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ABSTRACT: Triplet—triplet annihilation upconversion (TTA-
UC) implemented in nanoparticle assemblies is of emerging
interest in biomedical applications, including in drug delivery and
imaging. As it is a bimolecular process, ensuring sufficient mobility
of the sensitizer and annihilator to facilitate effective collision in the
nanoparticle is key. Liposomes can provide the benefits of two-
dimensional confinement and condensed concentration of the
sensitizer and annihilator along with superior fluidity compared to
other nanoparticle assemblies. They are also biocompatible and
widely applied across drug delivery modalities. However, there are
relatively few liposomal TTA-UC systems reported to date, so
systematic studies of the influence of the liposomal environment on
TTA-UC are currently lacking. Here, we report the first example of
a BODIPY-based sensitizer TTA-UC system within liposomes and use this system to study TTA-UC generation and compare the
relative intensity of the anti-Stokes signal for this system as a function of liposome composition and membrane fluidity. We report for
the first time on time-resolved spectroscopic studies of TTA-UC in membranes. Nanosecond transient absorption data reveal the
BODIPY-perylene dyad sensitizer has a long triplet lifetime in liposome with contributions from three triplet excited states, whose
lifetimes are reduced upon coinclusion of the annihilator due to triplet—triplet energy transfer, to a greater extent than in solution.
This indicates triplet energy transfer between the sensitizer and the annihilator is enhanced in the membrane system. Molecular
dynamics simulations of the sensitizer and annihilator TTA collision complex are modeled in the membrane and confirm the co-
orientation of the pair within the membrane structure and that the persistence time of the bound complex exceeds the TTA kinetics.
Modeling also reliably predicted the diffusion coeflicient for the sensitizer which matches closely with the experimental values from
fluorescence correlation spectroscopy. The relative intensity of the TTA-UC output across nine liposomal systems of different lipid
compositions was explored to examine the influence of membrane viscosity on upconversion (UC). UC showed the highest relative
intensity for the most fluidic membranes and the weakest intensity for highly viscous membrane compositions, including a phase
separation membrane. Overall, our study reveals that the co-orientation of the UC pair within the membrane is crucial for effective
TTA-UC within a biomembrane and that the intensity of the TTA-UC output can be tuned in liposomal nanoparticles by modifying
the phase and fluidity of the liposome. These new insights will aid in the design of liposomal TTA-UC systems for biomedical
applications.

KEYWORDS: triplet—triplet annihilation upconversion (TTA-UC), BODIPY, intersystem crossing (ISC),
large unilamellar vesicles (LUVs), giant unilamellar vesicles (GUVs)
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1. INTRODUCTION

Triplet—triplet annihilation upconversion (TTA-UC) is a
photophysical process in which two low-energy excitation
photons are combined through a bimolecular process to yield
the emission of a high-energy photon.'~® While the phenom-
enon has been long-known,” it has provoked intense scientific
attention in recent years because of its potential to harness low-
energy solar photons in solar cells.” Additionally, since TTA-UC
can potentially enable the local generation of high-energy
photons inside biological tissues, it offers the prospect of
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initiating impenetrable UV-induced processes using tissue-

penetrative red or near-infrared (NIR) excitation.”” Crucially,
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unlike other upconversion processes (e.g, harmonic gener-
ation),'”"" TTA-UC can be initiated using sensitizers with large
absorbance cross sections and so is amenable to relatively low-
excitation power density and noncoherent source excita-
tion.”””" TTA-UC thus holds significant potential across
many application domains, from biological imaging, sensing,
photodynamic therapy (PDT), and photoinduced drug release
to non-biological applications that include photocatalysis,
photovoltaics, and photoswitching, as well as organic syn-
thesis.'*™"*

TTA-UC is a bimolecular process. As illustrated in Scheme 1
in the lipid bilayer membrane, it requires collision between the

Scheme 1. Schematic of the TTA-UC Mechanism in a Lipid
Bilayer Membrane
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sensitizer and the annihilator. The process is initiated by the
absorption of a low-energy photon by the sensitizer (or donor)
that is typically excited to its first singlet excited state ('$*), from
where intersystem crossing (ISC) occurs to generate the triplet
excited state (*S*). The sensitizer then undergoes triplet—triplet
energy transfer (TTET) with an annihilator (A), which is
excited to its first triplet excited state (PA*). Two triplet
annihilators then undergo triplet—triplet annihilation (TTA),
generating an excited singlet annihilator ('A*), which emits a
fluorescent photon of higher energy than the initial exciting
photon.”

A key objective in refining TTA-UC is to optimize the
efficiency of the contributing TTA and UC processes by
maximizing the quantum efficiency of the underlying elementary
photophysical steps (ISC, TTET, and TTA) while minimizing
the competing paths (triplet intrinsic decay).”*~>

Implementation of TTA-UC in nanostructures is of
significant application interest and may also be advantageous
because co-location of the sensitizer and the annihilator within
the nanostructure increases the local concentration and may
promote Dexter energy transfer and annihilation, if issues such
as aggregation do not interfere.”*”>’ Nanoencapsulation of the
TTA-UC components may also provide a means to reduce the
impact of oxygen on the TTA-UC process.””’" An attractive way
to accomplish TTA-UC is to include the pair in liposomes or
micelles. These assemblies offer the aforementioned nanoscale
co-constraint of reagents, with high lateral mobility to support
collisional encounter between the sensitizer and the annihilator.
Additionally, the lateral lipid order may inhibit aggregation
depending on molecular properties. The low polarity environ-
ment of the liposome, in particular, may facilitate efficient TTA-
UC by suppressing competing electron transfer reactions while
facilitating TTA-UC, in aqueous media. Furthermore, both
liposomes and micelles are biocompatible and widely used, for
example, in imaging and drug delivery. Bonnet et al.

employed TTA-UC as a means of imaging the membranes of
giant unilamellar vesicles (GUVs) comprising DOPC or DMPC
using a palladium tetraphenyltetrabenzoporphyrin (PdTPTBP)
sensitizer and a perylene annihilator.>* Specht et al. developed
light-activatable liposomes to photorelease melphalan drug
using red-light TTA-UC-assisted drug photolysis with the
PATPTBP sensitizer and the fert-butylated perylene annihila-
tor.” Implementation of the TTA-UC components in
membranes has been proposed as a route for the liposome-
based delivery of the TT-UC into targeted cells and for
photodynamic therapy where TTA-UC may be used for the
activation of photoactive agents in the chemotherapeutic
window.**** However, despite the enormous potential, there
remain relatively few reports of TTA-UC in liposomal systems
and none that directly address the impact of liposomal
composition and viscosity on this bimolecular process.

