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We present a comprehensive study of two indocarbocyanines, Dil (1,1'-dioctadecyl-3,3,3'3’-tetra-
methylindocarbocyanine perchlorate) and DiD (1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine
perchlorate), in water suspensions in the presence of a CTAB surfactant both above and below the
critical micellar concentration. The very good affinity of the two dyes with CTAB allows them to be
brought into aqueous solutions minimizing aggregation phenomena. When the dyes are loaded inside
the micelles, stable fluorescent nanostructures are formed that can be exploited for fundamental studies
and for imaging applications. Of special interest are micelles loaded with both dyes: indeed, the large
local dye concentration inside the micelles allows observing resonance energy transfer in systems where
the global dye concentration is maintained at a low level, so that detailed and robust spectroscopic
characterization is possible. Quite impressively, the efficiency of resonance energy transfer is boosted
when diluting the sample below the critical micellar concentration. This counterintuitive result is
explained in terms of the very large affinity between the dyes and CTAB which favors the dynamical
formation of small molecular clusters containing both dyes. Fluorescent micelles are widely used in
bioimaging and pharmacokinetic applications. More specifically, the observation of resonant energy
transfer in micelles or more generally in nanostructures loaded with two dyes is routinely exploited as a
way to assess the nanostructure integrity. In this context, our results demonstrate the importance of
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robust spectroscopic characterization of the relevant systems in different environments in order to

rsc.li/materials-c safely assess the viability of the integrity test of nanoparticles based on resonant energy transfer.

A. Introduction

Cyanines are a well-known family of organic dyes exploited in a
wide range of applications, from photography to photodynamic
therapy,'® thanks to their intense and narrow absorption and
fluorescence bands that can be tuned from the visible to the
near-IR via careful chemical design.” Cyanine dyes show a
marked propensity to aggregate, indeed molecular aggregates
were first reported in 1936 by Jelley, who described the intense
red-shifted absorption of J-aggregates of PIC.'° Aggregation is
often considered a detrimental feature, degrading the optical
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properties of dyes, blurring their spectra and possibly suppressing
their fluorescence. However, in some systems, aggregation can be
exploited to manipulate the optical properties of the material at
hand, enhancing its performances for specific applications. This
is precisely the case for J-aggregates of cyanine dyes, which
historically played an important role in technological applications
such as optical recording or color photography.’*™* Currently,
cyanines are extensively exploited in biomedical applications,
mainly as fluorescent tags for bioimaging, due to their high
brightness, resulting from their very large molar extinction
coefficient and good fluorescence quantum yield. A clever design
of lateral groups of the core cyanine unit leads to effective and
selective tags for specific biotargets, including DNA,"™®
proteins,'**? nucleic acids®* and membranes.>* 8
Water-compatibility is a general problem that hinders the
exploitation of organic dyes in several fields, including
biomedicine, nutraceutics, cosmetics, inks, etc.’® In this
respect, the aggregation of cyanine dyes in water represents a
major problem. Several strategies are available to embed dyes

This journal is © The Royal Society of Chemistry 2021
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in different nanoparticles, as to make them water-compatible.
Typical examples are the inclusion of dyes in dendrimer-like
structures,**>! in silica nanoparticles,>*** and in polymeric and
lipidic nanostructures.**™* Of particular interest are quatsomes,
a family of highly stable non-liposomal nanovesicles, developed
by Jaume Veciana and co-workers. Quatsomes are an innovative
class of nanovesicles, where a quaternary ammonium surfactant
(typically cetyltrimethylammonium bromide (CTAB)) self-
assembles with sterols (i.e., cholesterol) to form closed bilayers
with size tunable in the 80-100 nm range.*®*” Quatsomes show a
high homogeneity in terms of size, morphology and lamellarity.
Moreover, they are extremely stable upon dilution, with a
shelf-life exceeding 3 years. Via a careful adjustment of the dye
loading in quatsomes, brilliant, stable, and biocompatible
fluorescent nano-tags have recently been obtained.***°

Dye loaded nanoparticles are very interesting not just for
applicative purposes, but also for fundamental studies. Stable
nanoparticles can in fact be exploited for detailed spectroscopic
studies of the physics of clusters of dyes, to address aggregation
and resonance energy transfer (RET), without being hindered
by the experimental problems related to spectroscopic
measurements in highly concentrated solutions.

RET is a well-known process where an excited dye, the
energy donor, transfers its energy to another dye, the energy
acceptor. RET is an incoherent process, driven by intermolecular
electrostatic interactions, and occurs for intermolecular distances
in the 1-10 nm range. It requires a sizable overlap between the
emission spectrum of the donor molecule and the absorption
band of the acceptor dye. RET governs many natural phenomena,
and specifically it is at the heart of photosynthesis.>>>" It is widely
exploited in biomedical studies, where the large dependence of
the RET efficiency on the distance between the energy donor and
acceptor dyes is exploited to estimate distances at the nanoscale,
making it a useful molecular ruler.”® RET also offers the possibility
of investigating the stability of nanoparticles in different
environments and over time, a useful feature for pharmaco-
kinetics and drug-delivery studies.>®

Here we investigate two dyes, Dil (1,1’-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate) and DiD (1,1-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate)
(Fig. 1) belonging to the family of indocarbocyanines. Dil and

