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Abstract

Chiral aluminum nanoparticles, dispersed in water, were prepared which provide strong
ultraviolet plasmonic circular dichroism, high-energy superchiral near-fields, and charge-
selective protein detection.

Introduction

Plasmonic metal nanoparticles exhibit large electromagnetic-field enhancements that are
useful in bio-sensing, cancer therapy, and photocatalysis.'?! The optical properties of such
nanoparticles are extremely sensitive to the specific metal, the surrounding chemical
environment, and the particle shape.!*”! If the shape is chiral, i.e., not superimposable on its

mirror image, strong chiral optical effects®™ can occur due to asymmetric local surface
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plasmon resonances (LSPRs).”'" To explore this effect, helical nanoparticles have typically
been used.”™ However, recently chiral nanopyramids have also been demonstrated that
provide equal if not greater chiral optical effects.) For any of these chiral metallic
nanoparticles, circular dichroism (CD), the differential extinction between left- and right-
handed light, is typically used to probe the chiral optical properties. While strong CD signals
have been observed from metal nanoparticles, so far they have occurred only in the visible or
near-infrared regime.'” Biomolecules typically exhibit a chiral optical response in the
ultraviolet (UV). Thus, the resonant interaction between molecular and plasmonic chirality

remains an unexplored area. Its study could result in enhanced bio-sensing capabilities.

[11,12

Furthermore, high-energy superchiral fields!'"'?! [ie., fields that are more twisted than

circularly polarized light (CPL)] at the metal nanoparticle surface could drive asymmetric

heterogeneous photocatalysis.'!

To obtain such fields at UV wavelengths, traditional plasmonic metals such as Au and Ag

cannot be used. In contrast, aluminum, which is the most abundant metal on Earth, can

14-17]

provide excellent optical properties in the UV. Despite its reactivity and rapid

oxidation,!"®! Al nanostructures have been shown to support strong LSPRs in this wavelength

[18-20 [21

regime. ! This has led to a wide variety of applications for Al plasmonics™®' including

22-24 25-27]

metal-enhanced fluorescence (MEF),”**% surface-enhanced Raman scattering (SERS),!

[28-33

UV optoelectronics,”**! and photocatalysis.”*! The synthesis of achiral (i.e., containing at

least one plane of symmetry) colloidal Al nanoparticles has been performed by solution-based

methods.*>*!

I'In addition, achiral Al nanocrystals (i.e., single-crystalline nanoparticles) have
also been synthesized."””! Such nanocrystals exhibit size-dependent UV and visible plasmon
modes. However, chiral Al nanoparticles have not yet been demonstrated.

Here, we report the fabrication of such nanoparticles and show how they can be used to

provide charge-selective protein detection. We show that an approach, previously developed

to fabricate chiral Au nanoparticles,'® can also be exploited for Al. We then electrostatically
2



WILEY-VCH

stabilize the resulting Al nanoparticles with citrate ligands and form aqueous colloidal
dipsersions at near-physiological pH conditions. These colloids not only exhibit CD spectra
with resonances in both the near-UV (>250 nm) and visible wavelengths but also normalized
CD intensities comparable to the highest values reported for dispersions of Au chiral
nanoparticles.[**! Furthermore, near-field electromagnetic simulations of the nanoparticles
show a 5-fold enhancement in the optical chirality (i.e., how twisted the near-field
electromagnetic radiation is as compared to CPL) for both UV and visible resonances. Lastly,
we demonstrate protein adsorption on our Al chiral nanoparticles, which allows detection of
lysozyme at concentrations as low as 7 nanomolar (nM). These results illustrate both the large
electromagnetic near-fields surrounding our chiral nanoparticles in the UV as well as their
ability to bind biomolecules selectively. This combination provides opportunities to explore
interactions between molecular and plasmonic chirality.