A critical consideration in spatial constraint is that the
sensitizer and annihilator must both localize to the same region
of the liposomal structure to facilitate effective collision leading
to Dexter energy transfer. To investigate this, we report the first
example of all-organic, BODIPY-sensitized TTA-UC in a
liposomal system using perylene as the annihilator. BODIPY
derivatives are cogent sensitizers for membrane-bound systems
as they are widely applied as lipid membrane probes in imaging
and biophysics because of their lipophilicity and excellent
photophysical properties.”” Additionally, while BODIPY-based
donor—acceptor dyads, with enhanced triplet yield, have been
used as sensitizers for TTA-UC in solution, they have not yet
been applied to liposomal systems.*" In this work, two recently
reported BODIPY-perylene dyads, with and without an iodine
substitution, are applied as sensitizers (see Figure 1). These dyes

i |
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Ph-2-Bodipy-2-perylene Ph-2-Bodipy-2-perylene-lodine Perylene

(82P) (82P1)

Figure 1. Structures of Ph-BODIPY-2-perylene (B2P), Ph-BODIPY-2-
perylene-iodine (B2PI), and perylene.

were shown to exhibit spin—orbit charge transfer intersystem
crossing (SOCT-ISC) as well as enhanced ISC due to the heavy
atom in the iodinated derivative that promoted the formation of
triplet states, leading to intense TTA-UC in solution with
perylene.” The mechanism and thermodynamics of this system
(for the iodinated dyad, B2PI) are summarized in Scheme 2,
which is derived from combined computation, and ultrafast
spectroscopies reported recently in dioxane. The B2PI populates
three triplet states from where TTET to the annihilator can
occur. TTA-UC was found to be remarkably solvent-dependent
and was observed, across 10 solvents explored, to occur only in
dioxane and DMSO."*!
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Scheme 2. Schematic Illustration of the Jablonski Diagram of perylene-iodine (B2PI) are given in Figure 1. The synthesis and

the TTA-UC Mechanism for the System Explored Here. S, spectroscopic properties of these derivatives along with their
Sensitizer (B2PI dyad); A, Annihilator (perylene); ISC, ultrafast photophysics and details of their TTA-UC in solution
Intersystem Crossing; SOC-ISC, Spin—Orbit Coupling ISC; have been recently reported.”*"**
SOCT-ISC, Spin—Orbit Charge Transfer ISC; TTET, Figure 2a shows the absorption and emission spectra of 10 uM
Triplet—Triplet Energy Transfer. The TDDFT (MN15/def2- B2P and B2PI in dioxane, selected to approximately match the
TZVP) Energies of B2PI Are Indicated in Brackets™' dielectric with the lipid bilayer environment. Figure 2b shows
s, (2.80V) the UC spectra of B2P and B2PI sensitizers with perylene in 1,4-
Relaxation T dioxane. The absorption maximum of B2P is centered at 515
Siedey) o, SGVTOC"SCTJ 230V) g nm, while the absorption maximum of B2PI is bathochromically
* g rrer| g shifted to 530 nm on substitution with iodine. Both compounds
320 - : 8 fluoresce intensely, at 620 nm for B2P and 640 nm for B2P],
- SOCT-ISC -3 . 9. . . s c . .
c 640nm L T,(16eV) i3 where iodination induces a red shift in the emission maxima.
2 g '?:m)'-» L(15V) The fluorescence quantum yield is reduced by about 80% for
S g aazom | B2P1. Comparable bathochromic shifts have been reported
§ é 3. g previously on the iodination of charge transfer compounds of
£ 2 g2| iE BODIPY at the 2 and 6 positions."*’
§E 5 We recently reported on TTA-UC for both B2P and B2PI
=) o with perylene pairs in solution. In that study, the TTA-UC signal
So(0eV) So(0eV) was optimized in dioxane where two prominent anti-Stokes
S emission peaks (Figure 2b) are evident at 443 and 473 nm,
consistent with the fluorescence of perylene (see Figure S1).
In this report, we apply this sensitizer—annihilator system, The upconversion intensity from 1 yM B2PI and 10 uM
optimized in dioxane, to liposomal systems and, supported by perylene in deaerated dioxane (BPIy,,) is approximately 10-fold
computation, explain why their orientation and collision in higher than that from 1 yM B2P and 10 yM perylene in
membranes support TTA. The TTA-UC system is integrated deaerated dioxane (BPp,,) (see Figure 2b) when the
into large unilamellar vesicles (LUVs) since these are commonly absorbance of both sensitizers was matched (Figure S2). The
applied as delivery vehicles and also into giant unilamellar threshold power density (I,) values for BPp,, and BPI,, , were
vesicles (GUVs) of the same composition, to facilitate imaging. reported as 126 and 51 mW cm ™, respectively.” The increased
The presence and relative intensity of upconversion across upconversion yield (ca. 8 times) and low I;, (ca. 2.5 times) for
membrane compositions were compared in excitation-matched the B2PI-containing system compared to B2P, is attributable to
systems to permit a semiquantitative comparison of the impact the enhanced intersystem crossing due to the presence of
of the environment on TTA-UC since the determination of the iodine 2%
quantum yield is challenging in liposomal systems. Furthermore, TTA-UC for these pairs was found to be efficient in dioxane
the impact of membrane composition on the underlying (dielectric constant &, = 2.25);*° thus, despite strong solvent
photophysical process is explored using transient spectroscopy. dependence (where TTA-UC, across 10 solvent systems, was
Overall, this study presents deep new insights into TTA-UC in only observed in DMSO and dioxane), we anticipated the TTA-
the lipid bilayer and the impact of the membrane environment UC study of B2P- and B2PI—perylene pairs might also be
on the excited state and the TTA-UC process. efficient in a lipidic environment, notin_g that the dielectric
constant is similar in DOPC (g, = 2—3)."
2. RESULTS AND DISCUSSION Next, we investigated whether the sensitizer can be doped into
2.1. Steady-State Absorption and Emission Spectros- a lipid bilayer. To that end, we first incorporated B2P into
copy in Solution and Liposomes. The molecular structures DOPC LUVs of diameter ~140 = 5 nm (determined using DLS,
of perylene, Ph-BODIPY-2-perylene (B2P), and Ph-BODIPY-2- cf. Figure S4, Supporting Information (SI)). In parallel, to
0.8 p—r § 1oJ(b) = BPlpiox
- B2P ®w Y e BP ;.
L400 5. E Diox
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Figure 2. Absorption (solid line) and emission (dotted line) spectra of (a) 10 uM B2PI (black) and B2P (red) in dioxane. Emission bandwidth of B2P
and B2PIis S nm. Emission spectra were recorded by exciting B2PI at 532 nm and B2P at 517 nm. (b) Upconversion emission from BPI,,,, (black) and
BPp,,, (red); both spectra are normalized to the emission peak from the B2PI sample. The samples were excited with a 532 nm laser, and the emission
was collected with 2.5 nm bandwidth. Samples were deaerated by purging N,.
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confirm that B2P is successfully integrated and remains mobile
within the lipidic environment, we performed FLIM and
fluorescence lifetime correlation spectroscopy (FLCS) at pore-
suspended bilayers of analogous composition. The correspond-
ing lifetime image and autocorrelation function are provided in
Figure SS (SI). The diffusion coefficient (D) for B2P was
determined as 8.6 + 0.4 ym?* s~ with an anomalous factor, a,
value of 1.01. This value is comparable to the lipid diffusivity
values reported in Table 2 (vide infra) and is consistent with
membrane integration.A'8

Our molecular dynamics (MD) simulations confirm that both
B2P and B2PI assemble rapidly and with high affinity into a
DOPC lipid bilayer (Movie S1, link in the SI). These molecules
primarily reside in the hydrocarbon core of the membrane,
showing a noticeable tendency to orient their BODIPY moiety
toward the polar surface while at the same time exposing their
perylene moiety for interaction with the annihilator at the center
of the bilayer (Figure 3). The diffusion coefficients of B2P and

L Siwng
3

Position [nm]
o

i

- perylene

=== BODIPY-part of B2PI|

0 01 02 03 04 == perylene-part of B2PI
Probability density [a.u.] === DOPC phosphate groups

Figure 3. Preferred localization of the sensitizer and annihilator
molecules within a DOPC membrane. The color-coded probability
distributions, derived from our MD simulations, illustrate positioning
along the axis perpendicular to the membrane surface. The brown curve
represents the position of the DOPC phosphate groups shown for
reference. The 0.0 position corresponds to the bilayer midplane.

