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2D Titanium Carbide MXene and Single-Molecule
Fluorescence: Distance-Dependent Nonradiative Energy
Transfer and Leaflet-Resolved Dye Sensing in Lipid Bilayers

Lorena Manzanares,* Dahnan Spurling, Alan M. Szalai, Tim Schréder, Ece Biiber,
Giovanni Ferrari, Martin R. J. Dagleish, Valeria Nicolosi, and Philip Tinnefeld*

Despite their growing popularity, many fundamental properties and
applications of MXene materials remain underexplored. Here, the
nonradiative energy transfer properties of 2D titanium carbide MXene are
investigated and their application in single-molecule biosensing is explored
for the first time. DNA origami positioners are used for single dye placement
immobilized by a specific chemistry based on glycine-MXene interactions, the
allowing precise control of their orientation on the surface. Each DNA origami
structure carries a single dye molecule at predetermined heights.
Single-molecule fluorescence confocal microscopy reveals that energy transfer
of an organic emitter (ATTO 542) on transparent thin films made of spincast
Ti,C, T, flakes follows a cubic distance dependence, where 50% of energy
transfer efficiency is reached at 2.7 nm (d,). MXenes are applied as
short-distance spectroscopic nanorulers, determining z distances of
dye-labeled supported lipid bilayers fused on MXene’s hydrophilic surface.
Hydration layer (2.1 nm) and lipid bilayer thickness (4.5 nm) values that agree
with the literature are obtained. These results highlight titanium carbide
MXenes as promising substrates for single-molecule biosensing of ultrathin
assemblies, owing to their sensitivity near the interface, a distance regime

that is typically inaccessible to other energy transfer tools.

1. Introduction

The phenomenon of non-radiative energy transfer (ET) from
a donor to an acceptor system has been well-understood for

decades.'}] The process is strongly

distance-dependent following a near
field interaction and its efficiency is
contingent on several factors, including
spectral overlap between the donor’s
emission and the acceptor's absorp-
tion, screening of the electric field of
donor  transition-dipole-moment
(TDM) in the surrounding medium,
and the dimensionality of the donor and
acceptor.

A well-known example of distance-
dependent non-radiative energy transfer
is Forster resonance energy transfer or
FRET,*] where a donor dye in the excited
state transfers its energy to an acceptor
dye in the ground state. Biomolecules can
be labeled with a donor-acceptor pair and
the d=¢ distance dependence of the energy
transfer in the 3-10 nm range is typically
used to monitor conformational changes,
dynamics, and binding. However, measur-
ing absolute distances remains challenging
due to the nontrivial dependencies on the
relative orientations of donor and acceptor
molecules, which make the analysis and interpretation of FRET
data intricate.[*?!

In surface-induced ET, only one dye label (donor) is re-
quired and substrates like metal films and graphene act as dark,
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broadband and unbleachable energy acceptors, eliminating is-
sues such as bleed-through of donor emission, direct acceptor ex-
citation, and problems arising from acceptor photophysics./* 8]
For many years, the interest in surface-induced ET has been
merely fundamental, yet it has recently attracted interest for
applications in single-molecule fluorescence microscopy and
spectroscopy.[*1% The dependence between the fluorescence life-
time or intensity of an emitter and the distance from the accep-
tor surface has been utilized to map different biological nano-
environments by localizing fluorescently labeled molecules po-
sitioned near these surfaces and converting their fluorescence
intensity or lifetime values into nanometer distances.['!! Differ-
ent surfaces provide a range of sensitivities at different distance
ranges in the z or axial direction that extent beyond!!! or below!!?!
the FRET range. Monolayer graphene has shown an improved lo-
calization precision compared to gold, at the expense of a shorter
dynamic range (up to 40 nm compared to 150 nm), and quar-
tic distance dependency of the energy transfer efficiency, rapidly
becoming a part of the single-molecule research toolbox with ap-
plications in single-molecule biosensing, biophysics and super-
resolution microscopy.['*!>] For instance, gold is used to probe
large structures such as fixed cells'*13] whereas graphene al-
lows us to elucidate smaller structures, such as outer membrane
protein complexes,['*l DNA dynamics!!®) and DNA-protein struc-
tural insights.['®] The axial localization of dyes linked to sup-
ported lipid bilayers (SLBs), common biomembrane models, rep-
resents another key application of graphene as energy acceptor.
Several ensemble-level studies have been conducted with SLBs
on graphene-silica systems, revealing thickness variations and
other biophysical features.[*17:18]

