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The interaction between single emitters and graphene in the context of energy transfer has attracted sig-
nificant attention due to its potential applications in fields such as biophysics and super-resolution
microscopy. In this study, we investigate the influence of the number of graphene layers on graphene
energy transfer (GET) by placing single dye molecules at defined distances from monolayer, bilayer, and
trilayer graphene substrates. We employ DNA origami nanostructures as chemical adapters to position the
dye molecules precisely. Fluorescence lifetime measurements and analysis reveal an additive effect of
graphene layers on the energy transfer rate extending the working range of GET up to distances of
approximately 50-60 nm. Moreover, we show that switching a DNA pointer strand between two positions
on a DNA origami nanostructure at a height of >28 nm above graphene is substantially better visualized
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with multilayer graphene substrates suggesting enhanced capabilities for applications such as biosensing
and super-resolution microscopy for larger systems and distances. This study provides insights into the
influence of graphene layers on energy transfer dynamics and offers new possibilities for exploiting gra-

rsc.li/nanoscale phene’s unique properties in various nanotechnological applications.
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Introduction

It has been two decades since Novoselov et al. first accom-
plished the mechanical cleavage of graphite crystals,' yielding
the single layer of carbon that has become one of the most
renowned two-dimensional materials worldwide.>* One of the
standout features we are particularly interested in is the opto-
electronic properties of graphene. Monolayer graphene exhi-
bits remarkable traits attributed to its exceptional transpar-
ency, absence of an energy bandgap, and linear dispersion
relation near the corners of the Brillouin zone, resulting in fre-
quency-independent light absorption.”® Endowed with these
distinctive properties, graphene acts as a unique acceptor
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system, effectively quenching the fluorescence of emitters in
close proximity to its surface.

The fact that graphene can act as a non-bleachable, broad-
band energy acceptor that does not require additional labeling
of biomolecules, has made graphene-on-glass coverslips an
emerging tool for single-molecule biophysics, biosensing and
super-resolution microscopy.”’ We demonstrated, for
example, that the integration of the 2D localization of
PMINFLUX with the axial information of graphene energy
transfer and the single-molecule switching by DNA-PAINT
results in 3D super-resolution with <2 nm localization pre-
cision in all three dimensions with axial precision reaching
below 0.3 nm."? In this context, it was an important step to be
able to place single quantum emitters such as single fluo-
rescent dye molecules at a defined distance from graphene.
This was enabled by DNA origami nanopositioners, that is,
DNA nanostructures that were placed with a defined orien-
tation on graphene controlled by specifically integrated pyrene
moieties and base stacking.'® More recently, the discovery of
the vertical orientation of dsDNA on graphene has added a
further level of outstanding control for placing objects on gra-
phene to study DNA-protein complexes with high spatial and
temporal resolution.” Mastering the surface chemistry at the
graphene-water interface also enabled precise studies of the
distance dependence of the energy transfer from a dye mole-
cule to graphene.”*?

This journal is © The Royal Society of Chemistry 2024
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From a fundamental point of view, the near-field inter-
actions between an emitter and a purely two-dimensional
material rely on the nonradiative energy transfer from an
excited dye molecule to graphene."*"” The model based on
dipole-dipole interaction, initially introduced by Swathi
et al,"®"” has been experimentally confirmed, including
precise determination of the d, value corresponding to 50%
energy transfer to graphene.'®'®'® GET exhibits a distance-
dependence according to a d™* scaling law with a characteristic
distance of 50% energy transfer around 18 nm yielding a
working range up to 35 nm. Nevertheless, to the best of our
knowledge, there is no theoretical expression of the energy
transfer rate which takes into account how GET might be
affected by the number of graphene layers. Brus and coworkers
presented a model of a quenching factor for few-layer gra-
phene; however, it did not quantitatively agree with the experi-
mental data, and was inconsistent for multilayer graphene
with more than three layers.™

Graphene has a metal-like nature, whereas bilayer graphene
possesses semiconductor behavior with a modifiable
bandgap,’® and in the case of three layers the complexity
further escalates.”">* Raja et al. reported that the most impact-
ful in terms of changes in the rate of the energy transfer is a
dielectric function at the wavelength of the emitting dipole."’
They investigated graphene as the energy acceptor with
quantum dots (QD) as the energy donor. Comparing graphene
layers of different thicknesses (monolayer, bilayer, and bulk
with 12 layers), they concluded that as the thickness increases
from monolayer to bulk, the decay rate also increases. This
indicates that the non-radiative energy transfer has the most
significant impact, while the effect of the screening of the elec-
tric field which would reduce the energy transfer rate constant
is of minor influence.