B2PI in the membrane, determined from our MD trajectories
using mean square displacement (Figure S8), are 8.83 + 0.68
and 8.31 + 0.50 um” s/, respectively, which align well with the
measured D value for B2P.

Since TTA-UC within liposomes offers a route for
upconversion in cell imaging and toward the activation
wavelength of photoactivatable prodrugs closer to the photo-
therapeutic window,” we were interested in understanding if
TTA-UC could be observed in a membrane and to understand
the impact of varying physicochemical properties such as
fluidity/viscosity, vesicle size, hydrophobic core chain length,
headgroup charge, etc. Of note, TTA-UC requires Dexter
energy transfer between a photosensitizer and an annihilator;
thus, in a nanoassembly, these components must co-localise to
ensure that efficient molecular collision is facilitated. The lipid
membrane is a suitable platform to confine the photosensitizer
and annihilator to the same plane assuming both species localize
to the same region of the membrane, and that their orientation is
conducive to energy transfer. To that end, we first prepared large
unilamellar vesicles (LUVs)**™>* (hydrodynamic diameter
~140 + S nm from DLS) of DOPC and two different giant

unilamellar vesicles (GUVs),> comprising DOPC only and a
ternary phase-separated DOPC:SM (sphingomyelin):Chol
(2:2:1). From imaging, GUVs were ~10—30 um doped with
B2P- and B2PI—perylene pairs.

To investigate TTA-UC in DOPC LUVs, we compared
BPI, v (doped with 0.25 4M B2PI and 2.5 M perylene) and
BP, (doped with 0.25 uM B2P and 2.5 uM perylene). The
concentrations of the sensitizer and the annihilator quoted are
those applied before extrusion (but are assumed fully integrated
into the LUV on the basis of the absence of a residual compound
on the extrusion filter or filtrate). TTA-UC from LUVs were
studied in a nitrogen-saturated solution in the presence of 20
mM sodium sulfite as an oxygen scavenger. Both LUV
assembled pairs showed substantial anti-Stokes shifted emission,
as shown in Figure 4a, attributed to TTA-UC. Comparing
BPI, ;v and BP; ;;, under identical conditions (the sensitizer is
absorbance-matched at the excitation wavelength and the
excitation power is identical) enabled us to compare the
intensity directly, in the absence of quantum yield, and we
observed that BPI;yy showed a dramatically enhanced
upconversion emission intensity compared to BP,y (Figure
4a). The intensity was greatly enhanced compared to the
solution TTA-UC, to the extent that the concentration of the
annihilator and the sensitizer had to be diluted 4-fold to avoid
detector saturation using the same optical system for detection.
With this 4-fold dilution, the intensity of the upconverted signal
from the B2PI—perylene pair was reduced by only approx-
imately 50% (Figure S3) compared to the solution. The data
suggests that the B2PI—perylene pair works well in the liposome
formulation because its localization and orientation in the
membrane facilitate TTA- UC.

To understand this further and provide molecular-level
description of the interaction between B2PI and perylene
within the membrane, we employed umbrella sampling MD
simulations”*>* to determine the free energy profile for B2PI—
perylene binding in a DOPC lipid bilayer (see Methods, SI).
The resulting profile in Figure Sa reveals that B2PI and perylene
interact to form several different types of collision complex,
characterized by shallow free energy minima. In the most tightly
bound complex (r < 0.55 nm I in Figure Sa), the annihilator
perylene molecule orients itself parallel to the perylene moiety of
B2PI in a way that should facilitate efficient triplet—triplet
energy transfer (I in Figure Sb). In contrast, the broader free
energy minimum (0.55 < r < LS nm, II in Figure Sa)
corresponds to multiple more loosely bound complexes in which
perylene interacts mostly with the BODIPY moiety (II in Figure
Sb). At the local concentration of perylene in the bilayer used in
the simulation (~20 mM), the fraction of B2PI that at any given
moment remains bound in the type I complex is 0.64%. The low
free energy barrier to dissociation of ~0.5 kcal/mol observed in
Figure 5, along with the additional MD simulations of
spontaneous binding/dissociation (Movie S2, link in the SI),
demonstrates the short-lived nature of tightly bound B2PI/
perylene complexes, which have an average lifetime of 7.02 +
0.43 ns. However, this duration is still sufficient time for the
TTET process, which occurs within a few nanoseconds.
Notably, the computed binding properties of both B2P and
B2PI with perylene are similar (Figure $10), indicating that the
higher relative intensity of TTA-UC observed for the latter
originates from the more efficient intersystem crossing in the
iodinated compound.”

To further investigate the effect of the liposome environment
on the TTA-UC process, cell-sized, single-component DOPC

https://doi.org/10.1021/acsami.4c00990
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Figure 4. Normalized TTA-UC emission from (a) BP;y and BPI, ;;y in DOPC liposomes of ~140 nm size; BPGUV and BPIGUV in giant unilamellar
vesicles of (b) DOPC lipid, and (c) mixture of DOPC, SM, and cholesterol (2:2:1). The upconverted emission in vesicles was measured in the
presence of 20 mM sodium sulfite at a 2.5 nm emission slit width. The samples were excited with a 532 nm laser of 10 mW power. Confocal microscopy
images of DOPC (d, e) and DOPC:SM:Chol (f, g) GUVs showing the membrane doped with B2P (d, f) and B2PI (e and g). The concentration of
both B2PT and B2P in GUVs was ~0.38 M. The scale bar in panels d—g is S gm, and 1.,/ A.p, = 514/600—700 nm. The normalization of ¢ with respect
to the maximum intensity of b is for comparison.
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fluorescence microscopy. Here, the B2PI-containing composi-
tions are referred to as BPI;yy and B2P as BPgyy. From the
confocal fluorescence images shown in Figure 4d—g, and
consistent with the theory, both BPI;yy and BPgyy are
integrated into the membrane, providing clear images of the
GUVs. In the ternary composition, the probe partitions to the
liquid disordered (L,) phase, confirmed by colabeling with an L4
05 1 15 2 25 3 partitioning probe DiD (DiIC18(S) solid (1,1/—di0ctadecyl-
Distance, r [nm] 3,3,3',3/-tetramethylindodicarbocyanine, 4-chlorobenzenesul-

