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Abstract

Plasmonic antennas increase the photon flux in their vicinity, which can lead to plasmon-enhanced
fluorescence for molecules near these nanostructures. Here, we combine plasmon-coupled
fluorescence and fluorescence-detected circular dichroism to build a specific and sensitive
detection strategy for chiral single molecules. Electromagnetic simulations indicate that a two-
dimensional gold nanoparticle dimer antenna enhances the electric field and optical chirality of a
plane wave in its near field. Furthermore, this optical chirality enhancement can be tuned based on
the polarization of the incident electric field, such that enhancing the optical chirality via these
antennas will increase the differential absorption of parity-inverted fields. We measured the
fluorescence from single molecules of chiral absorbers—Cy5 J-dimers assembled in double-
stranded DNA backbones—and achieved increased detectability of these right-handed molecules
near achiral Au NP dimer antennas under right circularly polarized illumination. This strategy

offers a new approach to distinguishing weakly fluorescent enantiomers.
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Introduction

Molecular chirality is ubiquitous in biology, and this property affects interactions between
molecules to dictate chemical and biological function. The molecular chirality can be determined
by the interaction of a molecule with polarized light. While circular dichroism and optical rotatory
dispersion have been used for over a century to study the concentration of optically active
substances like sugars, these techniques require minimum concentrations (£ 1 mM) and volumes
(= 1 mL). The differential absorption from a single molecule is very low because of the mismatch
of the size of molecules and the 400 — 700 nm wavelength of visible light. To build a probe for
molecular chirality, the differential absorption must be enhanced in these molecules. Thus, recent
work has focused on increasing both the detection capability and the differential signal of chiral

molecules using antennas and nanophotonic metasurfaces'™.

Fluorescence intensity is linearly proportional to absorption, so an increase in the local
electromagnetic field intensity leads to increased fluorescence intensity. This proportionality
forms the basis of fluorescence-detected circular dichroism!®. Though the signal-to-noise ratio is
increased in fluorescence-detected circular dichroism by 1 — 3 orders of magnitude compared to
conventional circular dichroism because of increased specificity, the signal is still too low for
single-molecule detection'!2. Plasmonic antennas like gold nanoparticles (Au NPs) can be used
to increase the excitation source photon flux by focusing a continuous plane wave into nanoliter
volumes; molecules in that volume therefore absorb more photons. Plasmonic antennas also
change the projection of electric fields onto the magnetic fields of the confined wave, and this
change in relative temporal and spatial orientation of the light changes the twist of the light. This
optical chirality, C, was theorized as a conserved quantity in the late 1960s, and in the last two
decades, it has been used to describe differential absorption by chiral molecules'*!*. Enhancing
the optical chirality increases the difference between the absorption of parity-inverted fields,

leading to differential absorption of right and left circularly polarized light'>~7.

Near a plasmonic antenna, the fluorescence emission is also modified'®. The emission from a
molecule resonant with a nearby antenna couples with the antenna and the coupled dipole-plasmon
mode radiates collectively into the far field!*-**. However, the emission intensity modification only
depends on the position and orientation of the molecule relative to the antenna and is equal for

achiral or chiral molecules?!. Thus, the difference in enhancements in the magnitude of the
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fluorescence intensity under left and right circularly polarized light, detected from right-handed
molecules near achiral Au NP dimer antennas, is proportional to their differential absorption of

the incident field.

In this paper, we measure the fluorescence from single molecules of chiral absorbers—CyS5 J-
dimers assembled in double-stranded DNA backbones. The Cy5 J-dimers have been studied under
bulk fluorescence, ensemble plasmon-coupled CD measurements, and transient absorption
spectroscopy>> 2. However, while Cy5 has extensively been used in single-molecule localization
microscopy, the fluorescence intensity of Cy5 J-dimers is much lower than that of monomeric Cy5
because of the decreased quantum yield (0.039) and increased non-radiative decay rate?¢. Thus, to
our knowledge, single Cy5 J-dimers have not been previously detected®’. We achieved increased
detectability of these right-handed molecules near achiral Au NP dimer antennas under right
circularly polarized illumination. This strategy offers a new approach to distinguishing weakly

fluorescent enantiomers.