To fabricate the Al nanoparticles, we started with a route recently developed to
synthesize chiral Au nanopyramids.) In that method, the nanoparticles are formed by
depositing the metal into chiral shaped etch pits, formed via anisotropic etching on a high-
index off-cut Si wafer. Because Au particles adhere poorly to the native oxide in the pits they
can be removed easily by template stripping./*’! For Al, which sticks more to the native oxide,
the same extraction procedure proved unsuccessful. This was slightly surprising as structured
and flat Al films can be template stripped from native-oxide-covered Si wafers.'" Apparently,
the high surface area of the nanoparticles required lower adhesion in the pits for efficient
removal. For this, a high-quality self-assembled monolayer (SAM) of octadecyltrichlorosilane
(OTS) was grown on the surface of the etch pits prior to Al deposition. Alkyl-terminated
SAMs, such as OTS, are known not to react with evaporated AL" We verified this with a
time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis of the OTS-coated Si
template and Al films after template stripping (see Figures S1 and S2 in the Supporting

Information). OTS significantly lowered the adhesion between the Al nanoparticles and the
3
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native-oxide-covered Si etch pits, allowing for near 100% yield in the extraction of the Al
nanoparticles. Movie S1 in the Supporting Information shows their expected final structure.

Once the particles were successfully removed from the chiral etch pits, we followed the
steps in Figure 1 to disperse them. Figure 1a is a sketch of a chiral Al nanoparticle attached to
a Ag/glue/glass stack that was used to template strip the nanoparticle from the Si template.
The Ag layer was then carefully removed by wet etching, and the Al nanoparticle array was
treated with UV-ozone to form a dense 3- to 5-nm-thick native oxide (Figure 1b). UV-ozone
was found to improve the stability of the Al nanoparticles in water most likely because
oxidation of Al in water is known to form a porous oxide.*! The oxidized Al nanoparticles
were then dispersed in dimethylformamide (DMF) with polyvinylpyrrolidone (PVP) as the
steric stabilizing agent (Figure 1c). PVP is weakly bound to the native oxide on the Al
nanoparticles'*® and therefore can be readily exchanged to trisodium citrate in water (Figure
1d). The carboxyl groups on the trisodium citrate electrostatically stabilize the chiral Al
nanoparticles providing a negative surface charge at physiological pH conditions./*”
Nanoparticle dispersions were stable in water for up to 3 h, after which their optical spectra
started to red-shift slightly, presumably due to further oxidation that increased the local index
of refraction (see Figure S3).

The chiral optical properties of aqueous dispersions of Al chiral nanoparticles were
measured by CD spectroscopy (Figure 2a). Electron micrographs of the 140-nm-diameter
left- and right-handed Al nanoparticles (where left and right are arbitrarily chosen) sitting on a
Ag/glue/glass stack are shown in the corresponding insets. CD spectroscopy measures the
differential extinction between left and right CPL (LCPL and RCPL).!! Figure 2a plots the
data in traditional CD units, degrees of ellipticity, which equals 14.32-c:/-(e; — er), where c is
the molar concentration, / is the optical path length, and &, and e are the extinction

coefficients for LCPL and RCPL, respectively.
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In contrast to chiral molecules, which exhibit circular dichroism due to the interaction of
their electric and magnetic dipoles, our Al nanoparticles have peaks in their CD spectra due to
asymmetric LSPRs."”! Direct assignment of the plasmon modes leading to these peaks is
extremely challenging due to both the complexity of the shape and the various excitation
directions possible on a suspended nanoparticle (see below). The bisignate nature of the CD
spectra arises from the complex interplay between the plasmon modes.

However, since achiral Al nanocrystals have shown LSPRs in the UV and visible

[*2'it is not surprising that CD spectra from chiral Al nanoparticles also have peaks at

regime,
UV (e.g., down to 250 nm) and visible wavelengths. The fact that spectra from the
corresponding left- and right-handed particles are symmetric about the x-axis suggests that the
fabrication process is well under control.

To compare these chiral optical properties with other structures, the CD spectra can be
normalized in terms of the g-factor (also called the anisotropy factor), [2(ez — er)/(er + €r)].
The Al chiral nanoparticles have a maximum g-factor of 2% in the visible and 1.4% in the UV
(Figure 2b). These results are on par with the highest g-factors reported for Au chiral
nanoparticles'®® in the visible and to our knowledge represent the first reported g-factor for
plasmonic CD in the ultraviolet.