@ 37.2% fonate salt)) as shown in Figure S11 (SI).
y RN Figure 4b,c shows the comparative TTA-UC emission
%-ﬁ—ix;g:g intensity for BPIgyy (~0.38 4uM B2PI and ~3.8 uM perylene
¢ - in deaerated GUV) and BPgyy (~0.38 uM B2P and ~3.8 uM
T perylene in deaerated GUV) in DOPC and DOPC:SM:Chol
GUVs. Although the trend of BPIgyy emission intensity is

1

Free energy [kcal/mol]

g

il

- —-90°
0 higher than that of BP;y,in both of the GUVs, when compared,
Y’}‘()L‘ Lot K. 7,1%%7 4 0% the overall intensities are modestly decreased for DOPC:SM:-
j}%@%ﬁ '“ 7@@% Chol compared to DOPC. This decrease may, in part, be due to
%1 = %/E\ﬂ the higher viscosity of the DOPC:SM:Chol membrane
compared to DOPC. However, as shown in Figure S11, unlike
Figure S. (a) MD-derived free energy profile for the B2PI—perylene BODIPY, perylene does not show phase selectivity and emits
interaction ina DOPC lipid bilayer. The two indicated minima, I and 11, from both Ld and Lo phases; thUS, the local concentration of
correspond to the two types of collision complexes identified in the MD perylene within the L, phase where the sensitizer resides is

simulation. (b) The most representative structures of the B2PI/ reduced, reducing collision probability and leading to this
perylene collision complexes of types I and II along with their relative observed decrease in TTA-UC

populations in the bound state. For the sake of clarity, the B2PI and
perylene carbon atoms are colored green and cyan, respectively. For full
structural analysis of the identified complexes, see Figure S10.

2.2. Time-Resolved TTA-UC in Liposomes. Next, to
understand the impact the lipid bilayer has on the dynamics of
the BODIPY triplet state, nanosecond time-resolved (ns-TA)
spectra of B2PI were compared in dioxane and liposome. The
and phase-separated DOPC:SM:Chol (2:2:1) GUVs were data from dioxane are shown in Figure 6a, and the negative

prepared with the sensitizer—annihilator pair to permit direct differential absorbance (AAbsorbance) signal from 470 to 570
visualization of the emission from the sensitizer using confocal nm is a contribution from ground-state bleach (GSB), which is
29328 https://doi.org/10.1021/acsami.4c00990
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Figure 6. Nanosecond transient absorption spectra of (a) B2PI—1 M in dioxane, (b) B2PI—1 yM and perylene and 10 M in dioxane: BPIp,; (c)
B2PI—1 uM in LUV, (d) B2PI—1 uM and perylene—10 M in LUV: BPI, ;). Arrows in (a)—(b) and (c)—(b) show changes in the spectra with
respect to each other upon addition of 10 4M perylene. (a) and (b) have the same legends; similarly, (c) and (d) have the same legends. In (a) and (b),
inverted absorption and emission of B2PI are shown as green and red curves, respectively; the inverted absorption of perylene is in violet. The samples
were excited with a 532 nm laser. The 530 and 540 nm kinetics are not measured due to high scattering from LUVs.

Table 1. Sample Nomenclature and Lifetime Table”

nomenclature constituent 1 constituent 2

B2PI—1 uM

BPIp0y B2PI—1 uM perylene—10 uM

BPpiox B2P—1 uM perylene—10 uM
B2PI—1 yuM

BPI; yy B2P1—0.25 uM perylene—2.5 uM

BPL yy(p) B2PI—1 uM perylene—10 uM

BPIguy B2PI—~0.38 uM perylene—~3.8 uM

BPguv B2P—~0.38 yM perylene—~3.8 uM

dioxane/membrane 7, (us) 7, (us) 75 (us)
dioxane 65 530 1600
dioxane 43 80 880
dioxane
LUV 60 318 1500
LUV
LUV 7 48 650
GUV
GUV

“The lifetimes given are obtained using nanosecond time-resolved spectroscopy. The error margin for the lifetimes of All B2PI samples is within

10%. See the time-resolved section for details

also evident from its steady-state absorbance (Figure 2). Outside
this region, excited-state absorbance (ESA) dominates through-
out the shown spectral range. For the sample containing B2PI
and perylene in dioxane (Figure 6b), in contrast to B2PI alone,
ESA is dominant in the range of 470—520 nm (see arrows),
which is due to TTET from B2PI to annihilator (perylene)
molecules. The triplet ESA of BODIPY is known to be in the
region 400—470 nm,”’ whereas the triplet ESA of perylene is
broader and observed in the region 400—570 nm.*® The B2PI
molecule can form three triplet species upon ISC: charge
transfer state triplet (T;), BODIPY-centered triplet (T,), and
perylene-centered triplet (T,); energetically, T > T, > T;.**!
The spectra of the BODIPY-centered triplet and the perylene-
centered triplet are expected to show differential absorbance
features of pristine BODIPY and perylene molecules,
respectively; the charge transfer state triplet is expected to
have features common to both molecules.”*" The intersystem
crossing (ISC) from the singlet charge transfer state can progress
through two pathways: spin—orbit coupling ISC leading to a
triplet charge transfer state and spin—orbit charge transfer ISC

lea§17i1;§ to BODIPY- or perylene-centered states (Scheme
2).>"

The ns-TA spectra of B2PI in LUV (Figure 6¢) are similar to
those in solution (see Figure 6a), though careful comparison
reveals some important differences. The feature near 510 nm is
the dominant ESA in the LUV sample, whereas GSB dominates
in solution (Figure 6a). This is attributed to the confinement of
hydrophobic B2PI molecules to the 2D lipid bilayer membrane.
The confinement results in a much higher local concentration of
the B2PI molecules (in the lipid bilayer) > 1 4M compared to
the solution. This in turn increases the probability of collision,
which makes intermolecular TTET from the BODIPY-centered
state (T,) to the perylene annihilator (T;) more probable.
Hence, a larger population of perylene-centered state formed by
ISC along with TTET will exist in the membrane, leading to the
enhancement of the ESA feature near 510 nm (see arrow, Figure
6¢), compared with the dominant GSB of BODIPY-centered
species in solution (Figure 6a).

Similarly, for the LUV sample containing B2PI and perylene,
TTET from the sensitizer to the annihilator takes place, leading
to enhancement of the ESA feature associated with perylene

29329 https://doi.org/10.1021/acsami.4c00990
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near 510 nm, as seen in Figure 6d. The high local membrane
confined concentration of B2PI and perylene also facilitates
TTA, and the lifetime of the three species (charge transfer state,
BODIPY-centered, perylene-centered) is consequently shorter
in the lipid bilayer than in solution (see Table 1). Due to the
poor signal-to-noise ratio and high scattering, ns-TA of B2P
molecules in the lipid bilayer could not be measured at 1 uM;
increasing the B2P concentration increased the background, so
these studies could not be completed.