MXenes — transition metal carbides, nitrides and carboni-
trides with the formula M, ,X, T, (where M denotes an early
transition metal, X can be either carbon or nitrogen, T, repre-
sents surface terminations, and the value of n ranges from 1
to 4) — are a large family of 2D materials discovered in 2011**!
that have become important in the fields of energy storage,?!
sensing!?! and electromagnetic shielding.[?) However, many of
their fundamental properties including nonradiative ET remain
unknown, relevant for both fundamental reasons and applica-
tions in optoelectronics!??*] and single-molecule biosensing.[**!
In the last few years, we have recognized the potential of
low-dimensional, metal-like materials in enhancing the resolu-
tion of single-molecule and super-resolution fluorescence mi-
croscopy methods.[1525:26] MXenes have previously been reported
to quench the fluorescence of adsorbed dyes!?’-?°! but a quanti-
tative understanding of this phenomenon and its scaling with
distance is lacking. To investigate this, precise nanometer-scale
surface control is imperative. Our group has employed DNA
nanotechnology coupled with single-molecule fluorescence mi-
croscopy to achieve the controlled placement of fluorescent
dyes on surfaces.}34 Prior work on graphene-mediated ET
using DNA origami nanopositioners resulted in experimen-
tal energy transfer quantities that lie very close to theoretical
considerations.**! We believe this is because on one hand, the
addressability of the DNA origami technique allows us to control
the placement of single fluorescent dyes with very high distance-
precision to the surface, that of a single nucleotide (0.34 nm).
On the other hand, the dye molecules are covalently attached
to the phosphate backbone of DNA via flexible linkers, enabling
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free rotation of the dye molecules in solution. As a result, single
emitters can adopt multiple TDM orientations in DNA origami
nanopositioners,33] important for distance calibrations, which
are often modelled assuming rapidly rotating and flexible TDM
orientations.[''l And finally, DNA origami structures are handled
in aqueous conditions, compatible with the biological applica-
tions that many of the distance calibrations will be used for.

We here describe a single-molecule fluorescence microscopy
study of MXene-induced energy transfer using DNA origami
nanopositioners on thin Ti;C, T, flakes — the most studied mem-
ber of this family of 2D materials — spincast on glass coverslips.
We investigate the distance dependence of the quenching phe-
nomenon with DNA nanostructures carrying a single dye (ATTO
542) at controlled distances. In the absence of established sur-
face immobilization chemistries for biomolecules on MXene ma-
terials, we developed a one-step method based on the known
glycine-MXene interaction'®! to control the specific placement
of DNA origami on MXene flakes, through triglycine-modified
DNA strands. We demonstrated an application in sensing dye-
labeled supported lipid bilayers fused on the hydrophilic surface
of titanjium carbide MXene. Using MXene-induced energy trans-
fer (ET), we were able to determine hydration and bilayer thick-
ness values at the single-molecule level.

