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Chirality Nano-Sensor with Direct Electric Readout by Coupling of
Nanofloret Localized Plasmons with Electronic Transport
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b) Institute of Chemistry, The Hebrew University, Jerusalem, 9290401.
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ABSTRACT: The detection of enantiopurity for small sample quantities is crucial, particularly in
the pharmaceutical industry; however, existing methodologies rely on specific chiral recognition
elements, or complex optical systems limiting its utility. A nanoscale chirality sensor, for
continuously monitoring molecular chirality using an electric circuit readout, is presented. This
device design represents an alternative real-time scalable approach for chiral recognition of small
quantity samples (less than 10° adsorbed molecules). The active device component relies on a gold
nanofloret hybrid structure, i.e., a high aspect ratio semiconductor-metal hybrid nanosystem in
which a SiGe nanowire tip is selectively decorated with gold metallic cap. The tip mechanically
touches a counter electrode to generate a nanojunction, and, upon exposure to molecules, a metal-
molecule-metal junction is formed. Adsorption of chiral molecules at the gold tip induces chirality
in the localized plasmonic resonance at the electrode-tip junction and manifests in an

enantiospecific current response.

Keywords: chirality sensing, nanosensor, nanowires, localized plasmon, plasmon-molecular

coupling
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Many of the biomolecular building blocks of living organisms possess a specific chirality; e.g.
sugars are dextrorotatory and proteins and amino acids are levorotatory.! The ubiquitous nature of
chirality in biological processes often necessitates enantiomeric specificity for desired
functionality and preventing adverse effects.> As such, the determination of chiral purity is of
paramount importance for drug development,’® as well as in the food* and agriculture industry,’
and even in astrobiology.® State of the art methods for probing enantiopurity can typically be
divided into four main categories: chiroptical methods, which involve the direct interaction of light
with the substance to be characterized,’ chiral chromatography, NMR of a mixture of enantiomers

upon reaction with a chiral derivatizing agent, and device-based sensors.

Chiroptical methods, such as electronic circular dichroism (ECD),? is based on the different
excitation of an electron from a molecular ground state to an excited state under left and right
circularly polarized electromagnetic radiation (LCP and RCP respectively). The ECD signal can
be related to the structure of the molecule.!° Vibrational circular dichroism (VCD),!! and optical
rotary dispersion!? are also commonly employed for determining enantiomeric excess; however
the measurement typically requires large and complex optical setups.!* > By employing a chiral
reagent to create diastereomeric adducts the enantiomeric difference can be detected by analyzing
for the different diastereomers. This principle can be employed in both NMR'® and high
performance liquid chromatography'” (HPLC). Alternatively, chiral chromatography can separate
enantiomers through enantioselective interactions of the analyte with a chiral stationary phase;
typically cyclodextrin is employed because it is cheap and binds to a large variety of molecules.
Despite the general applicability of chromatography, the experimental history of the column can
cause memory effects which impact resolution [ J. Chromatogr. A, 2002, 945, 139-146. J.

Chromatogr. A, 2011, 1218, 6302-6307.] and thus require experiments to assess and condition
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the column. Chiral sensing with a device often requires a chiral recognition element which
functions as a mediator between the chiral analyte and the device. As such, the specificity of the
sensor must be tailored to each individual analyte of interest. Examples for device based sensors

1819 oravimetric-mass sensors,?’ field-effect,?!?? chemiresistors,>

include electrochemical sensors,
chemocapacitors,?* and surface plasmon based sensors.?>7 It is highly desirable to combine the
favorable attributes of chiroptical based methods, universally applicable to all analytes, with the
compactness and real-time based response of a sensor device. In this study, a chirality sensor is
fabricated in which the adsorption of a chiral molecule induces a change in the localized surface
plasmon response of a gold nanofloret (Au-NF) and creates an electrical response through a