Materials and Methods

Au NP dimer antenna substrate

The Au NP dimer (SI Figure S1b) substrate was fabricated on a plasma-cleaned (Yield Engineering
Systems, YES-CV200RFS, 180 s in oxygen) glass microscope coverslip (24 x 40 mm, Fisher
Scientific 12545D) using electron beam lithography (JEOL JBX-6300FS) as described
previously?®. Briefly, the Au NPs are each 100 nm in length and 60 nm in width and are created
by depositing 60 nm Au on a 3-nm thick Ti wetting layer to adhere the NPs to the glass surface.
The Au NPs in each dimer are separated by 30 nm, and the Au NP center positions are offset by
=50, 0, or +50 nm as described in the text. Adjacent Au NP dimer antennas are separated by 3 um
to avoid lattice resonances. The plasmon resonance of the Au NP dimer antenna has been

previously characterized by dark-field scattering spectroscopy to peak at 680 nm?®,

The surface was cleaned using an oxygen plasma etcher (PE-50, Plasma Etch Inc.; 200 mTorr for
25 min), then coated by spin-coating alternating layers of poly(diallyldimethyl-ammonium
chloride) (PDADMAC, Sigma-Aldrich, average MW ~200,000 — 350,000, 20 wt% in water) and
poly(sodium 4-styrene) (PSS, Sigma-Aldrich, average MW ~ 70,000, 30 wt% in water) to achieve
a 6 = 1 nm PDADMAC-PSS-PDADMAC polymer as detailed previously?’. The polymer coating
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provides an appropriate surface for the adsorption and desorption of dye molecules in single-
molecule microscopy and also creates a spacer layer between the Au NP dimer antennas and the
dye molecules to minimize fluorescence quenching®*3!. To avoid cross-contamination, before
each subsequent experiment, the Au NP dimer antenna/glass substrate was cleaned using an
oxygen plasma etcher to remove the polymer layers and any residual dye, and coated again with

the polymer layers.
Electromagnetic simulations of near-field electric field intensity and optical chirality

Full-field electromagnetic simulations of Au NP dimer antennas excited by an incident plane wave
were performed with a Finite Domain Time Difference (FDTD) algorithm (Ansys Lumerical
FDTD) as described previously?. Briefly, the sample geometry was modeled with a fixed mesh
with 8 nm® voxels near the antennas; an adaptive mesh was used elsewhere. The complex
permittivities of Ti and Au were taken from an analytical fit to experimental data*>**, the glass
coverslip was explicitly included (n = 1.5, k£ = 0), and the Au NP dimers were immersed in water
(n = 1.333, k= 0). The total simulation volume was 8 um?>. The substrate was excited by a plane
wave incident along the z-axis from beneath the glass coverslip, and the plane wave excitation was
constructed using two plane wave sources with linear polarization along the x- and y-axes with a
relative phase of £ 90° to construct right- or left-handed circularly polarized excitation. The electric
field, E, and magnetic field, B, were extracted from a 2D plane monitor placed 6 nm above the
coverslip, which is the position of the polymer-water interface at which dye molecules are

immobilized for detection. The optical chirality, C, was calculated from E and B, as:

w *

where o is the angular frequency of the radiation, and c is the speed of light. The optical chirality
is normalized by the optical chirality of an left circularly polarized plane wave, C;cp, as:

£y W
Cicp = — 2
LCP c2 |E|

Preparation of chiral DNA-bound Cy5 J-dimers

Two complementary single-stranded DNA oligonucleotides were purchased from Integrated DNA

Technologies (iDT): 5-ACG TCG GTC A Cy5 C GAG AGT GCA-3" and 5'-TCG AGC CAG T
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Cy5 G CTC TCA CGT-3', each with cyanine 5 (Cy5) inserted at the center of the ssDNA strand.
100 nM stock solutions of the oligonucleotides in IDTE buffer (10 mM
trishydroxymethylaminomethane, 0.1 mM ethylenediaminetetraacetic acid) were diluted to 50 nM,
and the two complementary oligonucleotide solutions were annealed to form J-dimers of Cy5 held
together within a rigid backbone of double-stranded DNA?2¢ (SI Figure Sla) following the
manufacturer’s recommended protocol: mix 10 uL of 50 nM solutions, heat at 94 °C for 2 min,

and allow to cool to room temperature. When not in use, the annealed DNA was stored at —20 °C.