The g-factor for a randomly oriented bare Al chiral nanoparticle in water was simulated
using full three-dimensional (3D) frequency-domain finite-element simulations (JCMwave).
The result is shown in Figure 2c¢ along with a cartoon of the idealized 140-nm chiral Al
nanoparticle. Apart from deviations in the UV regime, which is difficult to model due to the
larger impact of material, geometry, and numerical discretization uncertainties, the simulation
agrees well with experiment (Figure 2b). Simulations were also performed for Al
nanoparticles uniformly coated with 5 nm of Al,Os3 (Figure S4). The calculated g-factor for

the oxidized particles red-shifted with respect to the spectra from the bare nanoparticles due to

the increase in the local index of refraction. Our simulations also showed that if we increased
5
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(decreased) the size of our particles, the CD peak positions would shift red (blue) but
otherwise the shape and magnitude of the CD spectra did not change significantly.

It is clear from both CD measurements and electromagnetic simulations that the Al chiral
nanoparticles have strong chiral optical properties in the far field. However, chiral metal
nanostructures can also affect the optical properties of the electromagnetic near fields. The
local chirality of such near fields can be described in terms of the optical chirality density (see
Equation S1 in the Supporting Information). Originally derived by Lipkin'** in 1964, this
pseudoscalar quantity points in the direction of the field propagation and describes how
tightly the corresponding field lines are twisted around a central axis.!*”! To analyze it for our
systems, we study its time-averaged form (see Equation S2). It has been shown!'***°! that
chiral plasmonic nanostructures have the ability to induce strongly enhanced chiral
electromagnetic near fields with an optical chirality exceeding CPL. Thus, we normalize the
optical chirality by its value for CPL (see Equation S3) to obtain the optical chirality
enhancement (Cenh)_[Sl] When |C,,s| equals one, the optical chirality of the near field is
equivalent to CPL. |C,,| values larger than one indicate that the near field is more twisted
than CPL. The sign of C,,; tells us the handedness of the twist in the near field with respect to
the handedness of a given CPL excitation, with positive values being the same handedness
and negative values indicating an opposite twist.

Plots of the calculated C.,; for a 140-nm-diameter left-handed Al chiral nanoparticle at
UV and visible g-factor resonances (- and d-labeled features in Figure 2¢) are shown in
Figure 3. The nanoparticle was excited with LCPL in three different directions (k, ky, and k,)
to clarify how the orientation of the particle in the dispersion could affect the near-field
chirality. The three nanoparticle models on the left of Figure 3 show the respective slices of
the particle at which the C,, was calculated. These slices were chosen as they show the
highest C,; in the UV for the given excitation directions. (Expanded plots of C,. for

additional particle slices and excitation directions at both UV and visible wavelengths are
6
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shown in Figures S5 and S6, respectively.) Figure 3a-c show the C,,, in the UV (B-labeled
feature in Figure 2¢) and Figure 3d-f show the C.,; in the visible (3-labeled feature in Figure
2¢). The maximum C,,, occurs at the apex of the particle with both the UV (Figure 3c) and
visible (Figure 3d) resonances showing a 5-fold increase in optical chirality as compared to
LCPL.

We note that the sign of C,,; in Figure 3 must not correspond to the sign of the far-field
g-factor in Figure 2. The g-factor describes the ellipticity of the field at a given wavelength. It
arises from a measurement of the CD signal, where an optically active sample is excited by
LCPL and RCPL and the differential extinction is recorded. Therefore, the CD signal
corresponds to the difference in absorption and scattering of LCPL and RCPL. On the other
hand, C,,, is studied for either LCPL or RCPL. Further, in simulations of C.,, we have found
that the sign of C,,; can change with distance from the structure. In previous work on nanorod
dimers,”* the sign of the chiral near field could be directly related to the far-field CD. Such a
system can be approximated in the dipole limit where the mechanisms giving rise to CD are
similar to those in chiral molecules.”’ For more complex shapes, such as ours, the connection
between far-field and near-field chirality is far less straightforward.