nanojunction.?®

Localized surface plasmon resonance (LSPR) arises from the coherent oscillation of
conduction electrons in a metallic nanoparticle with dimensions smaller than the illumination
wavelength. The LSPR is characterized by an enhancement of the electromagnetic field and
confinement to the nanoparticle dimensions. Previous studies have shown that coating a metallic
nanoparticle with chiral molecules enhances the electronic circular dichroism signal, and it induces
chirality on the LSPR mode.?*3? This work shows that the integration of a chiral plasmonic
metastructure with an electrode can be used to generate a chiroptical response that can be translated

directly into an electrical signal readout.>

The device reported herein utilizes the change in LSPR, upon adsorption of chiral analytes, to
generate an enantiospecific current response. The device is fabricated by suspending a self-formed
hybrid Au-NF, consisting of a gold nanocap at the tip of a high aspect ratio semiconducting SiGe
nanowire (NW), between two metallic contacts. The Au-NF synthesis and device fabrication

combines bottom-up synthesis and standard photolithography methods, which have been described
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in detail elsewhere.?®*** The detection scheme is illustrated in Figure 1a, and the inset shows an
SEM image of the Au-NF consisting of the SiGe NW and a metallic Au tip in contact with a
macroscopic Ti metal pad. Upon illumination, the LSPR of the gold nanocap which is coupled to
the SiGe NW modulates the current flow through the nanojunction. Previous studies®® have
compared experimental and simulation results to show that the LSPR mode arises from the unique
metastructure of the gold cap, comprising a cluster of gold nanoparticles separated by a GeOx
dielectric layer. A tunneling barrier exists between the gold cap and the SiGe semiconductor, and
the excitation of the LSPR on the Au modulates the current flow through the barrier. The device
sensitivity is determined by the LSPR and is spectrally broad, extending to the short-wave infrared

spectral region, as we previously reported.>®

The sensitivity to chiral molecules manifests when the molecules are introduced to the system
and they adsorb on the Au tip near the mechanical junction.** The adsorbed molecules imprint
chirality onto the LSPR of the Au nanocap;’’ and because the LSPR response is coupled to the
current through the tunneling barrier’® an enantiospecific current response manifests. The cap
surface area is on the order of 10 cm?. By assuming a maximum density of 10'? molecules/cm?
adsorbed on gold, it is estimated that less than 10° molecules are adsorbed for a full coverage
monolayer formed on the gold cap in each Au-NF junction. The chiral molecules are linked to the
gold tip via thiol linkers. The angle of adsorption could differ between molecules in an
inhomogeneous manner, however their chirality is the same for all angles and the gold is grained,
thus, we expect that the chiral imprinting effect is similar and does not depend too strongly on the

adsorption angle.

Figure 1b shows the experimental scheme used for sensing. A voltage bias is applied across

the suspended Au-NF and the electrical current through the device is measured, while circularly
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polarized laser illumination is focused on the sample with a microscope objective. A CCD camera
is used to align the Au-NF junction under the focused spot. Circular polarization is achieved by
using a quarter waveplate and alternation between LCP and RCP is achieved by rotating a half
waveplate on a motorized stage. Special care was taken to ensure a high degree of circular
polarization (see section 6 in the SI for further details) because the high aspect ratio NWs are

t3® and deviations in circular

susceptible to orientation effects from linearly polarized ligh
polarization may bias the device response. Note that the confinement and enhancement of the
electromagnetic field is achieved because of the LSPR at the NF gold nanocap and is not associated
with focusing by the objective lens. An objective lens with a relatively low numerical aperture (0.4
NA) was selected since using higher NA lens may result in changes of the light polarization
state.’**" A constant voltage of 1V was applied and the current was measured as a function of time

with a time resolution of 50 ms, while alternating between RCP and LCP polarizations for periods