In this contribution, we aim at quantifying the influence of
the number of graphene layers on GET more precisely by
placing single dye molecules at defined distances from mono-
layer, bilayer, and trilayer graphene. While each graphene layer
leads to a loss of only 2.3% of light for epi-fluorescence
microscopy, the addition of layers promises to extend the
working range of GET. We empirically explore the distance
dependence of GET for bilayer and trilayer graphene by study-
ing the fluorescence lifetime of single molecules. We employ
DNA origami nanostructures as chemical adapters, strategi-
cally positioning demonstration assays at specified distances
on top of graphene-on-glass coverslips. We use ssDNA protrud-
ing from DNA origami nanostructures to effectively immobilize
them on the graphene surface without altering its properties.
Raman spectroscopy and SEM imaging enable the visual-
ization of the quality and quantity of graphene layers and
support the results obtained with single-molecule fluorescence
measurements. Our study indicates an additive effect of the
graphene layers on the overall energy transfer rate to the gra-
phene acceptor. We demonstrate the extension of the dynamic
working range with dynamic DNA origami nanostructures that
switch between two conformations illustrating that the active
operation range for applications such as biosensing and super-
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resolution microscopy on graphene extends to distances of
approximately 50-60 nm on bilayer and trilayer graphene.

Results

Distance dependence of GET for mono- and multilayer
graphene

We used high-quality graphene-on-glass coverslips prepared by
a wet-transfer protocol for both mono- and multilayer gra-
phene samples (see more details in the Materials and methods
section in the ESIt).>® In the case of bilayer and trilayer gra-
phene substrates, we followed a layer-by-layer strategy in which
the transfer of monolayer graphene and the cleaning protocols
were repeated twice or thrice, respectively. As every additional
transfer process could lead to the introduction of defects and
impurities or even damage of the graphene surface, we per-
formed Raman and SEM imaging to confirm sample quality
and the number of layers (examples of Raman maps, Raman
spectra, and SEM images are presented in the ESI in Fig. S1-
S5t). We decided to use the aforementioned layer-by-layer
strategy due to the technical limitations of the chemical
vapor deposition (CVD) technology to grow homogeneous mul-
tilayer graphene. CVD-grown multilayer graphene consists of
micrometer-sized domains with various numbers of graphene
layers (as confirmed by Raman imaging, Fig. S31). Due to this
heterogeneity, it would be necessary to continuously perform
correlative Raman and fluorescence mapping. In the method-
ology proposed in this work, layer-by-layer multilayer graphene
substrates are produced more reproducibly and with high
homogeneity.

For studying energy transfer to multilayer graphene, we
adapted the approach to position single emitters above gra-
phene that was previously used to confirm the d* distance
scaling law of GET and to determine the d, value of about
18 nm, which is the distance of 50% energy transfer
efficiency.’® We used the pillar-shaped DNA origami nano-
structure depicted in Fig. 1a and placed it vertically on gra-
phene.” Two dye molecules, ATTO542 (green) and ATTO647N
(magenta) were attached to the DNA origami pillar at defined
heights of 16 nm (ATTO542) and 24 nm (ATTO647N) above the
substrate surface, respectively. This sample was measured on
glass, and monolayer and bilayer graphene. For the reference
measurements on glass, the construct was immobilized on the
surface via biotin-neutravidin interactions (for more details
see the Materials and methods section in the ESIt). In the case
of graphene, we used ssDNA of 27 nt protruding from the
bottom of the DNA origami nanostructure as sticky ends,
which interact with graphene via n-interactions.” For all
samples, we measured fluorescence lifetime maps (examples
in Fig. 1b). Using pulsed interleaved laser excitation of 532 and
639 nm, we quasi-simultaneously excited and measured both
emitters incorporated in the DNA origami nanostructure.
Colocalized spots with emission in both green and red detec-
tion channels (upper and lower panels in Fig. 1b) indicate the
presence of both dyes on a properly folded DNA origami struc-
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Fig. 1 (a) Sketch of a pillar-shaped DNA origami nanostructure immobilized on graphene, with the marked positions of dye molecules, dye