2.3. Impact of Physicochemical Membrane Properties
on TTA-UC. As compositions of liposome formulation vary
widely and TTA-UC requires collision between the annihilator
and the sensitizer, we examined the impact of physicochemical
properties of the liposomes of varying compositions on TTA-
UC by comparing the relative intensity of TTA-UC across
different liposomes using BPI; 1. We first measured the fluidity
in different liposomes as a consequence of varying alkyl chain
lengths, degrees of saturation/unsaturation, lipid phase
transition temperatures, and varied lipid headgroups and charge
chemistries. The zwitterionic DOPC is diunsaturated, whose
phase transition temperature, T, is approximately —17 °C,
whereas POPC is monounsaturated, with the T, being
approximately 2 °C. The zwitterionic DMPC and DLPC lipids
with saturated alkyl chain lengths of C14 and C12, respectively,
with T,, are, respectively, 23 and 2 °C.**"®' The chemical
structures of individual lipids are provided in Figure S12 (SI),
and the T, values along with the headgroup/alkyl chain
configuration are shown in Table 2. To obtain the lipid

Table 2. Features of lipids used along with phase transition
temperature, mathematical area of integration of the 443 nm
peak, and diffusion coefficient of each lipid labeled with
DOPE-Atto655 measured using FLCS. Diffusivity was
measured at MSLBs as described in the SI

phase diffusion

transition  alkyl chain coefficient, D integrated

temp (°C)“  length & (um?* s7h) area of 443

lipid Tn double bond DOPE-ATTO65S nm peak
DOPC -17 18:1 9.6 3848
POPC -2 16:0—18:1 8.8 1802
DLPC -2 12:0 7.2 719
DMPC 24 14:0 3.5 43
DPPC 41 16:0 NA 128
DOPS -11 18:1 9.5 303
DOTAP <5 18:1 7.2 57
Egg PC 82 6742
“Nature’s 7.8 6076

Own

“Obtained from Avanti polar lipids. b32% DOPC, 25% DOPE, 20%
cholesterol, 15% SM, and 8% PE.

diffusivity in the above membrane composition, the diffusion
coefficient values were measured at MSLB using FLCS (Table
2). Membranes comprising highly unsaturated phospholipids
are more fluidic and more disordered than saturated lipids and
are expected to accommodate a range of fluorophores including
B2P and B2PL

Figure 7a shows the upconverted emission observed from
BPI; yy in DOPC, POPC, DMPC, and DLPC liposomes under
otherwise identical experimental conditions. We observed the
following trend for the TTA relative intensity of TTA-UC
DOPC > POPC > DLPC >> DMPC. Looking at the table of
measured diffusion coeflicients, this trend can largely be

explained by the fluidity of the membrane. Unsurprisingly, the
TTA-UC pair in DOPC liposomes showed the highest intensity
upconverted signal (Figure 7a black), attributed to the high
fluidity of this membrane; recalling that the diffusion coefficient
of B2P was 8.6 + 0.4 um? s, it is expected to facilitate 2D
collision between the sensitizer and the annihilator, and the
DOPE-ATTO65S lipid label for DOPC had a D 0f 9.6 + 0.5 um*
s™' (DOPC melting transition temperature (T,,) = —17 °C).
Although they have the same T,,, POPC shows greater fluidity
(diffusion coefficient for the lipid label of 8.8 ym” s~ compared
to 7.2 ym” s7') and DLPC. Negligible TTA-UC could be
observed for DMPC membranes, consistent with the high
viscosity of the DMPC membrane (T}, = 23 °C), and D (3.5 um?
s7!) is less than half of that of DLPC, resulting in a modest TTA-
UC emission. The integrated area under the peak centered at
443 nm was assessed to give some quantitative insight into the
TTA-UC intensity with liposome composition and is shown as a
bar plot in Figure S13. There is essentially an exponential
decrease in the anti-Stokes emission intensity with increasing
viscosity of the membrane, which is attributed to impeded
bimolecular collision between the sensitizer and the annihilator.

To further validate this conclusion, we conducted MD
simulations to estimate and compare the rate constants, k,, for
the formation of the tightly bound B2PI/perylene complex (type
I in Figure Sb) in the DOPC and DMPC membranes (see the
SI). Our results confirmed our expectations, showing that the
binding process is more than 1 order of magnitude faster in the
more conformationally disordered and less viscous DOPC
bilayer (k,, = 4.6 X 10’ M~! s7!) than in the more ordered and
densely packed DMPC bilayer (k,, = 1.2 X 10° M~' s7"). This
dependence of k ,, on the ordering of lipid chains can also partly
be attributed to the lowering stability of the B2PI/perylene
complexes with increasing lipid order revealed by our binding
free energy profiles. As can be seen from Figure S14, in the
DMPC bilayer, the formation of the tightly bound complex is ~2
kcal/mol less favorable than in DOPC. Consequently, this leads
to a 30-fold lower fraction of B2PI molecules bound to perylene
and an elevated activation free energy ultimately leading to a
decrease in the binding rate. We propose that the lower stability
of the B2PI/perylene complex in membranes with a higher
conformational order arises from the decreased capability of the
hydrocarbon chains to accommodate bulky molecular assem-
blies. Another factor contributing to the lower binding rate in
DMPC is the slower diffusivity, with the diffusion coeflicient of
B2PI in DMPC (3.552 + 0.95 um* s™") being ~2 times smaller
than that in DOPC.

Next, the impact of the alkyl chain length on TTA-UC was
compared. Liposomes of three neutral membrane composi-
tions—DLPC (C12), DMPC (C14), and DPPC (C16)
liposomes—were prepared and each doped with the sensitizer
and the annihilator. Figure 7b shows the TTA-UC of these three
compositions under sensitizer-matched conditions. We ob-
served a well-resolved UC signal in DLPC among these three;
however, the signal intensity in DMPC is reduced by 90%
compared to DLPC. Although the signal was evident in DPPC
443 nm, the peak at 473 nm was broadened; it was difficult to
quantitatively compare it to the other compositions. At ambient
temperature (22 + 1 °C), DLPC (C12) is expected to be more
fluidic than DMPC and DPPC, thus facilitating sensitizer—
annihilator collision. However, the difference observed here is
attributed to background scatter from the DPPC liposomes
(Figure S15). As they were found to be consistently larger than
other liposome compositions, direct quantitative comparisons
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Figure 7. TTA-UC from liposomes of different lipids with different (a) fluidities and numbers of double bonds in DOPC, POPC, DLPC, and DMPC;
(b) alkyl chain lengths in DLPC, DMPC, and DPPC; and (c) charges in DOPC, DOPS, and DOTAP. TTA-UC in (d) egg PC, and (e) mammalian
plasma mimetic Nature’s Own liposomes. All samples contain 0.25 M B2PI and 2.5 uM perylene, and the measurements were recorded at 2.5 nm
emission slit width under 532 nm excitation in the presence of 20 mM sodium sulfite. All liposomes are in PBS of pH 7.4. The emission spectra of
DMPC and DOTAP are multiplied by 3 for visualization and indicated in the corresponding panels by “*3”.

could not be made. However, it is clear that once the viscosity of
the membranes increases, based on chain length-induced phase
changes, the TTA-UC becomes much less intense.