~ @ B~

CH3
CTAB o

View Article Online

Journal of Materials Chemistry C

DiD are not soluble in water and their chromophoric core is
decorated with two long alkyl chains (C18) in order to make their
interaction with lipophilic environments favorable. For our
purposes, the hydrocarbon tails of Dil and DiD are of interest
as they favor the interaction of the dye with the alkyl chain of
surfactants, like CTAB (see Fig. 1), a widely used amphiphilic
molecular building block for colloidal nanoparticles. Dil and
DiD have high extinction coefficients' and are compatible dyes
for RET, with Dil and DiD representing the energy donor and
acceptor, respectively.’>*>°

In the first section, we study the behavior of CTAB micelles
loaded with either DiI or DiD. Micellar nanostructures
composed of amphiphilic molecules are thermodynamically
stable colloidal structures. At variance with nanovesicles, such
as quatsomes, CTAB micelles show a high critical micellar
concentration (CMC),*” and are therefore easily destroyed upon
dilution. A detailed spectroscopic analysis demonstrates a very
good affinity of both dyes with the micellar environment, so
that the dyes can be brought in aqueous environments without
degrading their useful spectroscopic properties as expressed in
organic solvents. Specifically, at CTAB concentrations above the
CMC, marginal aggregation phenomena are observed. Below
the CMC, when micelles are mostly dissociated, aggregation
phenomena become important.

In the second section, we address RET in micellar systems
loaded with both Dil and DiD. Above the CMC, RET is observed,
suggesting that inside the micelles, intermolecular interactions
are large enough to induce RET, but they are not sufficiently
strong to drive aggregation. Indeed, RET may also occur as a
result of short occasional encounters between the donor and
acceptor dyes,”® while the observation of aggregation effects in
optical spectra requires the formation of stable and strongly
interacting aggregates. The most intriguing result however is the
observation of an important increase of RET efficiency below
the CMC. This somewhat counterintuitive result suggests that the
affinity of the dyes with CTAB is so large as to allow for the
proximity of two dyes in small CTAB clusters. More dramatically,
our results demonstrate that a preliminary full characterization of
RET in the different environments of interest is needed in order to
reliably assess the nanoparticle integrity via RET studies. Molecular
dynamics (MD) simulations support our main conclusions.
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Fig. 1 Left panel: molecular structures of CTAB, Dil and DiD. Right panel: schematic representation of a CTAB micelle loaded with Dil and DiD.
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B. Results and discussion

B.1 Spectroscopic properties of CTAB micelles loaded with Dil
or DiD

Dil and DiD were studied in different environments: (i) in
ethanol, where they are soluble, (ii) in ethanol/water mixtures,
and (iii) in water suspensions at different CTAB concentrations,
below and above the critical micellar concentration (CMC).
Details on the composition of the different formulations are
reported in Table S1 (ESIt). Fig. 2 shows the absorption and
emission spectra of DiI (left) and DiD (right), and relevant data
are collected in Table 1. Both dyes are soluble in ethanol, with
large extinction coefficients and high fluorescence quantum
yields (Table 1). Water largely affects the optical properties of
the dyes: both dyes aggregate in a 30/70 ethanol/water mixture
(volume fractions). Dil forms J-aggregates, as demonstrated by
the red-shifted absorption and emission bands, by the narrowing
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Fig. 2 Absorption (top) and emission (bottom) spectra of Dil and DiD
(left and right panels, respectively) in different environments. Emission
spectra of Dil and DiD were collected by exciting the samples at 495 nm
and 600 nm, respectively (to minimize inner filter effects, 7 mM CTAB
spectra were obtained with a 1.5 mm optical path cuvette).

Table 1 Spectroscopic properties of Dil and DiD in different environments

View Article Online

Paper

of the 0-0 band and the minimal Stokes shift. Conversely, DiD
forms H-aggregates: the absorption spectrum blue-shifts and
broadens, while emission is strongly suppressed and largely red-
shifted thus generating a large Stokes shift.>>®® The different
behavior of Dil and DiD forming emissive J-aggregates and poorly
emissive H-aggregates, respectively, has been already reported in
the literature.®"** Further information about the characterization
of Dil and DiD aggregates in ethanol/water is reported in the
Supporting Information (Fig. S1 and Table S2, ESIT).

It is important to devise easy strategies to bring Dil and DiD
in aqueous environments without degrading their optical properties.
Surfactants are often employed to bring lipophilic molecules in
water.”>**%* CTAB, one of the most extensively studied cationic
surfactants, forms spherical micelles (diameter ~2-3 nm) in
water at concentrations larger than the critical micellar concen-
tration (CMC) ~ 0.9 mM, and above the Krafft temperature of
25 °C.%7°>%¢ At very large concentrations of CTAB (>100mM),
wormlike structures are observed.®”” A 7 mM CTAB suspension
(well above the CMC) was prepared and highly concentrated Dil
or DiD solutions in ethanol were added to the suspension (see
the Technical section), resulting in a final dye concentration of
11 pM. DLS measurements (Fig. S2, ESIT) confirm the formation
of micelles for CTAB concentrations above 1 mM. The micelle
size, with mean diameters of 2-5 nm either in the presence and
absence of Dil, is in line with previous studies.®>*®

Absorption and emission spectra of the suspensions are
shown in Fig. 2. The spectra of the two dyes in the micellar
environment contrast sharply with the spectra of the dyes in the
aqueous environment, demonstrating the encapsulation of the
dye in the micelles. Moreover, the interactions among the dyes,
which strongly affect the optical properties in ethanol/water
mixtures, are marginal in the micellar environment. Indeed, the
absorption spectra in the micellar environment are very similar
to those obtained in ethanol solutions, showing only a modest
increase of the relative intensity in the region of the 0-1 vibronic
shoulder, a feature usually associated with the formation of
weakly interacting H-aggregates.®’ The optical properties of the
suspensions are only marginally altered upon dilution to 1 mM
CTAB (maintaining the concentration ratio between the dyes and
CTAB constant), suggesting that the local environment of the

Dil

DiD

Molar extinction Fluorescence

coefficient (M~" em™") quantum yield Fluorescence

Fluorescence
em™) quantum yield Fluorescence?