These Cy5 J-dimers have been previously shown to exhibit high absorption dissymmetry and their
668-nm absorption maximum?® overlaps with the 680-nm local surface plasmon resonance of the

Au NP dimer antenna®.
Single-molecule fluorescence imaging

A polarimetric epifluorescence microscope system capable of polarization-resolved excitation and
sensitive to single-molecule detection was built onto an Olympus IX71 inverted epifluorescence
microscope as previously described?®. Briefly, the 640-nm laser (Coherent CUBE 640-40C)
excitation source was cleaned up with a laser excitation filter (Chroma Z640). The excitation linear
polarization was controlled with a half-wave plate (Thorlabs AHWP10M-600), a linear polarizer
(Thorlabs LPVISB-050-M), and a liquid crystal variable retarder (LCVR, Thorlabs LCC1223T-
A) before being focused onto the back focal plane of a 100x, 1.30 numerical aperture (NA)
objective (Olympus UPlan FLN) after reflection off a dichroic mirror (Di01-R640). The
polarization of the laser was characterized by a linear polarizer (Thorlabs LPVISE100-A) in front
of a photodiode above the sample stage. The beam ellipticity, ¢, is the square root of the ratio of
the minimum power to the maximum power transmitted upon a complete rotation of the linear

polarizer, and all experiments were performed with & > 0.95 28,

Emission was collected through the same objective in an epifluorescence configuration, and the
excitation light was rejected with the same dichroic mirror and an appropriate long-pass filter
(Semrock EdgeBasicTM 635 nm). The image was expanded 3% before the image was focused onto
a 512 x 512 pixel Andor iXon3 electron-multiplying charge-coupled device camera (1 camera

pixel = 53 x 53 nm? in the imaging plane).
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For imaging, 30 puL of 20 nM Cy5 J-dimer solution was drop-cast onto the Au NP dimer
nanoantenna substrate. In this Points Accumulation for Imaging Nanoscale Topography (PAINT)
geometry, a sparse subset of Cy5 J-dimers adsorbed onto the surface for single-molecule detection
at any one time as described previously?®34. A series of 2000-frame fluorescence movies were
acquired with an exposure time of 40 ms/frame. The handedness of the incident light was switched
between every movie, and to overcome photobleaching, the CyS5 J-dimer dye solution was removed
and replenished at the same volume and concentration between every movie. The images were
analyzed using the SMALL-LABS algorithm to localize single molecules after subtracting the
background signal from the scattering of the Au NP dimer antenna®>. Molecules emitting at least
800 fluorescence counts/imaging frame were recorded. The localization precision was calculated

as the mean of the 95% confidence interval on the Gaussian fits of the localizations.

Results and Discussion

We simulated the excitation of chiral Au NP dimer antennas by plane waves with left or right
circularly polarized light. When the handedness of the antenna matches the handedness of the
incident polarization, the electric field is strongly enhanced at the antenna center (Figure 1b and
SI Figure S2c¢), and the optical chirality is enhanced in the same region (Figure 1d and SI Figure
S2e). Conversely, the electric field enhancement is minimal (Figure 1¢ and SI Figure S2b), and
the optical chirality is close to 0 at the center of the antennas when the handedness of the antenna
does not match the incident polarization of the light (Figure le and SI Figure S2d). For the achiral
Au NP dimer antenna, the electric field enhancement is significant and equal at the antenna center
under left and right circularly polarized excitation (Figure 2b-c). The magnitude of optical chirality
enhancement is equal, but the handedness of the optical chirality is opposite (Figure 2d-e). We
predicted that the differences in electric field and optical chirality profiles near the Au NP dimer
antennas would affect the intensity distribution and the probability of detection of the chiral single

molecules.

We tested these hypotheses experimentally with single-molecule super-resolution fluorescence
imaging of Cy5 J-dimers as they adsorbed transiently on the Au NP dimers from a solution above
the Au NP. We set a long (40-ms) imaging integration time such that freely diffusing Cy5 J-dimers
were not detected on the EMCCD camera; for every transiently adsorbed Cy5 J-dimers detected,

we recorded the fluorescence intensity and apparent position of that single molecule. In this PAINT
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Figure 1. Experimental and computational optical characteristics around left-handed Au NP
dimer antennas under left and right circularly polarized light (LCP and RCP, respectively).
(a) Distributions of the intensities of molecules detected at the center of the Au NP dimer antenna
(apparent position within the red circle; radius = 12.5 nm). (b-e) Profiles in the sample plane
calculated from FDTD simulations of Au NP dimer antennas excited by a circularly polarized
plane wave incident along the z-axis with wavelength 635 nm. (b-c) Electric field enhancement
profiles under (b) left and (c) right circularly polarized excitation. (d-e¢) Optical chirality

enhancement profiles under (d) left and (e) right circularly polarized excitation.
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Figure 2. Experimental and computational optical characteristics around achiral Au NP
dimer antennas under left and right circularly polarized light (LCP and RCP, respectively).
(a) Distributions of the intensities of molecules detected at the center of the Au NP dimer antenna
(apparent position within the red circle; radius = 12.5 nm). (b-e) Profiles in the sample plane
calculated from FDTD simulations of Au NP dimer antennas excited by a circularly polarized
plane wave incident along the z-axis with wavelength 635 nm. (b-c) Electric field enhancement
profiles under (b) left and (c) right circularly polarized excitation. (d-e) Optical chirality