Figure 7c illustrates the impact of membrane charge on TTA-
UC. In this context, we prepared three different sets of liposomes
comprising neutral (DOPC), negatively charged (DOPS), and
positively charged (DOTAP) lipid membranes. As expected,
DOPC, a neutral lipid, has the highest TTA-UC intensity when
compared to DOPS, whereas DOTAP has the lowest TTA-UC
intensity. At a physiological pH of 7.4, B2PI and perylene are
neutral. However, BODIPY is formally zwitterionic, and this
likely leads to electrostatic interaction between the COO™ of
DOPS and the N* of B2PI and between the (CH,;);N* of
DOTAP and the N* of B2PI, which may impact the diffusion/
collision of the sensitizer and the annihilator in each membrane;
particularly in the case of DOPS, the fluidity of the membrane is
identical to that of DOPC in Table 2, suggesting charge rather
than fluidity is responsible for reducing the TTA-UC in these
charged membranes.

2.4, TTA-UC at Plasma Membrane Mimetic Biomem-
branes. In considering the prospect of TTA-UC at biological
membranes, we then explored whether TTA-UC could be
observed at more typically biomimetic membranes. While it is
difficult to exactly mimic the complexity of the eukaryotic cell
membrane and its asymmetry in a liposome, TTA-UC was
investigated using egg phosphatidylcholine total extract, that
may partially mimic the eukaryotic membrane, since it
comprises a natural composition of different alkyl chain lengths
of different unsaturated and saturated alkyl chains but comprises
Ly, phase and is fluidic at room temperature.”> As can be seen in
Figure 7d, the fluidic nature of egg PC is reflected in the

measured D and the notably high TTA-UC intensity. Further
extending to the higher mammalian plasma membrane (MPM)
mimetic lipid compositions for the TTA-UC study, we chose a
membrane composition containing 32% DOPC, 25% DOPE,
20% cholesterol, 15% SM, and 8% PE, which was coined
“Nature’s Own” by Lentz et al.*>** Since the MPM composition
is also highly fluidic in nature (D = 7.89 + 0.42 ym?* s™!),°> we
observed a high UC intensity (Figure 7e). One of the reasons,
we speculate, for the high intensity of TTA-UC in such complex
membranes is the propensity of the sensitizer to localize in the Ly
phase, which is prevalent in these compositions, and promotes
the diffusional collision required for TTA-UC.

Liposomal TTA-UC systems offer enormous potential for
implementing upconversion in biological systems, but to date,
very few examples have been reported. As TTA-UC requires
mutual collision between the sensitizer and the annihilator,
important considerations are both the mutual affinity and
orientation of the sensitizer and the annihilator within the
membrane and the mobility of the sensitizer and annihilator
pair, to ensure effective collision for Dexter energy transfer. Both
are likely influenced by the composition and viscosity of the
membrane. Here, we report the first organic liposomal TTA-UC
system based on a BODIPY sensitizer using a perylene
substituted charge transfer complex and a perylene annihilator.
The doping of the constituents into liposomes was visualized at
GUVs using confocal microscopy for the TTA-UC pairs within
both single-component DOPC and phase-separated domains
forming DOPC:SM:Chol GUVs. We observed that both
sensitizers uniformly localized at the DOPC bilayer, whereas
in DOPC:SM:Chol, the sensitizer localized into the liquid
disordered phase. The upconversion spectra confirm that the
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emission is indeed from perylene while exciting the dyad
sensitizer, and we observed that the BODIPY-perylene dyad has
along triplet lifetime, which is necessary for efficient bimolecular
triplet—triplet energy transfer processes. Molecular dynamics
simulations reveal why the process is so efficient in membranes,
confirming that the sensitizer and annihilator co-locate within
the hydrophobic core and form effective collision complexes
within the membrane that persist for a time window that exceeds
the TTA kinetics, from transient spectroscopy. We observe that
the TTA-UC relative intensity is reduced at the phase-separated
DOPC:SM:Chol GUV, and this is attributed to the observation
that while the sensitizer is phase-localized, the annihilator
perylene is not. Thus, the relative concentration of the
annihilator and sensitizer is unbalanced by phase separation,
thus reducing the TTA-UC relative intensity compared to the
homogeneous membrane and revealing an important consid-
eration where TTA-UC is implemented in complex liposome
compositions or membranes.

On doping of B2P—perylene and B2PI—perylene pairs into
large unilamellar vesicles comprising different membrane
compositions, we observed a viscosity-dependent variation in
the TTA-UC intensity. The intensity of TTA-UC was found to
decrease exponentially according to DOPC > POPC > DLPC >
DMPC, attributed to the reduced collision frequency of the
sensitizer and the annihilator in more viscous compositions.
This conclusion is further substantiated by molecular dynamics
simulations, which indicate that the rate of the sensitizer—
annihilator complex formation decreases as the membrane’s
conformational ordering and viscosity increase.

3. CONCLUSIONS

Herein, we present two BODIPY-perylene dyad sensitizers
exhibiting TTA-UC with perylene in liposomes. This study
demonstrates that TTA-UC can be effectively implemented in
liposomal systems across the compositions and phases. It
provides important new insights into what dictates the relative
intensity of TTA-UC at liposomal membranes, the importance
of the collision complex between the sensitizer and the
annihilator, and that the influence of the membrane on
facilitating this complex is critical. These new insights should
be helpful in aiding the future design of TTA-UC in membranal
systems, e.g., in drug delivery or to cellular systems, where it has
tremendous potential for photoactivated drug delivery applica-
tions.

4. EXPERIMENTAL SECTION

4.1. Materials. Ph-BODIPY-2-perylene (B2P) and Ph-BODIPY-2-
perylene-iodine (B2PI) were synthesized according to the procedure
given in our recent publication.® 1,2-Dioleoyl-sn-glycero-3-phospho-
choline (DOPC) [purity (>99%)], 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1-palmitoyl-2-oleoyl-glycero-3-phospho-
choline (POPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP), L-a-phosphatidylcholine (Egg PC), and
sphingomyelin (SM, brain, porcine) were purchased from Avanti Polar
Lipids (Alabama) and used without further purification. 1,2-Dioleoyl-
sn-glycero-3-phosphoethanolamine-labeled ATTO655 (DOPE-
ATTO655) was purchased from ATTO-TEC GmbH (Siegen,
Germany). DiIC18(S) solid (1,1’-dioctadecyl-3,3,3’,3'-tetramethylin-
dodicarbocyanine, 4-chlorobenzenesulfonate salt) (DiD) was pur-
chased from ThermoFisher Scientific. Perylene, sodium sulfite,
cholesterol, D-(+)-glucose, sucrose, agarose, 1,4-dioxane, and phos-

phate-buffered saline (PBS) tablets were purchased from Sigma-Aldrich

(Wicklow, Ireland). Aqueous solutions were prepared using Milli-Q
water (Millipore Corp., Bedford). The polydimethylsiloxane (PDMS)
silicon elastomer was purchased from Dow Corning GmbH
(Wiesbaden, Germany) and mixed following supplier instructions.
Monodisperse polystyrene (PS) latex sphere with a diameter of 4.6 +
0.4 ym was obtained from Bangs Laboratories Inc. (Fishers, IN).

4.2. Photophysical Steady-State Studies. Electronic absorption
spectra were acquired on a Jasco V670 UV /vis NIR spectrophotometer
using a quartz cuvette with a 1 cm path length. Fluorescence spectra
were collected on a Varian Cary Eclipse fluorescence spectrofluor-
ometer. All photophysical measurements were performed at room
temperature (293 K).