Molar extinction
coefficient (M ™"

at Amax (%) lifetime? (ns) at Amax (%) lifetime (ns)
Ethanol® 140000 10 0.4 246 000 37 1.31
CTAB in water (above the CMC)? 121000 11 0.55 194 000 23 1.34
CTAB in water (below the CMC)° 108000 6 0.30 163 000 5 0.65

“ From ref. 50. ” Molar extinction coefficients are estimated from a linear regression of the absorbance measured for CTAB suspensions at
concentrations of 7 mM, 2 mM and 1 mM. To minimize inner filter effects, the quantum yield is measured from the 1 mM CTAB suspension and
1 mM CTAB diluted with water to have a suspension with absorbance < 0.1 throughout the whole spectra. © Both the extinction coefficient and the
quantum yield change with the concentration, and the reported values refer to 0.5 mM CTAB solution. The quantum yield of DiD, measured in a
suspension with absorbance x0.15, can be slightly underestimated due to self-absorption phenomena. d Average lifetime and details about the

fitting procedure are reported in Table S3 (ESI).
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dyes inside the micelles is barely affected, as long as the CTAB
concentration is higher than the CMC (Fig. S3, ESIt).

The molar extinction coefficients of Dil and DiD in suspensions
above the CMC are lower than in ethanol solutions, with a more
pronounced effect for DiD (~20% decrease) than for Dil (~13%
decrease). The fluorescence quantum yield of Dil is ~10% either in
ethanol or in 1 mM CTAB suspension. For DiD, the fluorescence
quantum yield slightly decreases from 37% in ethanol to 23% in
1 mM CTAB suspension. These observations are in line with the
formation of weak H-aggregates in micelles, an effect somewhat
more important for cyanine dyes with longer conjugated
structures,®® as already inferred from spectral bandshapes.*®*’
The fluorescence lifetime of Dil slightly increases in CTAB suspen-
sions compared to ethanol solutions, while it is barely affected for
DiD, in agreement with the behavior observed in quatsomes*® and
related systems.'®>°

B.2 Anisotropy studies of CTAB micelles loaded with Dil or DiD

Fluorescence anisotropy offers additional valuable information
on the dye encapsulation (details about fluorescence anisotropy
measurements are reported in the Technical section). When the
rotational motion of the dye competes with the fluorescence
lifetimes, the fluorescence anisotropy decreases. The Perrin
equation relates the anisotropy to the rotational correlation
time, ¢. (which depends on the molecular volume, temperature
and medium viscosity) and the fluorescence lifetime, ¢:°°
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where r, is the intrinsic anisotropy measured in viscous solvents or in
rigid matrices (e in systems the rotational motion is much slower
than the fluorescence lifetime, ¢. > ). This expression however only
accounts for depolarization phenomena due to the orientational
motion and therefore does not apply to systems where other
phenomena may contribute to depolarization, as in the case of homo
and/or hetero RET as occurring in highly concentrated systems.*

The fluorescence excitation anisotropy spectra of Dil and
DiD in polyTHF, ethanol and micellar environments above and
below the CMC are shown in Fig. 3. In all cases, the anisotropy
is flat within the excitation band, suggesting that a single
excited state is involved in the transition.

The anisotropies measured in ethanol for Dil and DiD amount
tor ~ 0.17 and 0.1, respectively. These values are much lower
than those measured in polyTHF (r ~ 0.33), as expected due to
the fast rotational diffusion in the low viscosity solvent. Table 2
lists rotational correlation times, calculated using the Perrin
eqn (1). We set the intrinsic anisotropy 7, to the value measured
in polyTHF, assuming that in this viscous medium the rotational
time is much longer than the fluorescence lifetime. For ethanol
solutions and for micellar systems we get rotational times of the
same order of magnitude as the fluorescence lifetime. In ethanol,
in spite of its larger dimension, DiD has a lower r value than Dil
due to its longer emission lifetime. Indeed a larger rotational
correlation time is estimated for DiD than for Dil. In 1 mM CTAB
suspensions, the excitation anisotropy is larger than in ethanol for
either Dil or DiD. Since ethanol is more viscous than water, the
larger r observed in water is attributed to a slower rotational
diffusion (see Table 2), compatible with the encapsulation of the
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Fig. 3 Steady state (left) and time resolved (right) emission anisotropy of Dil (top) and DiD (bottom). Time resolved anisotropy of DiD was measured by

exciting the sample at 590 nm and detecting emission at 675 nm.
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Table 2 Rotational correlation times, t., calculated using Perrin eqn (1)