However, in general, it was sharp edges on our particles, not flat surfaces, that exhibited
the highest C,,;, irrespective of the excitation wavevector. Enhancements of 3 to 4 times that
of CPL were calculated for both sharp edges near the outer rim (Figure 3b,e) and opposite of
the apex (Figure 3a,d). The optical chirality at sharp edges of the particle can be understood
by considering Equations S1 and S2. The locations of maximum optical chirality
enhancement are related to the maxima of the electric and magnetic near fields. As the fields
are highly confined at the sharp edges of the particle, this can lead to a high optical chirality
enhancement in their vicinity. To the best of our knowledge, this is the first time superchiral
fields in the UV regime have been reported. High-energy superchiral fields could be

promising for asymmetric photocatalysis.'”’
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The electromagnetic near fields surrounding colloidal metal nanoparticles are extremely
sensitive to their local index of refraction. This effect can be observed by monitoring the peak
positions in extinction spectra before and after the addition of an adsorbate. The peaks shift in
energy by an amount related to the properties of both the metal nanoparticle and the adsorbate
molecule. In general, the intensity of the near-field enhancement, the proximity of the
adsorbate to the particle surface, and the size of the adsorbed molecule all affect the observed
energy shift. Colloidal metal nanoparticles are stabilized by either steric hindrance from long-
chain surface ligands or electrostatic repulsion from charged surface groups. Long-chain
ligands restrict potential adsorbates from the strongest near fields at the metal nanoparticle
surface. In contrast, electrostatically stabilized particles can allow adsorbates more intimate
contact with the surface and the corresponding near fields. Electrostatically stabilized
nanoparticles will also be sensitive to the charge of potential adsorbates, with like charges
repelling and opposite charges leading to adsorption.

To examine the sensitivity of our citrate-stabilized Al chiral nanoparticles to adsorbates,
we exposed them to different proteins under near-physiological pH conditions (pH 7.2) and
measured spectroscopic shifts. Such experiments are analogous to measuring the shift in
standard extinction spectra from achiral metal nanoparticles when their local dielectric
environment is altered by the addition of an adsorbate.'"! In our case, we could measure both
extinction and CD spectra simultaneously. However, due to the presence of broad peaks,
small shifts were difficult to detect in extinction spectra (Figure S7). Thus, we focused on
measuring CD. Beforehand, we verified that the CD signals from the proteins alone did not
interfere with those from the Al chiral nanoparticles (Figure S8).

Because our nanoparticle dispersions are electrostatically stabilized by the negatively
charged carboxyl groups bound to the native-oxide-covered Al surface, the surface charge of
the protein should determine its binding affinity to the nanoparticle. Proteins with more

positive charge should have a higher binding affinity to the negatively charged nanoparticle
8
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surface and result in a greater shift in the CD spectra. To test this, we prepared dilute solutions
of three proteins [lysozyme, trypsin, and bovine serum albumin (BSA)] that have different
isoelectric points (IEP). When the IEP of the protein is equal to the pH of the solution, the
protein will have zero net charge. Proteins with IEP values above the pH will carry a positive
charge, and those with IEP values below the pH will have a negative charge. Figure 4 shows
the calculated solvent-accessible electrostatic surface potential of our three proteins, where
positive potentials (blue) arise from regions of positive charge, negative potentials (red) occur
from areas of negative charge, and neutral potentials (white) have no net charge.

Figure 4a shows that lysozyme, with an IEP of 11.35"

is heavily negatively charged at
physiological pH. When only 7 nM of lysozyme is added to a dispersion of our citrate-capped
Al chiral nanoparticles, the y feature in the CD spectrum shifts by ~1.5 nm to longer
wavelengths (Figure 4b) due to an increase in the refractive index of the local environment
around the Al nanoparticle. Doubling the concentration of lysozyme to 14 nM resulted in
another ~5.5 nm red-shift. Shortly after this addition, the particles aggregated, presumably
due to the neutralization of the negative surface charge of the nanoparticles by the positively
charged lysozyme. This aggregation also explains the decrease in the CD signal with protein
addition seen in Figure 4b.