The TTA-UC measurements were carried out in the same
fluorescence spectrophotometer using an additional laser purchased
from Edmund Optics with 532 nm excitation of 10 mW power with a 1
mm beam diameter. The TTA-UC measurements were performed in a
fluorescence spectrophotometer by blocking the excitation line in the
bioluminescence measurement mode. The upconverted emission in
vesicles was recorded in the presence of 20 mM sodium sulfite as an
oxygen scavenger. The upconverted emission was recorded across the
range of 400—500 nm to avoid interference from the excitation source.

4.3. Photophysical Time-Resolved Studies. Luminescent life-
time data were acquired up to 10,000 counts using a time-correlated
single photon counting (TCSPC) system by PicoQuant with a laser
excitation source 450 nm. Measurements were performed in triplicate,
and PicoQuant FluoFit software was used for data analysis and fitting.

Nanosecond time-resolved absorption (ns-TA) data were acquired
using a custom-built setup reported earlier.”® The electronics and
programming to record the difference absorption signal (for ns-TA) are
developed by Pascher Instruments (Lund, Sweden). The samples were
kept in 1 cm path length quartz-made inert cuvettes for all ns-TA
measurements. The pump pulse energy was 0.12 + 0.01 m]J for all ns-
TA measurements.

4.4. Reconstitution of Sensitizers and Annihilators into
Large Unilamellar Vesicles (LUVs). Reconstitution of BODIPY-
perylene dyads into LUVs was carried out using a hydration extrusion
method. The sensitizers were mixed with lipid in a 5088:10:1 molar
ratio of lipid:annihilator:sensitizer in chloroform in a 1.5 mL glass vial,
and the mixture was dried under nitrogen flow, leading to the formation
of a lipid film along the sides of the glass vial. Complete evaporation of
the solvent was ensured by keeping it under vacuum for 60 min. The
film was then hydrated with 1 mL of phosphate-buffered saline (PBS) at
pH 7.4, and the film was suspended into the buffer by vortexing for 60 s.
This solution was extruded through a 100 nm polycarbonate membrane
typically 11 times to achieve uniform large unilamellar vesicles (LUVs)
of around 100 nm diameter. The liposomes were dialyzed using a pur-
A-lyzer kit.”” The diameter and homogeneity of the resulting liposomes
were confirmed using dynamic light scattering (DLS) of the Malvern
Zetasizer Ultra.

For TTA-UC studies in liposomes, 0.25 M B2PI and 2.5 uM
perylene were reconstituted into LUVs of different lipid compositions.
The concentration was approximately a factor of 4 lower than the
concentrations optimized previously in solution, but the ratio of 1:10 is
maintained.* In all cases, complete integration of the sensitizers and
annihilators into the membrane was confirmed by analyzing the filters
and filtrate for unbound materials.

4.5. Preparation of Giant Unilamellar Vesicles. Both single and
ternary giant unilamellar vesicles (GUVs) were prepared by electro-
formation using the Vesicle Prep Pro (VPP) (Nanion Technologies,
Munich, Germany).> Single-phase GUVs comprised a DOPC lipid,
and the ternary GUVs were prepared using DOPC, sphingomyelin
(SM), and cholesterol in a 2:2:1 molar ratio to a final concentration of §
mM; this ratio forms phase-separated domains in the GUV. The
sensitizer and annihilator molecules were mixed with the lipid stock
with a 5088:10:1 lipid:annihilator:sensitizer molar ratio. To identify the
phase selectivity of the sensitizer in the vesicle, a lipophilic tracer dye
DiD (DiIC18(5) solid (1,1’-dioctadecyl-3,3,3',3'-tetramethylindodi-
carbocyanine, 4-chlorobenzenesulfonate salt)) was used to colabel the
vesicle at a concentration of 0.1 mol % to lipid along with the sensitizer.
The lipid-dye stock solution was drop-cast as several droplets of 1 uL
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onto a pair of conductive ITO slides, and the solvent was evaporated by
purging with N, and then stored in the vacuum for 45 min. ITO slides
were carefully introduced into the chamber along with a 0.23 mM warm
sucrose solution, and the slides were placed one above the other
separated by an O-ring of 0.7 mm thickness greased on the conductive
side of the ITO slides. The electroformation was started by applying an
alternating current voltage of 0—3 V and 55 °C temperature raised for 5
min, and 3 V was continuously applied at 10 Hz frequency for 170 min
at 55 °C followed by a fall time of 5 min. The vesicle solution was
collected from the slides using an enlarged-sized pipet tip by cutting the
edge and adding to the 0.23 mM glucose solution to maintain the
osmolarity.

4.6. Confocal Microscopy of Giant Unilamellar Vesicles
(GUVs). Confocal fluorescence images of the GUVs were collected
by using a Leica TSP inverted (DMi8) confocal microscope. The
excitation line was selected from a white light laser used as an excitation
source, and a 40X-oil immersion objective was used. Samples with B2P
were excited at 514 nm, and the emission was collected at 630—640 nm.
Similarly, the excitation and emission wavelengths (4.,/4.y) for other
dyes were as follows: 514/650—660 nm for B2PI and 633/665—700 nm
for DiD. The GUVs were mixed with 0.5% agarose for imaging to
impede the movement of the vesicles and imaged after 10 min of
agarose addition.

4.7. PDMS Microcavity Array Preparation. 20 yL of 0.1% of 4.61
pum PS spheres dispersed in ethanol was drop-cast over 1 cm X 1 cm
pieces of hand-cleaved mica fixed on a glass slide. After the evaporation
of ethanol, PDMS was mixed with a curing agent in a 10:1 ratio and was
poured over the PS sphere arrays and dried at 90 °C for 60 min. The PS
spheres were then removed from the PDMS substrate by sonicating in
THE for 1S5 min, and the microcavity arrays of approximately 2 ym
diameter were thus obtained. Complete evaporation of THF was
ensured by drying the substrate overnight at room temperature.
Critically, before lipid bilayer formation, the substrates were rendered
hydrophilic by treatment with oxygen plasma for 5 min prior to aqueous
filling; this ensured complete aqueous filling of the pores and a
sufficiently hydrophilic interface to support the bilayers. Without this
step, the bilayers are not stable. Following this, the microcavities were
filled with buffer by sonication for 15 min in PBS.

4.8. Preparation of Microcavity Array-Supported Lipid
Bilayers (MSLBs). The DOPC lipid bilayer was spanned across
aqueous-filled PDMS microcavities to form the microcavity-supported
lipid bilayer. Initially, the lipid monolayer was transferred using the
Langmuir—Blodgett (LB) technique at the air—water interface as
reported previously,’’ > whereby a 1 mg/mL lipid solution in
cholesterol was added to the water subphase of an LB trough (NIMA
102D) and the solvent was allowed to evaporate for about 10 min. The
lipid monolayer was transferred to the microcavities at a 33 mN/m
surface pressure. The liposome solution containing the sensitizer
molecule was introduced to the microfluidic chamber of the PDMS
substrate and incubated in the dark for about 90 min for the bilayer
fusion to occur. Any residual liposomes were removed by washing with
PBS, and this MSLB was then used for FLCS studies.

