
[21–24,58]. Other studies have shown that non-native chromophores 
may be non-covalently incorporated into the natural pigment binding 
sites of LH complexes [59–61] by reconstituting the apoprotein with the 
desired free pigments. However, the new pigments must have suitable 
chemistry for favourable interactions with binding site residues, making 
precise control of which pigments can bind challenging [31]. The benefit 
of using lipid-linked chromophores may be that it relies simply on the 
consistent interactions between lipid tails (i.e., fatty acyl chains), and 
only the lipid headgroup is modified to attach the chromophore, 
allowing a flexible and generally applicable approach to assembly. The 
drawback is the absence of direct control over the pigment-protein 
separation distance, leading to a continuum of distances from the 
lipid-dye to the protein. Consequently, the FRET efficiency will depend 
on the relative concentrations of each component and on the lateral 
diffusion of lipids [35,41]. In summary, both types of coupling strategies 
can be effective and the choice may depend upon the nanomaterials 
desired by the researcher. 

The dialkylcarbocyanine dyes, DiI and DiR, differed markedly in 
their effectiveness at enhancing the absorption of LH complexes, pre
sumably related to their ability to insert into lipid membranes or to 
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associate with the protein. DiR suffered from both a low yield of dye 
incorporation (10–15%) into membranes and a low FRET efficiency 
(3–11%) of the dye that was present. Therefore, we must hypothesize 
that structural/chemical issues prevented the occurrence of reasonable 
coupling between DiR and pigments within LH2. This could be unfav
ourable lipid-DiR interactions and/or strong DiR-DiR interactions 
causing DiR aggregation or repulsive interactions (electrostatic or steric) 
between DiR and LH2. To test this, one final analysis was performed in 
order to compare the observed FRET efficiencies with expectations from 
Förster theory. Coarse calculations were performed to predict the dye- 
to-protein ETE expected for the situation where dyes and proteins 
within our proteoliposome samples were randomly spaced. To be as 
accurate as possible, measured values for molar concentration, 
approximate sizes of lipids and proteins, simple geometric expressions 
and estimated Förster radii were used. Agreement between the theo
retical predictions and the experimental observations would suggest that 
simple FRET occurs between randomly spaced dyes/proteins whereas 
disagreement would suggest that this situation does not apply. The re
sults are shown in ESI 12 and Tables S10–12 in the supplementary in
formation. For TR, DiI, ATTO and Cy7 the predicted values for ETE were 
in very good agreement with the observed values (within 1–10%), 
whereas, for DiR the observed ETE was found to be an order of magni
tude lower than the predicted one (5.5% vs 82.8%) (supplementary 
Table S10). This supports our suggestion that DiR is aggregating or 
otherwise poorly connected to LH2. 

Comparison of the results between vesicles suspended in solution 
and membranes deposited onto surfaces also revealed that assembly and 
insertion effects were critical. DiI appeared to be significantly less 
effective than TR-lipids at enhancing surface-supported hybrid mem
branes as compared to a membrane vesicle in solution. Overall, we can 
conclude that water-soluble injectable dyes such as DiI and DiR offer 
greater ease-of-use but can be limited by their ability to insert into lipid 
bilayers. This necessitates testing the dye of interest for a particular 
protein and a particular lipid membrane. We would emphasize that even 
if the FRET efficiency of an injectable dye is lower than a lipid-linked 
counterpart, their great ease-of-use could make them a useful experi
mental tool for other researchers. These lipophilic dyes could be injected 
into any aqueous biological sample of interest and may insert into any 
membranes present [46]. They could be used to modify natural mem
branes from photosynthetic organisms and could be useful as either 
FRET donors or FRET acceptors. They may be applicable to probing 
whole photosynthetic cells or plant tissues if they can pass cellular 
barriers to reach their intended destination, which could be achieved 
with electroporation or similar techniques [62]. 

We cannot rule out the complication of photo-degradation of both 
dye molecules and LH complexes over long periods of time, as this was 
not quantified in the current study. High-energy photo-illumination of 
both dyes and (B)Chls can result in the formation of triplet excited states 
and subsequent generation of damaging singlet oxygen [63]. In the 
current study, we simply limited the amount of excitation delivered to 
the sample so that the level of photobleaching was <2% by the end of 
data collection (measured in preliminary measurements optimizing 
parameters). In future bio-hybrid nanotechnologies, there may be reg
ular exposure of dyes/proteins to atmospheric oxygen and light and, as 
there is no protective mechanism to avoid sustaining damage while 
under high-light conditions [64], the photostability of the system could 
be an important limitation. 

4. Conclusion 

This study provided an in-depth comparison of the relative effec
tiveness of five different dyes for enhancing the fluorescence of two 
different LH protein complexes. Our findings show conclusively that the 
approach of incorporating either lipid-linked dyes or “free” lipophilic 
dyes into a lipid bilayer together with a membrane protein complex is 
generally applicable. Lipid-linked Texas Red was able to fill the “green 

gap” spectral region of minimal natural absorption of plant LHCII, whilst 
lipid-linked ATTO and Cy7 filled the orange-red and red-NIR spectral 
ranges of minimal absorption of LH2. By using the highest dye-to- 
protein ratios, the effective absorption strength of both LH proteins 
was increased to ~180% of its natural level across the full spectral range 
or to ~450% when considering the narrower “spectral gap” region. We 
have also shown that lipophilic dyes, the dialkylcarbocyanines DiI and 
DiR, will spontaneously insert into pre-formed membranes and enhance 
an LH complex, although their effectiveness is more variable and 
dependent on favourable physicochemical interactions. The enhance
ment of LH complexes was demonstrated both for vesicular membranes 
in suspension and membranes deposited onto solid surfaces, which may 
provide interesting opportunities for nanotechnology applications. 
Indeed, our approach of enhancing bio-mimetic membranes may be 
compared to concept of dye-sensitized solar cells in which inorganic 
photoactive surfaces are enhanced with synthetic dyes. 
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