Trypsin, with an IEP of 10.1 to 10.5,°% has the second highest IEP of the three proteins.
The electrostatic potential map for trypsin at pH 7.2 is still predominantly blue (i.e., positively
charged) but clearly less than lysozyme (Figure 4c). Addition of 100 nM trypsin to the Al
chiral nanoparticle dispersion resulted in a ~3.5 nm red-shift of the y feature (Figure 4d).
When an additional 400 nM of trypsin was added the peak red-shifted by another ~4 nm.
(Again, slight aggregation of the particles caused the small decrease in the CD signal.) Thus,
compared to lysozyme, much higher concentrations of trypsin were required to produce a

noticeable shift in the CD spectra of our citrate-capped nanoparticles. Above 500 nM of

trypsin the shift saturated, but colloidal stability was mostly maintained. While trypsin and
9
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lysozyme are similar in size (23.2 versus 13.5 kDa, respectively), the decreased positive
charge of trypsin decreases its binding affinity to the Al nanoparticles relative to lysozyme.

BSA, with an IEP of 4.9, has the lowest IEP of the three proteins, resulting in a
primarily negative surface charge at pH 7.2 (Figure 4e). As expected, the peak positions of the
CD spectra were invariant even upon the addition of 500 nM BSA to the Al chiral
nanoparticle dispersion. The only effect on the CD spectra was a slight decrease in the peak
amplitude due to dilution effects. Both BSA and the Al nanoparticles are negatively charged
at near-physiological pH conditions ensuring no electrostatic attraction between the two.

The results from Figure 4 verify that the PVP-to-trisodium-citrate ligand exchange
(Figure 1) was effective. The efficacy of protein adsorption on the nanoparticles is also clearly
affected by the charge of the protein. This can be explained by the electrostatic attraction
between the negatively charged trisodium-citrate-capped Al nanoparticles and the positively
charged proteins (e.g., lysozyme and trypsin). Proteins with a negative charge (e.g., BSA)
were not attracted to the nanoparticles and therefore did not influence the peak position of the
CD spectra. Demonstrating the ability to adsorb and sense low concentrations of biomolecules
on the surface of the Al chiral nanoparticles is the first step in exploring the interaction
between plasmonic and molecular chirality.

In summary, we have demonstrated that plasmonic chirality can be observed in the
ultraviolet regime using chiral Al nanoparticles dispersed in water. CD measurements and
electromagnetic simulations confirm strong far-field chiral optical effects in both the UV and
visible regimes. The chiral nanoparticles have a maximum g-factor of 2% in the visible and
1.4% in the UV. These results are on par with the highest g-factors reported in the literature
for dispersions of Au chiral nanoparticles.'>® Furthermore, to assess the chirality of the near-
field radiation surrounding the particles we calculated the optical chirality (i.e., how twisted
the electromagnetic field is). We found a 5-fold increase in the optical chirality as compared

to CPL for both UV and visible resonances. Field enhancements were primarily located at the
10
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apex of the particle. Lastly, the sensitivity of the nanoparticles to biomolecule adsorption was
characterized by exposing them to dilute concentrations of proteins with different surface
charges under near-physiological pH conditions. Protein adsorption was monitored through
shifts in the CD spectra. Lysozyme, with its strong positive surface charge, could be detected
at concentrations as low as 7 nM. Therefore, the fabricated Al chiral nanoparticles exhibit
strong chiral optical properties in the UV and allow biomolecules intimate contact with the
chiral near field through electrostatic adsorption. They provide an ideal system to explore the

interaction between molecular and plasmonic chirality within the same energy regime.

Experimental Section

Fabrication of Chiral Etch Pits in Si Templates: A previously published procedure was
followed.'! In brief, polished single-crystalline Si wafers oriented in the [137] and [-137]
directions were used (Siltronix). 50 nm of SiNy was deposited on the wafers by plasma-
enhanced chemical vapor deposition (PECVD) using an Oxford Instruments PECVD 80+.
The wafer was then diced into 20 x 25 mm® rectangles using a Disco DAD 321 wafer- and
ceramic-dicing saw. Nanosphere lithography and dry plasma etching was used to fabricate a
438-nm-pitch by 160-nm-diameter hole-array mask in the SiNy layer. Chiral etch pits were
then formed in the Si templates by anisotropic wet etching in a 30 wt% aqueous KOH

solution at 60 °C for approximately 1 min. The KOH solution was ultrasonicated at 40 kHz.