ATTO542 (green) at the height of 16 nm and dye ATTO647N (magenta) at the height of 24 nm from the substrate surface. (b) Example fluorescence
lifetime intensity maps (10 x 10 um) obtained for DNA origami nanostructures (presented in sketch (a)) labeled with two dye molecules, a green dye
ATTO542 (green channel, upper panels) and a red dye ATTO647N (red channel, lower panel) immobilized on glass (on the left), monolayer graphene
(in the middle) and bilayer graphene (on the right). (c) Examples of fluorescence decays of colocalized green (green) and red (magenta) dye mole-
cules positioned in DNA origami nanostructures immobilized on monolayer (bright shades) and bilayer graphene (dark shades) fitted with a monoex-
ponential function. (d) Histograms of the fluorescence lifetime of colocalized dye molecules ATTO542 (green) and ATTO647N (magenta) positioned

in DNA origami nanostructures immobilized on glass ( and
with a Gaussian function.

ture. Consecutively, we selected the imaged molecules,
recorded fluorescence intensity time traces, and determined
their fluorescence lifetime from the monoexponential fit of the
fluorescence decays. Examples of the fluorescence decays with
the fit for samples measured on monolayer and bilayer gra-
phene are shown in Fig. 1c (results for the reference measure-
ments on glass are presented in Fig. S61). The fluorescence
lifetime values for the molecules in Fig. 1c are 1.30 and 2.76
ns for ATTO542 and ATTO647N, respectively, while on bilayer
graphene, they are reduced to 0.77 and 2.25 ns. For each
sample, we measured 120-270 molecules, and the fluorescence
lifetime distributions with the Gaussian fits are presented as
histograms in Fig. 1d. For this DNA origami nanostructure
with dye molecules ATTO542 and ATTO647N at the height of
16 nm and 24 nm from the surface, we obtained the following
means and standard deviations of the fluorescence lifetime
(glass — monolayer graphene — bilayer graphene): for
ATTO542, 3.21 + 0.12 ns — 1.14 + 0.18 ns — 0.60 = 0.17 ns,

13466 | Nanoscale, 2024, 16, 13464-13470

), and monolayer (

and ) and bilayer graphene (Jlll and [l fitted

and for ATTO647N, 3.83 + 0.14 ns - 2.70 + 0.24 ns — 2.18 +
0.23 ns.

While the results obtained for monolayer graphene are in
agreement with previously published reports,”'*'? it is clearly
visible that the presence of the additional graphene layer leads
to stronger fluorescence quenching.'® The data also indicate
that the change of the energy transfer efficiency resulting from
the presence of the second graphene layer is more pronounced
for a dye at the height of 16 nm, which is closer to d,, the
region of the highest distance sensitivity of GET (Fig. 1d). To
quantify the effect of multiple layers, we carried out single-
molecule fluorescence measurements for ten pillar-shaped
DNA origami nanostructures immobilized on monolayer,
bilayer and trilayer graphene, with two dye molecules,
ATTO542 and ATTO647N, positioned at heights ranging from
12 to 53 nm. Fig. 2 displays the mean fluorescence lifetime
values alongside their respective standard deviations, acquired
from colocalized emitters across all measured samples. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Mean values with standard deviations of the fluorescence lifetime measured for colocalized dye molecules in DNA origami nanostructures.
ATTO542 (green) and ATTO647N (magenta) were studied as a function of the distance from the surface: (a) monolayer, (c) bilayer, and (d) trilayer gra-
phene. (b) The ratio of the energy transfer rates of multilayer graphene to monolayer graphene as a function of the distance, where the energy trans-

fer rate is calculated via: kger =i—i. Green (ATTO542) and magenta (ATTO647N) curves (a, ¢ and d) are calculated using the equation
TG Tref

_r
1/d\*
(&)
efficiency, and is equal to 17.7 + 0.5 nm for green dyes and 18.5 + 0.7 nm for red dyes,** n is the number of graphene layers, and 7, is the reference
value of the fluorescence lifetime measured for DNA origami nanostructures immobilized on glass, and is equal to 3.27 + 0.19 ns for ATTO542 and

TG =Tref | 1— , as the function of the distance d between graphene and the emitter, where dg is the distance of 50% quenching

3.81 + 0.15 ns for ATTO647N.

corresponding spot-integrated fluorescence lifetime histogram
and related results are shown in the ESI (Fig. S71). The experi-
mental data obtained for monolayer graphene (Fig. 2a) is