4.9. Fluorescence Lifetime Imaging (FLIM) and Correlation
Spectroscopy (FLCS). Fluorescence lifetime imaging (FLIM) and
fluorescence lifetime correlation spectroscopy (FLCS) measurements
on MSLB were performed using a MicroTime 200 system (PicoQuant
GmbH, Germany) integrated with an FCS module, a dual single-photo
avalanche diode (SPAD) detection unit, time-correlated single photon
counting (TCSPC), and an inverted microscope model Olympus X1-
71 with an Olympus UPlan SApo 60x/1.2 water immersion objective.

A 532 nm laser PicoTA from Toptica (Picoquant) with a pulse
repetition rate of 20 MHz was used to excite the B2P probe and a 640
nm laser to excite the DOPE-ATTOG6SS probe embedded within the
microcavity-supported lipid bilayer. The excitation light was directed to
the sample through the objective lens by a 532/640 rpm dichroic
mirror. The fluorescence emission was also collected through the same
objective and filtered through the same dichroic mirror and a suitable
interference filter. The detection volume in the axial direction was
confined onto SPAD using a 50 ym pinhole. Further details are given in
the Supporting Information.

4.10. Molecular Dynamics Simulations. 4.70.1. Simulation
Systems and MD Protocol. We used three different models of lipid
bilayers, each with a different lipid composition, which were prepared
using the CHARMM-GUI Membrane Builder.”® These bilayers
consisted of 120 DOPC, 132 DLPC, or 132 DMPC molecules, and
each was embedded in a rectangular box measuring 6.5 nm X 6.5 nm X
7.6 nm. To solvate the bilayers, we added 5422, 5897, and 5889 TIP3
water molecules, respectively.”” To maintain a physiological ionic
strength of 0.15 M, 24 K* and 24 CI” ions were included in each of the
systems. Subsequently, the standard CHARMM-GUI energy mini-
mization and equilibration protocols were applied. The lipids were
modeled using the CHARMM36m force field,”® while the force field
parameters for B2P, B2P], and perylene molecules were obtained from
the CHARMM generalized force field (CGenFF )”! via the CHARMM-
GUI server. The partial charges were determined by fitting to the
electrostatic potential, which was calculated at the BALYP-D3/def2svp
level using Gaussian 16.”* Additionally, we refined the parameters for
two dihedral angles in B2P and B2PI (6, and 6, in Figure S15) by fitting
to the rotational energy profiles computed at the B3LYP-D3/def2svp
level. The equilibrium bond lengths and valence angles in the vicinity of
the boron atom in B2P and B2PI were determined by adopting the
values from the QM-optimized structures (B3LYP-D3/def2svp).
Specifically, the bonds B—F, B—N, and N—C and angles F—B—F, F—
B—N, B-N—C, and N—B—N were considered (see Figure S15). The
same was done for the C—I bond length in the B2PI molecule. The
complete sets of parameters used for B2P, B2P], and perylene can be
found in the attached file named “dyes.top”.

All energy minimizations and molecular dynamics simulations were
carried out using Gromacs 2020.” The simulations were performed in
periodic boundary conditions and in the NPT ensemble with the
temperature kept at 310.15 K using the Nose—Hoover thermostat’*
with a coupling time of 1 ps, while the pressure was coupled semi-
isotropically with a Parrinello—Rahman barostat at 1 bar with a
coupling time of 5 ps.”” To calculate electrostatic interactions, the
particle-mesh Ewald summation was applied with a real space cutoff
equal to 1.2 nm and a Fourier grid spacing of 0.12 nm. van der Waals
interactions were represented by the Lennard-Jones potential with a
smooth cutoff with a switching radius of 1.0 nm and a cutoff radius of
1.2 nm. The P-LINCS algorithm”® was used to constrain the length of
all bonds involving hydro%en atoms except the water molecules, for
which SETTLE was used.”” The Verlet leapfrog algorithm was used to
integrate the equations of motion with the time step of 2 fs.

4.10.2. Spontaneous Membrane Binding and Localization in the
Membrane. To examine the preferred localization of the studied
sensitizer and annihilator molecules within a lipid bilayer, we
introduced single molecules of B2P, B2PI, or perylene into the water
phase of the pre-equilibrated DOPC system. Subsequently, each of the
three systems thus prepared was subjected to MD simulation following
the described protocol, with five independent replicas conducted to
ensure sufficient sampling. After the spontaneous penetration of the
molecules into the lipid phase (within tens of nanoseconds; see Movie
S1), each replica was simulated for the next 1.2—1.6 us. The
distributions of molecules along the axis perpendicular to the
membrane surface were computed after discarding the first 300 ns of
each replica as equilibration.

4.10.3. Free Energy Simulations for Sensitizer—Annihilator
Binding within Lipid Bilayers. To study the sensitizer—annihilator
interaction in the three lipid membranes (DOPC, DLPC, and DMPC),
we determined how the system’s free energy changes as a function of the
center-of-mass distance, r, between the perylene fragment of the B2P or
B2PI and the annihilator perylene molecule (see the inset in Figure S).
To this end, we performed replica exchange umbrella sampling (REUS)
simulations using the PLUMED 2.8 plugin’® coupled to Gromacs. To
capture the formation of the sensitizer—annihilator collision complexes,
the reaction coordinate was sampled in the range spanning from 0.3 nm
(tightly bound state) (0.3 nm) up to 3.0 nm (fully dissociated state) in
28 uniformly distributed and 0.1 nm-separated REUS windows. The
initial configurations for these windows were obtained from the
additional unbiased 1.2-ys-long MD simulations in which the sensitizer
and annihilator molecules were allowed to spontaneously bind to each
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other in the three lipid membranes considered. In each of the REUS
windows, the system was simulated for 0.5 ps, using the harmonic
potential with a force constant of 240 kcal/(mol-nm2) to restrain the
system along the reaction coordinate r. The exchanges between
neighboring windows were attempted every 2 ps, and the acceptance
rate turned out to be ~11%. The free energy profiles were determined
from the last 450 ns of the thus-obtained trajectories using the standard
weighted histogram analysis method (WHAM 2.0.9).” Uncertainties
were estimated using bootstrap error analysis, taking into account the
correlation in the analyzed time series.

4.10.4. Binding Kinetic Calculations. To calculate the rate
constants, k,,, for formation of the tightly bound B2PI/perylene
complexes in DOPC and DMPC membranes, we first determined the
binding constant K by integrating the Boltzmann distribution over the

. . 1 R -G .
reaction coordinate r: K = % /0 exp(%)dr, where G(r) is the

MD-derived free energy profile, V; is the standard volume (1661 A%)
corresponding to the standard concentration of 1 M, R is the upper
distance limit defining the tightly bound complex (minimum I in Figure
5a), kg is the Boltzmann constant, and T is the temperature. Next, the
binding rate constant was computed as k,, = Kk.g where kg is the
dissociation rate constant. To determine kg, we estimated the average
lifetime of the tightly bound B2PI/perylene complex by conducting 20
unbiased MD simulations, each initiated in the tightly bound state (r <
0.55). Then, we computed kg as the inverse of this average lifetime.
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