of 30 seconds.
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Figure 1. lllustration of the device measurement scheme a) Au-NF junction is illuminated with
focused continuous wave laser radiation. The chiral substance is coupled to the localized surface
plasmon, which is in turn coupled to the current that passes through the Au-NF. Inset: SEM image
of the Au-NF device, a semiconducting (SiGe) nanowire with a gold nanocap at its tip is suspended
on a Ti macro-contact. The cap surface area is ~107° cm?. b) Top: schematic of the chirality sensor.
The Au-NF is suspended between two Ti contacts which are connected to a voltage source and an
ammeter. The sensor is placed on an XYZ stage to allow alignment under the focused laser beam.
The beam is focused by a microscope objective and passed through a quarter waveplate to
generate circular polarization. The polarization is changed between left-circularly polarized light
and right-circularly polarized light by a half waveplate positioned on a motorized stage. The
sensor was monitored using a CCD camera.

Because the shape and morphology of the NF gold cap is non-symmetric, it is not expected to
be symmetric under a mirror reflection; hence, it possesses some degree of chirality. In addition,
chiral metastructures can have strong optical activity*** and even the LSPR of individual metallic
nanoparticles can display some optical activity signal because of shape imperfections and crystal
structure changes.”” Thus, the Au-NF chirality sensor behaves differently under left and right
circular polarizations prior to addition of a chiral analyte. To account for the non-zero signal
response, the device is measured before and after exposure to the chiral analyte. Adsorption of the
chiral analyte is confirmed by comparing the I-V curves, collected without illumination, before
and after the exposure to the analyte. Note that the analyte adsorption changes the conductance
gap of the junction, further indicating molecular adsorption; Figure S3 shows an example of a
measurement in which an energy gap is formed.** This feature of the Au-NF device, acting as a
nanogap device for electronic detection of molecules trapped at the Au-tip-Ti electrode gap was
previously demonstrated (see references 34 and 35 for a more thorough analysis of this
phenomenon ). Further validation of the adsorption of a chiral analyte on the Au-NF was achieved
by using CdSe quantum dots (QDs) as markers and confirmed using fluorescence microscopy (See

Figure S1).
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The effect of chiral molecule adsorption on the device at a 1V bias is demonstrated in Figure
2. Current-voltage (I-V) measurements showed gap formation following the introduction of an
alpha-helix polyalanine (AHPA) solution, indicative of monolayer formation at the Au-cap-Ti
electrode gap. Prior to introduction of chiral molecules, illumination of the device with 532 nm
LCP (red) and RCP (blue) light generates an intrinsic chiral response from the device (Figure 2a).
When the device structure is exposed to AHPA solution, an asymmetry in the polarized excitation
is obtained and it depends on the handedness of the AHPA. Figure 2b shows the photoresponse
after introducing AHPA-D molecules, where a change in photocurrent under different circular
polarizations is observed, due to molecular adsorption. The relatively long stabilization times arise
because the NF junctions were not passivated and thus surface states change upon molecular
adsorption. Figure 2c shows that the difference in polarization dependent excitation (LCP — RCP)
is positive for AHPA-D (red) and negative for AHPA-L (blue); see section 2 in the SI for a
complete description of the calculation details. Control experiments using an achiral molecule,
mercaptododecanoic acid (yellow), showed a negligible response. Studies using a mixture of both
AHPA-D and AHPA-L enantiomers, with a small enantiomeric excess of AHPA-D (2.5 %), was
also explored. Figure 2C shows that chiral response decreases, compared to the pure AHPA-D
sample, and is in good agreement with CD measurements performed on the same solutions (see

section 7 in the SI).

The measurement procedure was repeated with linearly polarized light illumination oriented
parallel and perpendicular to the Au-NF’s long axis. While a different photoresponse for the
parallel and perpendicular illuminations is expected, a chiral molecule-dependent response is not
expected since linear polarization is simply a superposition of left and right circular polarizations.