1

d 4
1+ (d_o)
is the fluorescence lifetime of the reference sample measured
on glass (mean value averaged from the reference measure-
ments of all DNA origami nanostructures on glass), and is
equal to 3.27 + 0.19 ns for ATTO542 (green) and 3.81 + 0.15 ns
for ATTO647N (magenta), and d, is the distance of 50%
quenching efficiency (17.7 + 0.5 nm for a green dye molecule
and 18.5 + 0.7 nm for a red dye molecule).">'® Compared to
our previously published work,"® we additionally carried out
measurements for emitters positioned at heights of 30 and
40 nm from the graphene surface, to fill the gap for distances
between 24 and 53 nm.
In order to better understand how the energy transfer
process scales with the number of graphene layers, we calcu-

lated the energy transfer rate constants using the equation

1 1 . . .
keer = — — — (for more details, see the calculations in the
TG Tref

ESIY). For each dye and each distance measured on monolayer

fitted with the function 7g = 7rer - | 1 — , where 7.

graphene, we normalized the energy transfer rate constant by
the corresponding energy transfer rate constant of monolayer
graphene (Fig. 2b). The dashed lines indicate the ratio of the
energy transfer rates equal to 1 (pink), 2 (orange) and 3 (blue).
As all data points closely align at 1 for monolayer graphene, 2
for bilayer graphene, and 3 for trilayer graphene, regardless of
the distance, we conclude that every additional graphene layer
exhibits the same quenching behavior and the energy transfer
rates are additive. Accordingly, multilayer graphene behaves as

a stack of decoupled monolayer graphene sheets.'

This journal is © The Royal Society of Chemistry 2024

Considering this, we extend the model for the graphene energy
transfer, including this time the number of graphene layers (1),
1

SE)
n d()
Using this equation with the same parameters as above, and
n = 2 or 3 for bilayer and trilayer graphene, respectively, we
fitted the experimental fluorescence lifetimes (Fig. 2c and d).
We obtained a very good quantitative agreement of the model

with the experimental data in the entire distance range, con-
firming the appropriateness of the assumptions.

which results in the energy transfer efficiency: n =

Dynamic assay for monolayer and bilayer GET

Graphene-on-glass coverslips emerge as a beautiful tool to
visualize distance changes in the z-direction (axial dimen-
sion) in dynamic DNA origami nanostructures and bio-
assays, for super-resolution imaging and
tracking. In this contribution, we expand the dynamic
range of GET by adding an additional graphene layer, creat-
ing bilayer graphene substrates. For studying the extended
dynamic range in single-molecule biophysical experiments,
we equipped the pillar-shaped DNA origami nanostructures
with protruding ssDNA, a pointer of the length of 24 nucleo-
tides (nt), labeled with Cy3B at its end (Fig. 3a). We placed
the pointer at 28 or 35 nm above graphene (short names:
P28 and P35). For each pointer, we designed two docking
sites, ssDNA protruding from the DNA origami nano-
structure 7 nm above and below the pointer, that have 7 nt
complementary to the pointer sequence. Additionally, in all
DNA origami nanostructures, we incorporated a red dye
ATTO647N at the height of 16 nm as a reference probe to
monitor both the quality of graphene and the number of
layers. Pillar-shaped DNA origami nanostructures with P28
and P35 were measured on glass, and monolayer and bilayer

as well as
7,9,12
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(a) Sketch of the dynamic assay incorporated in the pillar-shaped DNA origami nanostructure, with the marked positions of the ssDNA

pointer P35 (purple + turquoise) at the height of 35 nm from the substrate surface labeled with a dye molecule Cy3B (green sphere), complementary
via 7 nucleotides to two binding sites (turquoise) located 7 nm above and below the pointer. (b and c) Example fluorescence lifetime intensity maps
(10 x 10 um) were obtained for the pointers positioned at the height of 28 nm (P28) or 35 nm (P35), labeled with a dye Cy3B (green channel, upper
panels) in the DNA origami nanostructures immobilized on (b) monolayer and (c) bilayer graphene. In all constructs, ATTO647N positioned at the
height of 16 nm (not marked on the sketch) was used as an internal reference to monitor the quality of graphene (red channel, lower panels).

graphene. For all samples, we measured fluorescence life-
time maps (examples in Fig. 3b and c, for the reference
measurement see Fig. S10 in the ESIf). Using pulsed inter-
leaved laser excitation at 532 and 639 nm, we quasi-simul-
taneously excited and measured both emitters incorporated
in the DNA origami nanostructure, Cy3B and ATTO647N. As
explained in the previous section of this article, the presence

of both emitters indicates the proper folding of the DNA
origami nanostructure, which is confirmed when spots on
fluorescence lifetime maps representing single emitters are
visible in both the green and red channels (upper and lower
panels in Fig. 3b and c).