2. Results and Discussion

2.1. Thin Films of Ti;C, T, Flakes

We used Ti;C,T, flakes obtained by LiF-HCI exfoliation of
Ti;AlC, and spincast on glass coverslips (see Methods in Support-
ing Information). We obtained a discontinuous, optically trans-
parent film (~90% transmittance).l*! Figure 1A shows atomic
force micrographs of the films, depicting monolayer flakes that
fold on themselves forming up to four-layered regions with up
to 4 pm of lateral size (see height profile in Inlet; 1 layer ~1-
1.5 nm). Overall, the films consist of large flakes (a few microns
of lateral size) from 1 to 5 layers co-existing with smaller mul-
tilayer flakes (up to 40 layers, <500 nm of lateral size). Supple-
mentary Figure S1 (Supporting Information) shows the typical
UV-Vis absorption spectrum of a Ti;C,T, aqueous dispersion,
showing the characteristic peak at 760 nm. The MXene films
do not exhibit autofluorescence (Figure S1, Supporting Informa-
tion, inset). Figure S2 (Supporting Information) shows a single
Ti,C,T, flake imaged by scanning electron microscopy (SEM)
and its elemental composition obtained with energy-dispersive
X-ray (EDX) spectroscopy. The X-ray diffraction (XRD) patterns
of the dry spincast films show the typical (00l) and (002) reflec-
tions of MXenes (Figure S3-A, Supporting Information). The lat-
ter (7.14°) gave a d-spacing of 1.24 nm and an interlayer spacing
of 0.3 nm, values that are in good agreement with those reported
for films of exfoliated Ti,C,T, MXene.’”] When the films were
wetted in a thin electrolyte layer containing Na* or Mg?* ions (re-
sembling the conditions used in the DNA-MXene interfaces for
the energy transfer studies described next), the (002) reflection
peaks shifted to 5.69° and 5.45°, respectively (Figure S3-B, Sup-
porting Information). This resulted in increased d-spacing (and
interlayer spacing) values, that is, 1.55 (0.61 nm) and 1.62 nm
(0.68 nm), due to spontaneously intercalated Na* and Mg?* ions,
respectively. The difference between these values is in agreement
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Figure 1. MXene films: Characterization with atomic force microscopy (AFM) and fluorescence lifetime imaging microscopy (FLIM) of film thickness
variations and their effect on ATTO 542’s fluorescence intensity and lifetime: A) Representative AFM image of MXene spincast films on glass (1L: one
layer). Small multilayer structures are encircled. Inset: height profile of self-folded flake. B) Representative FLIM image (20 x 20 um, 100 nm pixel size)
of flakes stained with 1 uM of ssDNA-ATTO 542 in TAE-Mg*? buffer. A color-coded gradient bar is shown for fast lifetime values and a grey scale gradient
for intensity values. Green areas: quenched fluorescence (MXene flakes); magenta areas: unquenched (glass). Light to dark green areas are indicative
of MXene thickness variations. C) Fluorescence lifetime distribution of multiple 500 x 500 nm areas (n = 179, green) sampled from different MXene
layers and from glass areas (n = 50, pink). Lifetime values were calculated via reconvolution fitting with the measured instrument response function
(IRF). The distributions were fitted using a Gaussian model. The average lifetime value and standard deviation of the distributions are displayed.

with the larger number of coordinated water molecules in the hy-
dration shell of Mg?* in comparison to that of Na*.[3¥3% Overall,
the characterization data align with the typical features of Ti,C, T
MXene.

We performed a staining experiment of the MXene flakes with
fluorescent dyes!*] to assess whether drastic differences occur
in the fluorescence lifetime of the dye marked by the number of
MXene layers. Single stranded DNA (ssDNA) end-labeled with
ATTO 542 was used to create a fluorescent film on the MXene-
on-glass substrates. Figure S1 (Supporting Information) depicts
the spectral overlap of the ATTO 542's emission spectrum with
the absorbance spectrum of a MXene dispersion. We chose a dye
that overlaps with the flat region of MXene’s absorption spec-
trum to focus on nonradiative energy transfer, avoiding possi-
ble convoluted effects on nonradiative and radiative decay rates
near the 760-nm-centered absorption peak, the nature of which
remains unclear.*1#?] Figure 1B shows a fluorescence lifetime
imaging microscopy (FLIM) scan of “stained” flakes with ATTO
542-ssDNA, where the darkest area is assumed to be the thick-
est MXene layers due to increased absorption in those regions.
Figure 1C shows the narrow lifetime distributions of 179 areas
(0.25 um?) across flakes of different thicknesses — having a sim-
ilar width to the unquenched dye film on glass areas. There ap-
pears to be a negligible effect of MXene thickness on the fluo-
rescence lifetime of ATTO 542 dyes (7 yrros4,), Which lies in con-
trast to graphene, where the emitter’s decay rate has been shown
to be proportional to the number of layers.[***4] The thickness-
independent behavior of MXenes has been previously observed
for other spectroscopic properties, ascribed to their unusual weak
interlayer coupling.[***4%] In our case, the short quenching dy-
namic range is thought to play a role, as it will be discussed later.