Indeed, for both AHPA chiralities the same linear response is measured. (Figure 2d). In the linear
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polarization measurement mode, both AHPA-L and AHPA-D showed a non-zero relative response
(see section 2 in the SI for a complete definition of the relative response), with the same sign and
magnitude for the two enantiomers. The specific chirality response is attributed to an induced
chirality effect®” arising from adsorption of the chiral molecules at the NF gold nanocap.*! Because
the device response using linear polarization relates to the density and coverage of adsorbed
molecules on the Au-NF, the absolute magnitude of the response can be used as a control. For
instance, a similar response for AHPA-D and AHPA-L under linear polarization indicates that the
different response obtained for the circular polarization is not associated with changes in the

molecular density at the Au-NF surface.

By varying the applied bias during photoexcitation, the photoconductance as a function of the
voltage applied across the junction was used to probe for molecules. The NF nanojunction device
is sensitive to the presence, and chirality, of molecules trapped between the gold nanocap and the
counter electrode.***? The change in tunneling current upon formation of a molecular junction with
the analyte molecules can thus be used for recognition purposes, similar to previous reports.*? It is
important to emphasize that the tunneling spectra are used here solely as an indicator for the
adsorption process. To demonstrate this concept, voltage sweeps between -2V to 2V were acquired
for three cases: no illumination, LCP illumination, and RCP illumination. The procedure was
repeated many times to account for long-term drift in the device. The conductance of the Au-NF
chirality sensor without illumination before and after exposure to AHPA-L solution is shown in
Figure S3. As described before, molecular adsorption resulted in the formation of an energy gap.
The gap is formed as a result of the tunneling spectroscopy of the molecules present between the
gold nanocap and the counter electrode. Figures 2e and 2f show the conductance measured under

LCP (red) and RCP (blue) illumination before and after exposure to AHPA-L, respectively. Only
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minor differences in the conductance are observed before exposure to AHPA-L, however a distinct

change is obtained when chiral molecules are introduced to the junction.
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Figure 2. Measurements of the Au-NF chirality sensor under a constant voltage. a) Current vs.
time under a constant voltage of 1 Volt with different circular polarization illuminations and with
no illumination, before molecules are dropcast. Inset: optical image of the Au-NF junction, with
and without illumination. b) Current vs. time under a constant voltage with different circular
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polarization illuminations and with no illumination, after molecules are dropcast. c) The relative
chiral response for the two enantiomers of AHPA and a control molecule, mercaptododecanoic
acid, as well as a mixture with a 2.5 ee of AHPA-D d) Control experiment, measuring the response
for parallel and perpendicular orientation of linear polarization. e) Numerical first derivative as
a function of bias voltage before molecules are dropcast, showing a small difference between
polarizations. f) Numerical first derivative as a function of bias voltage after molecules are
dropcast, showing a clear difference between polarizations. The error in the dI/dV curves is the
standard error of the mean at each point, marked as shaded area.

To explore possible contributions from plasmonic effects to the device response, the system was
tested in the absence of chiral molecules in the conductance channel. Previous studies have shown
that molecular desorption can be induced by applying a high voltage bias through the device.*?
Notably, considering the local electric field, desorption induced by applied voltage, is directed to
molecules positioned at the molecular junction, leaving adsorbed molecules on the rest of NF gold
cap. The adsorption and desorption are reflected by clear changes in the I-V curves in Figure 3c;
where the change in shape of the current onset upon exposure to AHPA-L (yellow) is much more
pronounced prior to desorption (red). See Figure S4 for real-time probing of the desorption
process. Figure 3b shows that the tunneling current does not change significantly with an external
magnetic field. Because gold becomes magnetic upon adsorption of thiolated chiral molecules,*

and chiral molecules can act as spin filters due to the CISS effect,*

one could expect differences
in current with magnetization of the bottom gold contact. However, for this study the response is
minimal. Figure 3d summarizes the magnitude of the chiral response before (blue) and after (red)
molecular desorption. Interestingly, an increase in chiral response is observed. Because desorption
of chiral molecules from the Au-NF should result in a slightly lower chiral induced LSPR, and
hence decrease in chiral response, some contributions from spin selective transport through the
molecule which act oppositely to chiral induced LSPR may be occurring. However, the primary

mechanism which governs the chirality sensing is rooted in chiral induced LSPR. To demonstrate

the universality of this technique, the chiral response of L-tryptophan was also measured. Unlike

