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6 ABSTRACT: Plasmonically enhanced optical dichroism has
7 attracted substantial interest for its application in optical
8 sensing, where the interplay between chirality emanating from
9 both molecules and plasmon-supporting structures has been
10 regarded as a critical ingredient. Here, we experimentally
11 demonstrate that suitably self-assembled achiral plasmonic
12 nanostructures produce a high degree of enhancement in the
13 optical dichroism observed from chiral molecules placed in
14 their vicinity. Specifically, we identify a near-field enhancement
15 associated with plasmonic hotpots as the mechanism enabling
16 our observation of visible-NIR circular dichroism emanating
17 from small amounts of chiral molecules. Our structures consist
18 of linear arrays of gold nanorods obtained by introducing chiral
19 anionic surfactants, such as modified bile salts, which lead to selective destabilization of a cetyltrimethylammonium bromide
20 coating layer on Au nanorods, thereby promoting a tip-to-tip oriented assembly. The proposed mechanism of plasmonically-
21 enhanced circular dichroism is supported by deriving a simple, yet general theoretical formalism that confirms the observed
22 results, revealing the role of optical hotspots at the gaps of linear tip-to-tip nanorod assemblies as the origin of enhancement in
23 the dichroism from chiral molecules. Importantly, it is the refractive rather than the absorption-mediated chiral response of
24 the molecules that produces dichroism in the visible-NIR plasmonic regime, far from their UV absorption resonances. The
25 observed self-assembly mechanism suggests that chiral analytes not directly interacting with the nanorod surfaces, but just able
26 to induce tip-to-tip aggregation, can be revealed by a CD signature in the plasmonic region, thereby supporting potential
27 applications in ultrasensitive analysis.
28 KEYWORDS: gold nanorods, plasmonic circular dichroism, bile salts, chiral plasmons, catanionic mixtures, plasmonic hotspot

29The modulation of physical properties in metal
30 nanoparticles through their controlled organization
31 has attracted significant attention in the context of
32 nanoscience and nanotechnology.1−3 When assembled at close
33 distances, localized surface plasmon resonances (LSPR) at
34 individual nanoparticles can couple, resulting in the generation
35 of hybridized plasmons that can generate hotspots with an
36 enhanced optical electric field at nanoparticle junctions.4 Such
37 hotspots have been effectively used for the enhancement of
38 spectroscopic signals in techniques like surface-enhanced
39 Raman scattering (SERS)5 and metal-enhanced fluorescence
40 (MEF).6 In contrast to linear arrangements, the helical
41 organization of metal nanoparticles has been shown to lead
42 to interesting chiroptical properties, thereby facilitating the
43 design of materials that may find applications in the areas of
44 optics, biosensing, and catalysis, among others.7−9 Different

45strategies adopted for the generation of plasmonic chirality
46include: (i) synthesis of inherently chiral particles;9−11 (ii)
47chiral assemblies of nanoparticles driven by various helical
48templates such as peptides,12 proteins,13 amino acids,14

49DNA,15 and cellulose nanocrystals;16 and (iii) hotspot-driven
50plasmonic chirality.17,18 Chiral induction in the first two cases
51is due to the symmetry breaking imposed by geometrical
52factors in the arrangement or internal structure of the particles,
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53 whereas hotspot-driven optical activity is the result of
54 enhancement of the chiral signal from molecules exposed to
55 nanoparticle-mediated plasmon-enhanced electric fields (i.e.,
56 the molecular chiral signal is amplified by interaction with the
57 particle plasmons, but the latter do not exhibit intrinsic
58 chirality). While comprehensive studies have been conducted
59 on the experimental and theoretical understanding of chirality
60 induced by geometrical factors, including the prediction of
61 optical-cavity-mediated transfer of chirality from a chiral
62 molecule to the Raman response of an achiral molecule,19

63 the investigation on hotspot-enhanced plasmonic chirality has
64 been scarce and still requires both careful experimental design
65 and a specific theoretical framework.
66 In this article, we demonstrate the generation of plasmoni-
67 cally-enhanced circular dichroism (CD) through exposing
68 chiral molecules to optical hotspots created in Au nanorod
69 (AuNR) assemblies produced by directed tip-to-tip linking.
70 Whereas visible-NIR dichroism from the molecules in
71 dispersion is hardly measurable, the effect of near-field
72 enhancement due to plasmonic hotspots in the AuNR
73 assemblies results in a noticeable CD signal. Rather than
74 using conventional linker molecules, we adopt an approach in
75 which chiral co-surfactants are employed to selectively
76 deprotect the tips of nanorods, thereby promoting selective
77 tip-to-tip self-assembly of AuNRs, induced by a purposefully