2.2. The DNA Origami-MXene Interface
Scheme 1 shows a simplified representation of the system we

used to probe the distance dependence of MXene-induced ET. We
chose a flat DNA origami nanostructure (known as new rectangu-
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lar origami “NRO”)[*78] to position the dye at controlled heights
from the MXene surface. Figure S4 (Supporting Information)
shows the caDNAno design of the NRO origami structures.

We began by establishing an immobilization chemistry to
specifically anchor these nanostructures to the material surface.
Inspired by the glycine-MXene chemistry previously reported in
energy storage works, 3% we incorporated 6 internal staples end-
labeled with commercially available triglycine moieties (referred
to as Gly linkers in Scheme 1) in the NRO structure, together
with the dye molecule facing in the opposite direction (0 bp,
3 nm, shown in Scheme 1). Glycine has been reported to bind
to MXenes by forming a N-Ti covalent bond via glycine’s pri-
mary amine.’>#] The triglycine molecule was estimated to add
ca. 1 nm spacing distance from the surface (more details in Meth-
ods). A control experiment was designed with an NRO structure
without Gly linkers to test the specificity of the immobilization
chemistry (under Mg?*-free conditions). Figure S5 (Supporting
Information) shows the AFM characterization of NRO nanos-
tructures adsorbed on mica under the buffer conditions (free of
divalent salts) chosen for their specific immobilization on MX-
ene, where most of the structures appear intact.

Figure 2A and B show FLIM maps of NROs with and without
Gly, respectively. In the glycinated system, one can see quenched
dye molecules located on MXene micron-sized regions. The sig-
nificantly reduced presence of NROs without Gly in MXene areas
(i-e., tenfold less in a 25 pm? area) with respect to glass areas, con-
firms that the immobilization on MXene takes place specifically
via Gly. It is, however, possible to immobilize NROs without Gly
in the presence of divalent salts (Figure S6, Supporting Informa-
tion) but they are expected to land on either side forming Mg**
bridges with the phosphate backbone of dsDNA onto the MXene
surface.[?8]

2.3. Distance Dependence of MXene-Induced Energy Transfer
Having established an immobilization protocol for the

DNA origami-MXene interface, we designed four NRO
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DNA extensions 20 bp
(bp: base pairs) 10 nm
3 bp
0 bp 4 nm
3 nm ®
P %3.4}\
I >1 nm
DNA extensions
I 2 nm
DNA origami
I 1nm
I Gly linkers
Glass coversli 1-1.5 nm
MXene

Side view

DNA origami=

Scheme 1. DNA origami-MXene interface design for distance-dependent energy transfer studies at the single-molecule level. MXene flakes spincast on
glass coverslips make up an optically transparent, discontinuous film with bare glass regions and flake regions. The surface groups -O, -OH, -F (only -O
is depicted for the sake of simplicity) of MXenes render hydrophilic surfaces (shown in red). Rectangular DNA origami nanostructures (grey tiles) are
designed to carry single donor dyes (green spheres) at different heights from the MXene surface, by modifications introduced to staple strands (grey).
The long ssDNA scaffold strand is shown in blue. The contour lengths of the DNA extensions are calculated according to the number of protruding
base pairs (DNA extensions, in blue and yellow), where 0, 3, 6 and 20 bp protrusions result in of 3, 4, 5 and 10 nm heights for dye placement. The DNA
origami nanostructures are specifically immobilized via glycine (Gly) linkers (black lines) to the surface of MXenes and non-specifically adsorbed on

glass.

nanopositioners granting a range of heights to the dye from the
MZXene surface (Scheme 1). The 3 nm distance was designed
as previously described for the 0 bp nanopositioner. Double-
stranded DNA extensions were incorporated upwards to place
the dye further away from the surface. The caDNAno designs
are shown in Figure S4 (Supporting Information).