10



215  AHPA, tryptophan is a smaller molecule and thus does not exhibit a chiral secondary structure.
216  Consequently a smaller difference is seen in the /(V) curves after molecular adsorption (Figure
217  3e). As was the case for AHPA, the L-tryptophan response is larger for LCP than for RCP (Figure
218  3f). The calculated response is smaller than for polyalanine (—0.39 4+ 0.02) as may be expected

219  due to the shorter molecular length

(a) (b) 104
_ _ AHPA-L W\
%) n
= =
> >51 0\ -0.5[T]
B 2 ofm
5 ° ——— 05][T]
0 Sed '
0 1
Voltage [V]
(c) (d)o
C 3
» 0 f o |
» fu ,
c =} =
2 O 1
n T 0+
qu) .g 7
== 2 i f_U /::j.r" """"" Untreated
'E = —2—-/;,«-‘ AHPAL
S !6 734”.‘; -------- After Desorption
=z L | } |
_ : -1 0
AHPA-L  After Desorption Voltage [V]
(e) ®
8 2| — Untreated = bt LCP
é Tryptophan-L Gt)1 . RCP
2 3 ;
8 814 W@H »
20 N HN : NH;
o rEu12
= .
€ - b "
£ =)
2 / <10 // / /
_1 0 1 0 25 50 75 100 125
Voltage [V] Time [s]

220

11



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

Figure 3. a ) dI/dV as a function of voltage under two opposite magnetic fields and zero magnetic
field, showed negligible differences. b) The repeated experiment after AHPA-L is dropcast, show
no differences between the applied magnetic fields. c) the chiral response before and after
molecular desorption, showing that the chiral response remains d). I(V) curves at the three stages
of the experiment, shown energy gap formation and disappearance of the energy gap after
desorption. e) I(V) curves of L tryptophan before and after molecular adsorption. After adsorption
a small gap is formed. f) the chiral response for tryptophan with LCP and RCP excitation. The

response is large with LCP excitation.

To further study the device functionality for detecting chiral species, CdSe quantum dots
(QDs) capped with a chiral L-cysteine ligand were used to evaluate the effectiveness of the sensor
towards analytes with an optical absorption wavelength that coincides with the polarized light
wavelength. Figure S5 shows absorbance and CD spectra of the QDs capped with a chiral L-
cysteine ligand which confirm it is optically active.***® Figure 4a shows the chiral response
(calculated as described in section 2 of the SI) of the sensor after it is exposed to the L-cysteine-
CdSe QDs and illuminated with 532 nm (green) and 660 nm (red) light. The threshold for the onset
of the QDs absorption is around 600 nm, therefore, light absorption by the QDs is negligible for
illumination at wavelengths longer than 660 nm. A relatively small chiral response is obtained
with 532 nm illumination and a negligible response is observed for 660 nm illumination - similar
to the control experiments with achiral molecules. The wavelength dependent chiral response of
the QDs suggests that the resonant coupling between the photoexcited QDs and the LSPR, similar
to the mechanism of LSPR induced CD for chiral molecules,*! plays a dominant role in the sensing
mechanism. The chirality-dependent response for AHPA-L using the two illumination

wavelengths is shown on the right side of Figure 4a for comparison. The broadband plasmonic

12



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

resonance of the NF gold cap extends to the short wave IR spectral range (SWIR),?® in agreement

with the observed chiral-sensitive response.