Sample t. [ns]
Dil in EtOH 0.38
Dil in 1 mM CTAB 0.64
DiD in EtOH 0.53
DiD in 1 mM CTAB 1.13

dyes inside the micelles. However, for micellar systems the
estimated rotational time is an effective quantity that accounts
for two independent motions: the motion of the dye inside the
micelles and the rotation of the micelle itself: disentangling the
two contributions is not trivial. The motion of dyes encapsulated
in micelles is slower than in solution and the micelles themselves
are big objects compared to molecules, with slower rotational
diffusion (the modest increase in anisotropy observed for Dil in
CTAB micelles when compared to the dye in ethanol is justified by
the concomitant increase of lifetime). The marginal depolarization
of DiI and DiD in the micellar environment confirms marginal
interchromophore interactions inside the micelles, leading to
negligible homo-energy transfer and aggregation phenomena for
the dye loading under consideration.

B.3 Spectroscopic properties of CTAB micelles loaded with Dil
or DiD below the CMC

We now turn our attention to the behavior of dyes in CTAB
suspensions below the CMC. Fig. 2 shows the absorption and
emission spectra of Dil and DiD in 0.5 mM CTAB suspensions
obtained upon dilution of the 7 mM CTAB suspension with
distilled water (see Table S1, ESIt). The absorption intensity in
the region of the 0-1 vibronic shoulder increases for both Dil
and DiD below the CMC, suggesting a more important
formation of aggregates (Fig. S4, ESIt). The emission profile
of Dil and DiD is barely affected by dilution below the CMC,
suggesting that in all cases the emission mainly comes from
non-aggregated species: the concentration of J-aggregates is
negligible. Moreover, the fluorescence lifetimes become
shorter, and the quantum yield decreases both for DiI and
DiD (Table 1). We ascribe these results to the formation of
weak, poorly emissive H-aggregates. However, the aggregates
formed in 0.5 mM CTAB suspensions are qualitatively different
from those observed in mixed ethanol/water. In the first place,
both dyes form weak H-aggregates, while Dil forms J-aggregates in
ethanol/water mixture. Moreover, intermolecular interactions
remain weak, with marginal spectroscopic effects, if compared
with aggregates formed in mixed ethanol/water solutions. We
underline that these weak H-aggregates are only obtained upon
dilution of preformed micellar systems containing 11 uM dye
concentration. Indeed, when adding Dil stock solutions to a
0.5mM CTAB suspension we obtain aggregates qualitatively similar
to those obtained in ethanol/water mixtures (Fig. S5, ESIT).

B.4 Anisotropy studies of CTAB micelles loaded with Dil or
DiD below the CMC

Excitation anisotropy data further confirm the proposed inter-
pretation. For both DiD and Dil in 0.5 mM CTAB suspensions r
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has a value even lower than that in ethanol, pointing to a highly
depolarized emission (Fig. 3). Since the rotational motion of the
dyes in water in the presence of CTAB cannot be substantially
faster than in ethanol solutions, the observed large depolarization
is safely ascribed to homo-RET processes that, allowing for the
hopping of the excitation among different dyes, effectively
depolarize the emission. Under these conditions, of course,
rotational times cannot be estimated.

Additional information is obtained from time resolved
anisotropy of DiD in different environments (for Dil, its very
short lifetime makes these measurements impossible). Data in
Fig. 3 show that for DiD in ethanol and in the micellar
environment (above the CMC) the initial anisotropy value, r =
0.3, is large and close to r, as measured in polyTHF. Over time,
r decays rapidly towards full depolarization (r = 0) in ethanol,
and much more slowly in micelles, due to the different
rotational times of the two systems, in agreement with the
observed steady state emission anisotropy. The behavior
observed below the CMC (green trace) is qualitatively different:
the anisotropy is very low (r < 0.1) at the earliest accessible
time (&~ 1 ns), confirming that depolarization in this case is due
to homo-transfer processes. Overall, fluorescence anisotropy
data fully support the hypothesis that in CTAB suspensions
below the CMC, DiD and Dil form weak H-aggregates.

The micelles loaded with Dil and DiD are very stable at
7 mM CTAB concentration: after a few days from preparation,
their absorption spectra show a marginal increase of the 0-0
vibronic transition at the expense of the 0-1, and a concomitant
increase of the emission intensity (Fig. S6 and S7, ESIT). These
results suggest that, over time, the weak H-aggregates formed
just after the preparation tend to disappear. The stability of the
system drastically decreases below the CMC: absorbance and
emission intensities decrease after a few days, and the spectra
suggest the progressive formation of aggregates, possibly
accompanied by some degradation.

B.5 RET in micelles simultaneously loaded with Dil and DiD

Data presented in the previous section demonstrate the
successful encapsulation of Dil or DiD in CTAB micelles, with
marginal aggregation phenomena. The emission of Dil over-
laps with the absorption of DiD (Fig. 2), making them an
efficient RET-pair, as previously demonstrated in quatsomes®’
and SDS micelles.>® CTAB micelles loaded with both Dil and
DiD (1:1) have been prepared following the same procedure
presented for single-dye loading (see the Technical section).
The absorption spectra in Fig. 4 show a similar profile to that in
ethanol with a minor increase of intensity in the blue side of
the band. The similarity of these spectra with those measured
in micelles loaded with either Dil or DiD suggests that the dyes
experience a similar environment in the micelles, irrespective
of the loading, confirming again the weak interchromophore
interactions. Emission spectra collected from micelles simulta-
neously loaded with both dyes (Fig. 4) support efficient RET.
By exciting the sample at 495 nm, where the absorption of the
energy acceptor (DiD) is negligible, a sizeable emission of the
acceptor is observed (for comparison, emission from a 1:1

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Absorption and emission spectra (excitation wavelength: 495 nm)
of solutions/suspensions of 1:1 Dil/DiD in different environments.