Subsequently, for all selected spots, we recorded fluo-
rescence intensity time traces (Fig. 4, for the reference
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Fig. 4 Examples of the measured fluorescence intensity (violet and orange) and the corresponding fluorescence lifetime (blue and pink) time traces
obtained for the pointer assay (ssDNA) positioned at the heights of 28 nm — P28 (a) and 35 nm — P35 (b), labeled with a dye molecule Cy3B, incor-
porated in the pillar-shaped DNA origami nanostructure immobilized on monolayer (violet — blue) and bilayer (orange — pink) graphene.
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measurements on glass check the ESI, Fig. S10 and S117). In
the case of P28, the transient binding of the pointer between
both binding sites is resolved both on monolayer and bilayer
graphene (Fig. 4a). In the second case, the contrast defined as
the difference in the fluorescence lifetime between the two
conformations increases from about 0.7 to 1.0 ns.
Fluorescence decays of the upper and the lower binding sites
obtained for the pointer P28 immobilized on bilayer graphene
presented in Fig. 4a (fluorescence lifetime trace in pink) are
depicted in Fig. S12.F Notably, for P35 measured on monolayer
graphene, the fluorescence lifetime time traces (Fig. 4b) show
similar intensity oscillations as those recorded on glass
(Fig. S137), thus it is not possible to distinguish the two con-
formations (histogram in Fig. S14bt). For the same construct
immobilized and measured on bilayer graphene, the transient
binding between lower and upper binding sites is resolved,
and the fluorescence lifetime values switch between 2.1 and
2.6 ns (Fig. S14bt). The selection of these particular positions
for placing ssDNA pointers was not arbitrary. Specifically,
based on calculations (check more details in the ESIf), the
positioning of the pointer at the height of 28 nm and its
binding sites 7 nm above and below, yields the greatest differ-
ence in the fluorescence lifetime between mono- and bilayer
graphene which corresponds to the maximum possible differ-
ence of the energy transfer efficiency value reaching 11%
(Fig. S8 and S971). Consequently, with such a system, we can
achieve the highest resolution for bilayer graphene compared
to monolayer graphene. Whereas the height of 35 nm was
selected as it is the upper detection limit of GET for monolayer
graphene, and the visualization of the dynamics processes at
such a distance from monolayer graphene is not possible.
However, by creating a bilayer graphene substrate, we can resolve
these binding events. This proof-of-concept experiment demon-
strates the capabilities of multilayer graphene for GET operating
at a longer distance range which makes it feasible for larger con-
structs. Moreover, the region of the highest sensitivity for the
dynamic system is shifted from about 16-17 to 19-21 nm (the
position of the pointer, whose binding sites are located 7 nm
below and above, see Fig. S8 and S97 in the ESI). By changing
the number of graphene layers, it is possible to tailor the operat-
ing distance range of GET best suited to the studied systems.

Conclusions

The study investigated the influence of the number of graphene
layers on graphene energy transfer (GET) efficiency, particularly
focusing on monolayer, bilayer, and trilayer graphene sub-
strates. Each additional graphene layer led to stronger fluo-
rescence quenching, indicating enhanced GET efficiency and
suggesting a potential extension of the dynamic working range
of GET. Precise measurements using DNA origami nano-
structures labeled with dye molecules positioned at various dis-
tances from the graphene surface reaffirmed a distance scaling
law for GET, validating the d~* scaling law and the characteristic
distance for 50% energy transfer efficiency (d,). Moreover, the

This journal is © The Royal Society of Chemistry 2024
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study highlighted the additive effect of graphene layers on the
overall energy transfer rate, indicating the potential for tailored
control over GET efficiency based on the number of graphene
layers. Additionally, a dynamic assay utilizing bilayer graphene
substrates was introduced to enhance the resolution of GET
(extend the sensitive distance range), aiming to resolve binding
events with higher precision compared to monolayer graphene.
Results demonstrated the feasibility of resolving such events at
distances beyond the capability of monolayer graphene, show-
casing the potential of bilayer graphene substrates for achieving
enhanced resolution in dynamic assays employing GET. Overall,
these findings contribute to advancing our understanding of
graphene’s optoelectronic properties, particularly in the context
of energy transfer processes, and offer valuable insights for the
development of graphene-based technologies in various fields.
For biosensing, where yes/no answers instead of exact quantifi-
cation are required, bilayer graphene closes the holes frequently
found in monolayer graphene and can make graphene chips
more reliable for optical biosensing. Further exploration of gra-
phene-layer-dependent effects on energy transfer mechanisms
holds promise for optimizing graphene-based devices and
expanding their applicability in biosensing and super-resolution
microscopy.
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