[Nlumination dependent conductance measurements for junctions with chiral QDs are shown in
Figures 4b-d. When chiral QDs (yellow) are introduced to an untreated sensor (blue) a large change
in the conductance is observed and is representative of the intrinsic bandgap of the QDs; see Figure
4b. The conductance measured using LCP (red) and RCP (blue) illumination show markedly
different behavior when excited with 532 nm (Figure 4c) and 660 nm (Figure 4d) light. For 532
nm excitation the energy gap is reduced, whereas for 660 nm excitation the conductance appears
similar in shape to the measurements made for the chiral QD in the dark. The different response
for the QD system at wavelengths below and above the QDs energy gap indicate that coupling
between the QD’s excitation and the LSPR mode is the main mechanism responsible for the
measured chiral response. That is the response at 660 nm is similar to that for AHPA-L, where no
light adsorption of the analyte molecule is involved, and is attributed to chiral imprinting on the
NF gold nanocap LSPR [cite reference 37: Goldsmith PCCP (2006)]. Interestingly, the chiral
response of the AHPA-L molecules under 660 nm is opposite in sign to that found when using 532
nm light, and it is attributed to the bisignate shape of the optical activity,*” similar to what has been

shown for other coupled LSPR systems.*8°
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Figure 4. Comparison between the chiral response of L-cysteine capped CdSe ODs and AHPA-L
molecules. a) A relatively small chiral response exists for ODs only under 532 nm illumination
while a chiral response occurs for both 532 nm and 660 nm illumination of AHPA-L. b) Z-score
normalized conductance vs. voltage curves before and after the dropcasting of L-cysteine capped
CdSe QDs without illumination. c¢) Conductance vs voltage curves of L-cysteine capped QODs
measured using 532nm LCP and RCP illumination. d) Conductance vs voltage curves of L-cysteine
capped QDs measured using 660nm LCP and RCP illuminations.

Further control experiments were performed to assess the role of spin selective electron
transport. Previous studies have shown that charge transport through chiral media can be spin
selective® and has since been termed chiral induced spin selectivity (CISS).>?> Gold with chiral
molecules adsorbed on top may be magnetic,> and local magnetization can be imparted onto gold
nanoparticles by the gold-sulfur linkages.>* To explore possible contributions from such

magnetization, Au-NF devices were studied without illumination under two opposite magnetic
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fields and compared to zero magnetic field; (Figures 3a, b). The conductance measurements were
invariant under the magnetic fields studied for pristine devices as well as after introduction of
AHPA-L molecules, therefore, it is concluded that any effect of magnetization, if present, is

negligible.

In summary, the present study demonstrates a novel chirality detection concept obtained by the
coupling of a chiral plasmon response into an electrical current for detecting adsorbed chiral
species, and its implementation in an electrical readout device. The chiral induced LSPR in the
tunneling device is sensitive to the molecular chirality and provides information even for a small
number of molecules adsorbed at the nano-gap junction. The device design eliminates the need of
a chiral recognition element by sensing the chiral molecules’ imprinting on the LSPR of the Au
nanofloret and its coupling with electrical sensing. Experiments showing the change in chiral
response with enantiomeric excess indicate the potential of the device for determining the
enantiopurity of solutions, upon calibration. It is important to note that the device can also be used
in a transient mode as was done in previous works* and can obviate the sensitivity to multilayer
chiral organization.’®> Moreover, fabrication of the device is scalable and does not require advanced
photolithography techniques or a complicated optical setup. The simplicity and generality of the
chirality sensing method presented here, along with its real-time sensing capabilities, is
advantageous for the sensing of enantiospecific materials, as well as for fundamental studies of
chiral molecules at low concentrations and quantities. Relying on Au-NF hybrid nanostructures as
the active sensing component, utilizing a bottom-up self-processing synthesis, and formation of
self-adjusting nano-gap junctions enables a facile fabrication methodology that may be further
utilized in the future to realize scalable and portable devices for real-time detection and chiral-

specific analysis.
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