Dil: DiD ethanol solution is also reported, where RET is clearly
negligible). The excitation spectra detected at 750 nm, where
only the acceptor emits, confirm the absence of RET in ethanol
and weak RET in micelles (Fig. S7, ESIT). Upon dilution with
water (maintaining the relative CTAB and dye concentration
constant), minor effects are observed above the CMC (Fig. S8,
ESIt): RET signatures are similar for CTAB concentrations of
2 and 7 mM, and only slightly increase at 1 mM CTAB
concentration (Fig. S8 and S9, ESIY), close to the CMC. The
weak RET observed in micelles suggests that some micelles are
loaded with at least two dyes (one Dil and one DiD), to
guarantee interchromophore distances compatible with RET.
The marginal dependence of RET upon dilution, at least above
the CMC, demonstrates that the phenomenon is independent
of the distance among micelles. Accordingly, we describe RET
as an intramicellar phenomenon (Fig. 5). At the same time, the
weak perturbation of absorption and emission spectra excludes
the presence of strong excitonic interactions that indeed
require short intermolecular distances, typically less than
1 nm. The fluorescence quantum yield of Dil (energy donor)
decreases in the presence of DiD (energy acceptor), due to
RET, and at the same time, the emission of DiD becomes
sizeable, with a quantum yield larger than 10% (Table 3). The
quantum yield of DiD in RET micelles measured upon direct
excitation of DiD is similar to that in micelles only loaded with
DiD (Table 1).

RET efficiency is estimated by comparing the fluorescence
quantum yield measured for the donor dye in the presence (¢ p,

This journal is © The Royal Society of Chemistry 2021
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RET as intra-micellar phenomena

RET

DiD

CTAB
micelle

J il

Fig. 5 Schematic representation of RET as intramicellar phenomena
when micelles are loaded with Dil and DiD at equimolar ratios.

second column of Table 3) and in the absence of the acceptor
(¢po in Table 1):°°
ép

Prer =1 ——

$po

It is important to note that we cannot estimate RET
efficiency by comparing the emission lifetime of the donor in
the presence and in the absence of the acceptor, since the
lifetime of the energy donor is very short and its variation
(specifically its decrease) due to RET would be affected by very
large errors.

We estimate a RET efficiency ~36% above the CMC, a
somewhat lower value than that observed in larger organic
nanoparticles.***>”® Most probably, this is due to the smaller
number of dyes that enter each micelle in comparison with
larger nanoparticles.

An interesting and somewhat counterintuitive behavior is
observed when the sample is diluted below the CMC: the RET
efficiency considerably increases, reaching 88% yield, a value
comparable to that measured in quatsomes.’® Indeed data in
Fig. 4 and Fig. S9 (ESIt) show a strongly suppressed emission of

Table 3 Fluorescence quantum yield of Dil and DiD measured from
micelles loaded with both Dil and DiD upon excitation of the donor
(495 nm) or of the acceptor (600 nm). In either case, quantum yields are
measured selectively by collecting the emission from the energy donor
(Dil) or of the energy acceptor (DiD)

Dil DiD DiD

(lexe = 495 M) (Aexe = 495 NM) (Aexe = 600 M) Pppr’
1 mM CTAB in 7% 14% 26% 36%
water®
0.5 mM CTAB 0.7% 16% 11% 88%
in water

¢ The suspension was diluted with 1 mM CTAB to have the absorbance
<0.1. ? Estimated from the decrease of the fluorescence quantum yield
of the energy donor.
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the energy donor and a sizable increase of intensity in the
emission of the acceptor. Specifically, below the CMC, the
quantum yield of the energy donor, Dil, becomes lower than
1%, while the emission yield of the acceptor, DiD, increases to
16%. Weak (homo)aggregates of DiD are also formed, as
suggested by the reduced quantum yield of DiD observed also
in the absence of Dil and by the shape of the excitation spectra
in Fig. S8 (ESIT). When selectively exciting the energy acceptor
DiD at 600 nm, a larger quantum yield is measured compared
to the results in Table 1 at the same CTAB concentration.
This may be due to a reduced formation of homo-aggregates
(the DiD concentration is halved when compared to that of the
micelles loaded only with DiD), but we should also keep
in mind that the DiD quantum yield in Table 1 is possibly
underestimated due to inner filter effects caused by the large
absorbance (A &~ 0.15) of the solution. As discussed later, also
with the support of MD simulations, the counterintuitive
observation of increased RET efficiency below the CMC can
be understood as due to the large affinity of both Dil and DiD
dyes with CTAB. Indeed, in the large and stable micelles formed
above the CMC, the dyes are well solvated by CTAB, decreasing
the possibility of RET. Below the CMC, when micelles
disaggregate, the dyes more easily meet around small CTAB
clusters, favoring RET.