To determine the average orientation of dsDNA protruding
from the NRO (20 bp), we measured the height of the donor dye
with a monolayer of graphene as energy acceptor, which is a well-
calibrated system in our lab. Figure S7 (Supporting Information)
shows the resulting lifetime distribution and FLIM images, sug-
gesting that a dye protruding at a contour length of 10 nm has

Adv. Mater. 2024, 2411724 2411724 (4 of 9)

an effective distance of 8 nm, corresponding to an averaged tilt
angle of 49°.

Figure 3A shows the distributions of the fluorescence lifetime
values derived from single-molecule confocal microscopy mea-
surements of the different nanopositioners on MXene. Refer-
ence measurements were carried out separately on BSA-biotin-
NeutrAvidin-coated glass with biotinylated NROs to extract the
dyes’ reference lifetime values in the absence of MXene-induced
quenching.

The histograms show a clear lifetime shift as the dye-MXene
distance increases. The unquenched state is reached at ca. 8 nm,
approximating the reference 7 rros4, value of 3.3 = 0.1 ns. The
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Figure 2. Specificimmobilization of ATTO 542-labeled DNA origami nanostructures (NROs) on MXene films: Fluorescence lifetime imaging microscopy
(FLIM) scans (20 x 20 um) of NROs A) with and B) without glycine (Gly) linkers (in PBS-Na* buffer) A color-coded gradient bar is shown for fast lifetime
values. Unquenched NROs adsorbed on glass are seen as magenta spots and quenched NROs immobilized on MXene flakes are seen as green spots.

data dispersion at 3 nm, where nearly 50% of energy transfer is
reached (known as the d, value), is unavoidable as the function
of the energy transfer rate shows the steepest gradient in this re-
gion.

For the 4 and 5 nm distances, the 7,054, values of NROs
on MXene were challenging to differentiate from glass adsorbed
NROs at the point of data collection (Figure 3B). In order to sim-
plify the analysis, the glass-contributing regions were subtracted
from the data (see Figure S8, Supporting Information for raw,
untreated data). For the 8 nm distance, the color-coded lifetimes
of the dyes on MXene and glass could not be distinguished from
each other during the measurements. Thus, the molecules were

MXene
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selected based on the lower density of NROs immobilized on MX-
ene than that of glass.

Intensity traces in Figure 3C illustrating one-step photobleach-
ing are indicative of single molecules, showing that the analy-
sis of fluorescence lifetimes for distances between 3 and 8 nm
was carried out at the single-molecule level. The lifetime val-
ues do not scale proportionally with the recorded intensity val-
ues due to the heterogeneous light absorption of the different
MZXene flake thicknesses, and other factors such as defocusing
and sample drift effects. Thus, we calculated the energy trans-
fer efficiency (ET) only from fluorescence lifetimes as it is in-
versely proportional to the sum of all depopulating rate constants

C
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O T T T T T T T 1
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Figure 3. Single-molecule derived data from ATTO 542 dyes placed at different heights from the MXene substrate through DNA origami nanopositioners
(NROs): A) Lifetime distributions of n & 150 molecules on MXene (green). Reference (glass) lifetime distributions are shown in pink. The schemes of
the NRO nanopositioners used to probe distances between 3 and 8 nm to the MXene surface are also depicted. The distributions were fitted using a
Gaussian model. B) Representative fluorescence lifetime imaging microscopy (FLIM) scans (4.5 X 4.5 pm) for each NRO with color-coded fast lifetime
values of molecules on MXene (varying colors) and glass (magenta spots). White circles are used to indicate correctly oriented NROs on MXenes.
C) Representative single-molecule intensity trajectories (showing one-step photobleaching) and fluorescence lifetime values of ATTO 542 for each
origami.
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Figure 4. Distance dependence of MXene-induced energy transfer: A) Normalized lifetime as a function of distance between ATTO 542 and the MXene
substrate. B) Energy transfer efficiency calculated from fluorescence lifetime values as a function of the distance between ATTO 542 and MXene. Fitted
curve of the energy transfer efficiency as the function of the distance d between MXene and emitter (R? = 0.996), where d, states the distance of 50%
quenching efficiency, and from the fit equals 2.71 + 0.16 nm. The parameter a stands for the power of distance dependency, which from the fit equals
2.84 + 0.18. Standard deviation values in both plots were calculated using error propagation from 7/z, quantities. Values of 7/7y and ETegcjency for
1 nm distance were calculated from ssDNA-ATTO542 fluorescent films (ensemble experiments) and for 3 to 8 nm from DNA origami nanopositioners
(single-molecule level). Fitted curves for cubic (d~3, dotted line) and quartic scaling laws (d=*, dashed line) for bulk and surface processes, respectively,

demonstrate adherence to d=3.