enhancement profiles under (d) left and (e) right circularly polarized excitation.
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microscopy configuration, only molecules that are bright enough and immobilized long enough
are detected. Fresh Cy5 J-dimer solution was added between movies to overcome photobleaching,
and the remaining gradual decrease in the average fluorescence of the molecules was attributed to
a gradual increase in photoproducts and photobleached Cy5 J-dimers. We accounted for the
difference in intensities by comparing localizations recorded at similar experimental time points:
the same amount of time under laser illumination and the same length of time after the addition of

fresh Cy5 J-dimer solution.

In each experiment, single Cy5 J-dimers were detected in the vicinity of an array of 25 Au NPs.
The detected positions of all single molecules relative to the center of the nearest antenna were
compiled. The relative density of localizations was calculated as the number of positions <10 nm

away from the molecule position (Figure 3).

In this low signal-to-noise regime, the dimmest molecules are not detected, and the probability of
detecting a molecule is related to the number of photons emitted. Since the fluorescence intensity
depends on the electric field, molecules adsorbed on the regions with higher electric fields are
brighter. As a result, the localization density patterns of chiral single molecules near plasmonic
antennas (Figure 3) match the simulated electric field profiles of the near-field electromagnetic
field of the particles (Figures 1b-c and 2b-c, and SI Figure S2b-c). The patterns under parity-

inverted fields and antennas are also mirror images of each other.

From the localization maps, the single molecules with apparent positions at the center of the
antennas can be isolated (Supplementary Note 1) by the average intensity of single Cy5 J-dimers
detected at a radius between 450 and 535 nm (SI Figure S1c) from the center of the same antenna
during that same movie. We predicted that the Cy5 J-dimers, which are weakly right-handed?®,
would be most enhanced when the optical chirality enhancement was the most negative. However,
the intensity distributions of the Cy5 J-dimers near Au NP dimer antennas were similar under both
handedness of light for all three NP offsets (Figures 1a and 2a; SI Figures S2a and S3). Rather, we
measured a significant difference in the number of detected molecules, which is much higher when
the incident polarization of light matches the handedness of the Au NP dimer antenna, consistent
with the much higher local electric field intensity for these cases (Figure 1b and SI Figure S2c).
The electric field enhancement is thus the dominant factor in the increase in the probability of

detection; the enhanced optical chirality does not have a significant effect.
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Figure 3. Density of localizations of Cy5 J-dimers detected within 265 nm of a Au NP dimer
antenna. Each point is the apparent position of a single detected CyS5 J-dimer relative to the nearest
Au NP antenna and the colorscale indicates the number of molecules detected within 10 nm of that
position, normalized for each experiment. Excitation wavelength: 635 nm; excitation polarization:
right circularly polarized (top) or left circularly polarized light (bottom). The left-handed and right-
handed antennas have vertical offsets of + 50 nm (SI Figure S1). The achiral antenna has no offset.

The 95% confidence interval on the fit position is 52 nm with a standard deviation of 19 nm.
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Interestingly, for the achiral Au NP dimer antennas, the photon absorption rate and the electric
field magnitude are the same in the center region for left and right circularly polarized excitation
light (Figure 2b-c). Thus, the increase in the probability of detection of the right-handed J-dimers
of Cy5 by 32% under right circularly polarized light near the achiral Au NP dimer antenna (Figure
2a) is attributed to the average increase in fluorescence due to the enhanced optical chirality when
the polarization of the excitation light matches the handedness of the Cy5 J-dimer (Figure 2e).
This difference in the number of localizations is the only consistent and significant signature of

molecular chirality.

Conclusions

Single-molecule localization microscopy of Cy5 J-dimers is challenging due to the uncharacterized
fluorescence properties of the probes at the single-molecule level. Here, we achieved this detection
and quantified the emission properties of single Cy5 J-dimer molecules by carefully normalizing
single-molecule fluorescence intensity measurements to account for experimental artifacts related
to non-uniform surface coating and changes in the fluorescence intensities of the molecules over
the course of the experiment. We also used circularly polarized incident light to ensure an equal

probability of detection for molecules adsorbed along any axis.

The only significant indicator of molecular chirality was the increased detectability of right-handed
CyS5 J-dimers near achiral Au NP dimer antennas under right circularly polarized illumination. To
further study this detection strategy, future studies should benchmark this measurement based on
a pair of chiral probes with similar adsorption rate and quantum yield, but of opposite molecular

chirality.
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