Steady state fluorescence excitation anisotropy spectra in
Fig. 6, obtained by selectively collecting DiD emission, confirm
the occurrence of RET both above and below the CMC. Above
the CMC, the excitation anisotropy is almost constant within
the excitation band of DiD, with a similar value, r ~ 0.17, to
that in DiD-loaded micelles. The anisotropy decreases sharply
in the region of the Dil absorption, a clear signature of
RET-driven depolarization. The behavior below the CMC is
qualitatively similar, but with lower anisotropy values, further
confirming the increased RET efficiency and the presence of
homo-aggregates.

The stability of the dye-loaded micelles under ambient
conditions was monitored for one week (see Fig. S10, ESIT).
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Fig. 6 Excitation anisotropy spectra of micelles loaded with both Dil and
DiD. Anisotropy is collected selectively by detecting the emission of DiD at
750 nm.
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Above the CMC, the dye-loaded micelles are very stable, as
attested by marginal changes observed in the absorption spectra
of samples with CTAB concentrations of 7 mM and 1 mM. In the
most concentrated suspension (7 mM), RET decreases over time,
a behavior in line with the observation of a slight reduction of
aggregation phenomena in micelles loaded with either Dil or
DiD (Fig. S6 and S7, ESIf). Below the CMC, the stability
decreases, with major effects in absorption that suggest dye
degradation, particularly for DiD.

The CMC increases with temperature,”’ so we can move
below the CMC by maintaining the CTAB concentration constant,
but increasing the temperature. Fig. 7 shows the temperature
dependence of the emission spectra of micelles loaded with both
Dil and DiD. Above 45 °C, the Dil emission sizably decreases,
pointing to increased RET efficiency (see also the excitation
spectra in Fig. S11, ESIt). The breakdown of micelles promoted
by either increasing the temperature or by decreasing the CTAB
concentration is in any case responsible for increased RET
efficiency.

RET is not observed upon mixing suspensions of micelles
separately loaded with Dil and DiD for CTAB concentrations
larger than CMC (Fig. 8). This result, validated up to 7 days
from the sample preparation (Fig. S13, ESIT), confirms that the
dye-loaded micelles are stable above the CMC, and the dyes do
not show any tendency to aggregate once they are successfully
encapsulated in the micelles. On the contrary, when the same
mixed suspension is diluted below the CMC, efficient RET is
observed (Fig. 8 and Fig. S12, ESIT) with similar results as when
diluting micelles simultaneously loaded with both dyes. One
possible explanation of this counterintuitive observation is that
other clusters, different from micelles, composed of Dil, DiD
and CTAB are formed below the CMC, where RET is promoted
by the short distance among the dyes in the RET pair.

B.6 Molecular dynamics simulations

To better understand the behavior of dyes in the micellar
environment, we run MD simulations (see the Technical section
for the computational protocol). Due to the limitations in the

08—
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g
7
4
g
3
3
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Fig. 7 Emission spectra of micelles loaded with both Dil and DiD
(CTAB 1 mM) as a function of temperature.
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suspensions obtained from mixing micelles loaded selectively with Dil and DiD.
The 0.5 mM solution was obtained upon dilution of the 7 mM suspension.

dimensions of the simulation box, we cannot reproduce the
experimental conditions in terms of CTAB concentrations and

&
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relative CTAB/dye concentrations. In spite of this, MD simulation
results are in line with the proposed interpretation of experimental
data. As described in the ESI,f we were able to form a stable
micelle, comprising a number of CTAB units in line with the
literature data.”> We then run three independent simulations by
adding two Dil molecules in random positions in the same water
box containing the preformed micelles (results of analogous
calculations with DiD are reported in the ESIt). Fig. 9 shows the
temporal evolution of the distance between the centers of the dyes
as obtained in the three simulations (see ESIt for details). For one
of the dynamics a few representative snapshots are also shown.
In all three runs, the two dyes meet in water (a result probably
related to the large dye concentration in the simulation). The
bimolecular cluster so formed, characterized by intermolecular
distances of the order of 1 nm, does not encounter the micelle
in the dynamics in the left panel of Fig. 9. In the two other
simulations, the cluster enters the micelle. Once inside the micelle,
the dyes are quickly solvated by CTAB and the cluster dissociates,
so that intermolecular distances reach values in the 2-3 nm range.
At these distances, the electrostatic intermolecular interactions are
very weak (see the ESIT). Remarkably, even when the intermolecular
distances are more or less stable, the calculated interactions
fluctuate strongly, since they depend on the interchromophore
distance as well as on the relative orientation of the dyes.
These weak and fluctuating interactions marginally affect the
absorption spectra of the system, in line with experimental results.

Fig. 10 shows the results from three independent simula-
tions obtained by inserting a Dil and a DiD dye in random
positions in the box containing the micelle. Again, the dyes
initially form a bimolecular cluster in water. In all three
trajectories, the cluster encounters the micelle and the dyes

A

14 -

12

10

distance (nm)
distance (nm)

sl
WA AL

14

12

10

8

distance (nm)

6

0 10 20 30 40 50 60 70 80 0 10 20 30
time (ns)

Fig. 9

time (ns)

4
ZWMW
0 10 20 30 40 50 60 70 8l

time (ns)

40 50 60 70 80 0

Inserting two Dil dyes into the micelle. Bottom: Time evolution of the interchromophore distance calculated for three independent MD

simulations. Top: Three representative snapshots of the dynamics in the central bottom panel (snapshots taken at 4 ns, 51 ns and 76 ns).
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enter the micelles. Weak and fluctuating intermolecular inter-
actions are observed (see the ESIT), which, having marginal
effects on the absorption spectra, can however explain the
observed RET.