of the excited state and is therefore not affected by the differ-
ences in the absorbance of mono- to multi- layer MXene or sam-
ple drift. We plotted the normalized hfetlme =, and the resulting

ET efficiency values, calculated from 1 — = agamst the distance

from MXene surface in Figure 4A,B, respectlvely, where 7 is the
fluorescence lifetime of ATTO 542 dyes on MXene flakes and
7, is the fluorescence lifetime of the dye-NROs on BSA-biotin-
NeutrAvidin-functionalized glass. An exception was made for the
1 nm distance. The lifetime values for this distance were taken
from the ensemble experiments shown in Figure 1. We assumed
that ssDNA-ATTO542 is separated from the MXene surface by
a cation layer adding an estimated height of 1 nm, according to
prior molecular dynamic simulations.!?! The 7, values were ex-
tracted from the dye-ssDNA adsorbed on glass. For the 7, val-
ues of the DNA origami structures, we observed slight variations
between the different nanostructures due to the varying neigh-
boring nucleobases adjacent to the dye moleculel*®! in each NRO
design. To account for these inter-origami variations, we used the
7, value of each individual NRO design to calculate the ET effi-
ciency at different distances from the MXene surface.

The distance dependence of ET efficiency was fitted with y =

ﬁ, where d, is the characteristic energy transfer distance
do

(ET = 50%) and a is the distance dependent scaling power. The
fit resulted in a d,, value of #2.71 nm (+ 0.16) and a distance de-
pendency of d=3 (a = 2.84 + 0.18). The latter can be understood
with the following geometrical considerations: A d=° dependency
is ascribed to point dipole-to-dipole coupling (FRET), a d=* de-
pendency is indicative of a point dipole-to-plane coupling (e.g.,
graphene energy transfer), and a d=3 dependency occurs in the
case of a point dipole-to-cube coupling. The assumption of quar-
tic distance-scaling law (due to MXenes being 2D materials) leads
to a fit that does not follow the experimental trend, as shown in
dashed lines in Figure 4B, while assuming a cubic scaling law al-
lows achieving a proper fit of the experimental data, as depicted
in dotted lines (Figure 4B). The cubic dependency reveals that
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the nonradiative energy transfer from an emitter to the MXene
layered substrate is a bulk process, agreeing with prior works on
transparent conductors and metals at short distances.[12°1]

We previously observed that the thickness-dependent quench-
ing efficiency of MXenes (Figure 1) is notably less pronounced
than in materials like graphene, where a second layer doubles
the energy transfer rate.[*}] This is because of the short quench-
ing dynamic range of MXenes, where the d,, value is 2.7 nm. Con-
sidering a d-spacing value of 1.62 nm, our theoretical calculation
shows a maximum difference in energy transfer efficiency of only
6.2% from one to two MXene layers (see “Calculations on the ef-
fect of MXene multilayers on the energy transfer efficiency of ATTO
542” in SI's Materials and Methods). Such relative difference is
obtained when the dye is positioned at 3.4 nm from the surface,
assuming that the quenching effect is additive between the layers
(Figure S9, Supporting Information).