Self-Assembled Monolayer Formation on Si Templates: High-quality octadecyltrichlorosilane
(OTS) self-assembled monolayers (SAM) were grown on our Si templates following a known
protocol.”® Octadecyltrichlorosilane (96%, Merck KGaA), bicyclohexyl (99%, Sigma-
Aldrich), carbon tetrachloride (Sigma-Aldrich), and chloroform (Sigma-Aldrich) were used

for OTS SAM formation and cleaning.

Metal Deposition: Thermal evaporation of Al (Kurt J. Lesker Company, 99.99%) and Ag

(Kurt J. Lesker Company, 99.99%) was performed in a Kurt J. Lesker Nano 36 with the wafer
11
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fixed normal to the incident flux. 50 nm of Al was evaporated on the OTS-coated Si templates
at ~150 A/s and a base pressure of 1x10 Torr or lower. A high Al deposition rate was used to
avoid in situ oxidation of the Al and maximize its optical properties.!'*! After Al evaporation,
the metal deposited on the flat portions of the SiNy layer (i.e. not in the Si pits) was removed
using Scotch adhesive tape. Then, 180 nm of Ag (Kurt J. Lesker Company, 99.999%) was

thermally evaporated on the templates at a rate of 5.0 A/s.

Template Stripping: Template stripping was performed as previously described® except for
the substitution of UV-cyanoacrylate glue (Loctite 4305). The glue was cured with a 365 nm

Hg UV lamp for 1 hr. After curing, template stripping was performed with a razor blade.

Protein Preparation and Surface-Map Calculations: Crystalline powder of lysozyme
(lysozyme from hen egg white, 62971, Sigma-Aldrich) was re-suspended directly before use
to a final stock concentration of 0.038 mg/ml (2.7 uM) in 0.1 mg/ml (0.39 mM) trisodium
citrate buffer. BSA (quick start bovine serum albumin standard, #500-0206, Bio-Rad
Laboratories AG) was used at 2 mg/ml (30 uM) as received. Trypsin powder (from porcine
pancreas, T4799, Sigma-Aldrich) was diluted directly before use to a final stock concentration
of 1.5 mg/ml (54 uM) in 150 mM NaCl, 20 mM tris-(hydroxymethyl)-aminomethane
hydrochloride pH=7.5 (tris-HCL), and 2 mM dithiothreitol (DTT). Solvent-accessible
surfaces of lysozyme [RCSB Protein Data Bank: 1LYZ], trypsin [1S81], and BSA [3VO3] are
colored by their electrostatic potential maps calculated with DelPhi.°” Depicted in red are
negative charges, in blue positive charges, and in white neutral surface areas using a range of
-2 to +2 kgT. Final images were done using the PyMOL Molecular Graphics System (Version

1.7.4, Schrodinger, LLC).

Characterization: Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) was used to
characterize the molecular and elemental surface species on template-stripped Al films and
OTS-coated Si wafers pre- and post-template stripping. Electron microscopy was performed

12
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immediately after template stripping using a field-emission Hitachi S-4800 scanning electron
microscope (SEM) operated at an accelerating voltage of 5 kV and emission currents between
10 and 15 pA. CD spectra were collected using a Chirascan™-plus CD spectrometer (Applied
Photophysics). To eliminate solvent and cuvette effects, a background CD spectrum was
acquired with only the solvent prior to measuring the chiral dispersion. The initial background
was subtracted from all spectra of the chiral dispersions, with and without proteins. For
determining the g-factor (i.e., anisotropy factor), the extinction spectra were measured
immediately after the CD measurement in the same cuvette on a Varian Cary 300 UV-visible
spectrophotometer. A J. A. Woollam V-VASE variable angle ellipsometer with rotating
analyzer was used to determine the thickness of the native oxide layer on UV-ozone-exposed

Al films.