From these simulations we learn that the dyes in water are
very mobile and, when they get close, they form bound pairs as
to minimize the strongly repulsive interactions with water.
When the bound pair enters the micelle, the strong interaction
of the dyes with CTAB drives a quick dissociation of the pair,
and a stable situation is reached when the two dyes are located
at distances of the order of 1-2 nm. The solubilization of Dil
and DiD in CTAB micelles is different from what was observed in
the cholesterol/CTAB membrane (e.g. in quatsome nanovesicles).
There Dil and DiD form a pair for the duration of the simulation
(ca 40 ns).”*’* In the case of CTAB micelles, our MD simulations
offer an easy interpretation of the phenomena observed: indeed,
the very low dye-concentration would suggest, on a statistical
basis, that each micelle is loaded by at most a single dye, which
then minimizes RET. However, when the dyes are added to the
micellar suspension a few of them may form small clusters
before they enter the micelles. Very quickly, these mini-clusters
will dissolve inside the micelles, leading to the weak and
fluctuating interactions responsible for the very weak aggregation
features observed experimentally and, more impressively, for RET.

C. Conclusions

A comprehensive experimental study of Dil and DiD photo-
physics in a micellar environment, above and below the CMC of
the CTAB surfactant, is presented. This study, also supported by
MD simulations, demonstrates a very good affinity of both dyes

10960 | J Mater. Chem. C, 2021, 9,10952-10964

with CTAB. For CTAB concentrations above the CMC, stable
micelles are obtained that can be easily loaded with either Dil
or DiD. Marginal aggregation signatures in the optical spectra
of micelles loaded with either of the dyes suggest that a few
dyes aggregate before reaching the micelles, so that a few
micelles containing two or more dyes are formed. These
aggregates however tend to dissolve over time (days) due to
the redistribution of the dyes in the micelles (the relative
concentration of dyes vs CTAB concentration is low enough to
expect not more than a single dye per micelle). This interpretation
is fully in line with the observation of RET in freshly prepared
micelles simultaneously loaded with both dyes, and with the
steady decrease of RET with time (days). The stability of the dye-
loaded micelles above the CMC is confirmed upon mixing two
solutions containing micelles loaded with either Dil or DiD:
signatures of RET are not observed over several days. Below
the CMC, when micelles are no longer stable, aggregation
phenomena become important. However, the good affinity
between CTAB and the dyes prevents the formation of the strong
aggregates observed in ethanol/water mixtures.

The most important result of this work is the counterintuitive
observation of very efficient RET when micelles loaded with
Dil and DiD are brought below the CMC. This result can be
rationalized again in terms of rapid disaggregation of micelles
below the CMC and the formation of clusters composed
of CTAB, Dil and DiD. Under these conditions, the donor
and acceptor dyes are brought together in CTAB clusters that
offer a much more favorable environment to the dyes with
respect to water. Indeed, below the CMC, the system is highly
disordered, and the dynamical motion of CTAB and dyes may
open effective channels for RET along similar lines as discussed
in ref. 58.

This journal is © The Royal Society of Chemistry 2021
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In conclusion, we demonstrated an easy way to bring DiD
and Dil dyes into an aqueous environment by exploiting CTAB,
a widely used surfactant. Fluorescent stable micelles are
formed above the CMC. An easy strategy to obtain micelles
showing RET is also presented, offering an interesting tool to
tune the emission of the fluorescent labels and increase the
Stokes shift for reduced noise in microscopy applications.
The counterintuitive observation of increased RET in micellar
systems below the CMC raises an important warning for the
widespread use of RET to assess the stability of nanoparticles
over time and/or in different environments. Indeed, these
studies can reach reliable conclusions only if a preliminary
extensive spectroscopic study is performed on RET in the
specific nanoparticle system also upon its disaggregation in
different media, as to exclude that RET can be observed in
disaggregated systems as a result of media effects and/or due to
the presence of fragments of the nanoparticle of interest.

D. Technical section
D.1 Preparation of samples

1,1’-Dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate
(DiI) and 1,1’-dioctadecyl-3,3,3',3'-tetramethyl-indodicarbocyanine
perchlorate (DiD) were purchased from ThermoFisher (Invitrogen).
Hexadecyltrimethylammonium bromide (CTAB, AnalaR NORMA-
PUR >99.0%) was obtained from VWR Chemicals. All chemicals
were used without further purification. Spectra grade or HPLC
solvents were used to prepare solutions.

D.2 Preparation of Dil or DiD aggregates in 30 volumes of
EtOH and 70 volumes of water mixture

Two solutions with 65 uM Dil or DiD in ethanol were prepared.
1.5 mL of each solution were diluted by adding 3.5 mL of
bi-distilled water. The resulting solutions, with a Dil or DiD final
concentration of 20 pM, were vigorously stirred for 1 minute.

D.3 Preparation of CTAB micelles

A 7.8 mM suspension of CTAB micelles was prepared by
dissolving CTAB in bi-distilled water. The suspension was
heated at ~38 °C for 30 minutes before use.