2.4. Single-Molecule Sensing of Dye-Labeled Supported Lipid
Bilayers with MXene ET

Ti,C,T, MXene offers specific advantages as a quenching sub-
strate: hydrophilicity, a nearly layer-independent ET response,
and sensitivity within short distances. Such properties can be ef-
fectively utilized to sense dyes within lipid bilayers, which are mo-
bile assemblies of only ~5 nm of thickness. We assembled dye-
labeled supported lipid bilayers (SLBs) composed of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and ATTO 532-labeled 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (99.95:0.05)
onto films of MXene flakes via vesicle fusion. We aimed to re-
solve two distinct lifetime states in the same sample: one cor-
responding to the dyes located in the head groups of the lower
leaflet (r;) and another to those found in the upper leaflet
(7,) (Figure 5A). These states were predicted to be far apart in
terms of ET efficiency. The z-distances of dye-labeled lipids were
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Figure 5. Single-molecule leaflet-resolved sensing of dye-labeled supported lipid bilayers (SLBs) with MXene ET: A) Simplified scheme of SLBs composed
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (the latter labeled in the head group
with ATTO 532) at a ratio of 99.95:0.05, respectively. The SLBs fused on MXene-on-glass substrates depict two states given by leaflet-specific fluorescence
lifetime values 7, and z,. Wavy dashed arrow indicates SLBs’ fluidity. B) Lifetime distributions of SLBs on MXene flakes (green bins, n = 3803 data points
derived from single-molecule bursts) and on glass alone (pink bins, n = 4106 data points derived from FLIM image analysis). Lifetime values were
calculated via reconvolution fitting with measured IRF. The distributions were fitted using a Gaussian model. The average lifetime value and standard

deviation of the distributions are displayed.

evaluated using the distance dependence of MXene ET, given by
z=d, (-

— - 1)*, where d, = 2.7 nm and 7, = 3.29 ns.

Due to lipo)id mobility, single-molecule bursts of labeled lipids
passing through the focal volume were recorded on MXene
flakes, identified via FLIM (Figure S10, Supporting Information).
We chose an optimal ratio of labeled to unlabeled lipids to ensure
a predominance of unlabeled lipids, enabling the measurement
of single-molecule bursts. We then calculated the fluorescence
lifetime per 50 ms binning time, using a cutoff threshold of 400
photons (8 kHz) to minimize background interference. Figure 5B
shows the fitted distribution of the resulting lifetime values, ren-
dering the following mean values of 7, and 7, (+ error of the fit):
1.09 + 0.01 ns and 3.09 + 0.02 ns. These values were converted
to z distances z; and z, (2.14 + 0.13 nm and 6.62 + 0.43 nm,
respectively) using the equation above and the bilayer thickness
(Az) was found to be 4.48 + 0.33 nm. Despite our method’s
limitations, such as unaccounted effects from the lipid environ-
ment on dye orientation and refractive index, and predominantly
short lifetime populations found on some MXene areas, our de-
termined thickness value matches well with established meth-
ods. These include: 1) A quantitative differential interference
contrast microscopy study, which recorded a 4.52 nm thickness
for a bilayer (unaffected by substrate effects) using multilamellar
dye-labeled lipid films on glass;[°?! 2) high-resolution x-ray tech-
niques, which found 4.53 nm for fully hydrated multilamellar!®*)
and 4.48 nm for unilamellar stacked layers (the latter measured at
30°C);** and 3) force spectroscopy, which measured 4.60 nm for
SLBs on mica.l**! Additionally, the hydration layer thickness (z;)
separating SLBs from the MXene substrate is consistent with val-
ues for silica surfaces.*] This agreement, achieved at the single-
molecule level, is particularly encouraging and, to our knowl-
edge, a novel achievement.

3. Conclusion

We presented the first study on MXene-induced nonradiative en-
ergy transfer in the green spectral range. Using glycine-modified
DNA oligonucleotides, we immobilized DNA origami struc-
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tures on MXene substrates, placing freely rotating fluorescent
molecules at controlled heights. Our single-molecule fluores-
cence lifetime results showed a d=3 dependence of the energy
transfer from a dye to MXene, with a 50% energy transfer dis-
tance (d,) of 2.7 + 0.2 nm. This d,, is six times smaller than that
of graphene, which is beneficial for the study of supported lipid
bilayers given MXenes’ hydrophilicity. We were able to retrieve
bilayer thickness values consistent with established methods us-
ing MXene energy transfer. Our study advances the integration of
2D materials with single-molecule fluorescence methods, which
hold significant potential for various applications, including bio-
physical sensing.
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Supporting Information is available from the Wiley Online Library or from
the author.
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