Electromagnetic Simulations: The CD spectra, g-factor, and optical chirality density of the
chiral Al nanoparticles were computed using the finite-element Maxwell’s equation solver

JCMsuite (JCMwave, Germany).

Supporting Information

Experimental methods, additional figures, and a movie that support the characterization and
fabrication of the Al chiral nanoparticles. Supporting information is available from the Wiley
Online Library or from the author.
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Figure 1. Schematic for the transfer of Al nanoparticles from a surface to an aqueous
trisodium-citrate-stabilized colloid. (a) Al nanoparticles sitting on top of a Ag/glue/glass stack
after template stripping. (b) Etching of the Ag layer and subsequent oxidation of the Al
nanoparticle surfaces with UV-ozone to form a dense native oxide. (c) Simultaneous release
and stabilization of the nanoparticles using DMF/PVP solution. (d) Ligand exchange of
weakly bound PVP to trisodium citrate in water.
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Figure 2. Measured and simulated CD spectra from Al chiral nanoparticle dispersions in
water. (a) Experimental CD signals in millidegrees (mdeg) of ellipticity versus wavelength for
Al nanoparticle dispersions. Left- (blue line) and right-handed (red line) pyramids (140 nm
base diameter) are measured for a 2 mm path length. (Inset) Electron micrographs of left-
(top) and right-handed (bottom) Al chiral nanoparticles on the Ag support film before being
released by DMF. (b) Experimental CD signals versus wavelength for the left-handed
nanopyramids shown in (a) plotted in terms of the g-factor [2(e — er)/(er + €r)]. (¢) Simulated
CD spectrum (g-factor) for a random dispersion of idealized left-handed Al nanoparticles
(inset) in water, for comparison with (b).
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Figure 3. Calculated optical chirality enhancement (C,,;) for a 140-nm-diameter left-handed
Al chiral nanoparticle at UV and visible g-factor resonances. The nanoparticle was excited
with LCPL at three different wavevectors (ky, ky, and k). C..;, was calculated for the slices
shown in the nanoparticle models on the left. (a-c) C.,; for various slices in the UV (B-labeled
feature in Figure 2c). (d-f) Ce; for various slices in the visible (d-labeled featured in Figure
2c¢). (a,d) Cenp for a slice along the ridge of the particle with ky excitation. (b,e) Ce, for a slice
in the XY plane at z = 0 with ky excitation. (c,f) C., for a slice in the ZY plane at x = -50 nm
with k, excitation.

18



Trypsin

WILEY-VCH

CD / mdeg

_10 -

Citrate capped —
7 nM Lysozyme ---
11 nM Lysozlyme ------

350 400
Wavelength / nm

Surface Potential

Citrate capped —
100 nM Trypsin ---
?00 nM Tr¥psin ------

300

350 400
Wavelength / nm

CD / mdeg

-10

Citrate capped — ]
100 nM BSA ---
) 500 nM IBSA ------

350 400 450

Wavelength / nm

Figure 4. Calculated solvent-accessible electrostatic surface-potential maps for trypsin,
lysozyme, and bovine serum albumin (BSA) at pH 7.2, with corresponding CD spectra of Al
chiral nanoparticle dispersions in water before and after protein addition. (a) Electrostatic
potential map for lysozyme (IEP of 11.35) showing a strong positive surface charge (red). (b)
CD spectra of citrate-capped Al nanoparticle dispersions (solid) showing a ~1.5 nm red-shift
in the y feature with 7 nM lysozyme (dashed) and an additional ~5.5 nm red-shift with 14 nM
lysozyme (dotted). (c) Electrostatic potential map for trypsin (IEP of 10.1 to 10.5) showing a
positive surface charge (red). (d) CD spectra of citrate-capped Al nanoparticle dispersions
(solid) showing a ~3.5 nm red-shift in the y feature with 100 nM trypsin (dashed) and an
additional ~4 nm red-shift with 500 nM trypsin (dotted). (e) Electrostatic potential map for
BSA (IEP of 4.6) showing a negative surface charge (blue). (f) CD spectra of citrate-capped
Al nanoparticle dispersions showing no peak shifts with 100 and 500 nM of BSA.
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