D.4 Preparation of micelles loaded with Dil or DiD

3 ml of a solution with 100 puM Dil or DiD in ethanol was
prepared. The solution was heated at ~38 °C for 10 minutes
and then it was slowly added to 25 mL of the CTAB micelle
suspension (7.8 mM CTAB concentration). In the resulting
suspension (11% V/V ethanol/water) the CTAB concentration
is 7 mM and the dye concentration is 11 pM. All diluted
suspensions (named CTAB 2 mM, CTAB 1 mM, CTAB 0.5 mM
and CTAB 0.25 mM) were obtained by diluting the original
7 mM suspension with bi-distilled water.

D.5 Preparation of micelles loaded with Dil and DiD

3 mL of a solution with 50 pM DiD and 50 pM Dil was prepared in
ethanol. The solution was heated at ~38 °C for 10 minutes and

This journal is © The Royal Society of Chemistry 2021
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then slowly added to 25 mL of the CTAB micelle suspension at
7.8 mM CTAB concentration. The resulting suspension (11% V/V
ethanol/water) contains CTAB 7 mM and the two dyes (Dil + DiD)
with a total concentration of 11 uM. All subsequent suspensions
(CTAB 2 mM, CTAB 1 mM, CTAB 0.5 mM and CTAB 0.25 mM)
were obtained by diluting the original 7 mM CTAB/11 pM dye
suspension with bi-distilled water.

D.6 Preparation of mixture of micelles loaded with Dil and
micelles loaded with DiD

The mixture of DiI and DiD loaded micelles was obtained by
mixing equal volumes of the solutions containing micelles
loaded with either Dil or DiD.

D.7 Spectroscopic Measurements

UV-Vis absorption spectra were recorded with a PerkinElmer
Lambda650 spectrophotometer, while fluorescence and steady-
state anisotropy measurements were performed with a FLS1000
Edinburgh fluorometer, equipped with automatic polarizers.
Lifetime decays have been collected by exciting the sample with
pulsed diode lasers (pulse duration < 200 ps) at a repetition
rate of 1 MHz, exciting at 405 nm and collecting the emission at
570 nm for Dil and exciting at 375 nm and collecting the
emission at 650 nm for DiD. Fluorescence spectra are corrected
for the excitation intensity and detector sensitivity. For solutions/
suspensions with absorbance higher than 0.1, fluorescence
spectra were collected with a cuvette having an optical path of
1.5 mm to minimize the inner filter effects. For fluorescence
quantum yield measurements, a cuvette with 1 cm optical path
was used, and in case of absorbance > 0.1, the solution was
diluted with a CTAB solution having the same concentration of
the solution under investigation in order to reduce the dye
concentration while not affecting the micellar environment.
Fluorescein in NaOH 0.1 M was used as a fluorescence standard
(fluorescence quantum yield: 0.9).

D.8 Fluorescence anisotropy measurements

Fluorescence anisotropy is measured upon excitation with
linearly polarized light in the ratio:

_hi-n
S +2I

where I) and I, represent the intensity of the emitted light with
parallel and orthogonal polarization to the exciting beam,
respectively. Experimentally, the different sensitivity of the
detection system for vertically and horizontally polarized light
is accounted for, measuring the G factor:

Igy
G =1
Iyn

where the subscripts H and V in Iy indicate the orientation of
the excitation and emission polarizers, respectively.
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Experimental fluorescence anisotropy is determined as follows:

. Iyvv — Gy
" Iyv — 2GRy

Fluorescence anisotropy is measured at a fixed excitation
wavelength as a function of emission frequency, and fluores-
cence excitation anisotropy is measured as a function of
excitation frequency at a fixed emission frequency.

In viscous solvents or solid matrices, when the molecular
orientational motion is much slower than the fluorescence life-
time, one measures the intrinsic anisotropy r,, that offers a
reliable indication about the angle formed by the transition dipole
moment relevant to the absorption and emission processes, f:

. ~ 2(3cos? f—1
75 2

The intrinsic anisotropy r, ranges from 0.4, for a parallel
arrangement of transition dipoles, to —0.2, for perpendicular
arrangement. We set r, to the value measured in PolyTHF
(average molecular weight: 250 g mol ™).

Time-resolved anisotropy spectra were acquired with a
Fluoromax-3 Horiba Jobin-Yvon instrument, exciting the sample
with a pulsed nanoLED at 591 nm (pulse duration 1.5 ns), i.e.
within the first absorption band of DiD, and detecting the
emission at 675 nm. The proposed analysis of time-resolved
anisotropy does not rely on the very early time dynamics, so that
the 1.5 ns pulse excitation is fully reliable.

D.9 Molecular dynamics simulations

Force fields were obtained according to the following procedure
for all molecules (CTAB, Dil, DiD):”>”° (1) ground state geometry
optimization (B3LYP functional, basis set 6-31g(d,p)); (2) RESP
calculation (HF, basis set 6-31g(d,p)); (3) conversion to GAFF
force field using antechamber tools. Gaussian 16 software was
used for ground state optimization and RESP calculation.””

All MD simulations were performed using the GROMACS
software,”®”® starting with a preliminary energy minimization,
followed by long (>30 ns) dynamics at constant number of
particles, volume and temperature (NVT). Dynamics are run
with a timestep of 1 fs, using a velocity Verlet algorithm for
integration and a V-rescale thermostat at 300 K. Since both
CTAB and cyanine molecules are cations, all simulations are
performed by adding a suitable number of chloride ions to
ensure the charge neutrality of the whole system. VMD
software®® was used to visualize the results of MD simulations.
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