f1 78 designed anionic surfactant (Figure 1a) derived from bile salts
79 (BSs). We further show that assembled AuNRs display a larger
80 number of hotspots than those assembled through the addition
81 of a conventional head−tail surfactant (sodium dodecyl sulfate
82 (SDS), Figure 1b, and natural BSs, Figure 1c), thus emerging
83 as suitable structures for the investigated mechanism of CD
84 enhancement. The increase in the chirality signal at the visible-
85 NIR plasmonic wavelength range is due to the presence of
86 AuNRs and the resulting enhanced electric field prevailing at
87 the linear junctions between AuNR tips. We further introduce
88 a simple, general theoretical formalism based on straightfor-
89 ward manipulation of near-field simulations that supports the
90 mechanism of plasmon-mediated molecule−light interaction to
91 interpret our observation of enhanced optical chirality.

92RESULTS AND DISCUSSION

93BSs are a class of steroidal biological surfactants, comprising a
94characteristic four-ring system of steroids and a lateral chain
95ending with a charged head-group.20−22 Hydroxyl groups are
96located on the condensed four-ring system, and in some BS
97families, these are oriented on one of the two sides of the
98steroidal skeleton, thereby providing facial amphiphilicity to
99the molecule. In certain cases, the amphiphilic structure has
100been modified to synthesize derivatives with significant
101potential in pharmacological applications23,24 and nano-
102medicine.23 Among these derivatives, the p-tertbutyl phenyl
103amido-substituted cholate (NaTPC) used in this work (Figure
1041a) features a bulky hydrophobic substituent, far away from the
105charged head-group. This peculiar feature in NaTPC enhances
106its hydrophobicity and breaks the facial amphiphilicity.25−27

107We observed that the addition of NaTPC to cetyltrimethy-
108lammonium bromide (CTAB)-capped AuNRs triggers a
109selective tip-to-tip self-assembly. We suggest that the supra-
110molecular packing of NaTPC within the CTAB layer on the
111nanorod surface, as a consequence of inclusion of the
112oppositely charged amphiphile, is responsible for such AuNR
113aggregation.
114CTAB-protected AuNRs with an aspect ratio of 4.0 (average
115length of 26 ± 4 nm and average width of 6.5 ± 2 nm),28 and a
116longitudinal LSPR band centered around 815 nm, were
117selected for initial investigations. Addition of a low
118concentration of NaTPC (20 μM) to AuNRs (1.2 nM) in
119water did not show any significant effect on the extinction
120spectrum. However, when the NaTPC concentration was
121increased up to a critical value (25 μM), a gradual decrease in
122the intensity of the longitudinal LSPR band of AuNRs was
123observed, with the concomitant emergence of a red-shifted
124 f2band in the NIR region (Figure 2a). The extinction spectra
125exhibited a time-dependent shift, with an emerging band
126reaching ca. 980 nm after a time period of 20 min. No changes
127were found to occur in the transverse LSPR band. Studies of
128the concentration dependence revealed dramatic changes in
129the intensities of the longitudinal LSPR and the coupled-
130plasmon bands at the critical concentration of the co-surfactant

Figure 1. Molecular structures and the corresponding self-assembly patterns induced by particle linkers used in this study: (a) NaTPC, (b)
SDS, and (c) natural BSs.
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131 (Figure S1). Based on earlier reports, the observed extinction
132 spectral changes can be attributed to the preferential tip-to-tip
133 alignment of AuNRs.2,3 Moreover, the concomitant broad-
134 ening of the longitudinal LSPR peak supports the formation of
135 AuNR assemblies with varying orientations and chain lengths.
136 Investigation of the chiral properties was carried out by means
137 of circular dichroism (CD) measurements. CD spectra
138 remained silent for AuNR dispersions in water, both before
139 and after addition of a small amount of co-surfactant, which
140 suggests the absence of a chirality enhancement of NaTPC in
141 the presence of individual (non-interacting) AuNRs in
142 dispersion. Interestingly, a well-defined CD signal was
143 observed when marked spectral changes were noticed in the
144 extinction bands, which indicates the induction of plasmon-
145 mediated chirality in the resulting AuNR assemblies (Figure
146 2b). CD spectra recorded over the whole accessible wavelength
147 range at the NaTPC concentration used to induce the tip-to-
148 tip assembly of AuNRs revealed effects on the optical activity
149 of the co-surfactant (Figure S2). Free NaTPC in solution
150 exhibited a very weak positive CD signal in the UV range, at a
151 wavelength corresponding to the absorption maximum. Similar
152 experiments in the presence of AuNRs resulted in CD with a

153more intense negative signal in the same region. The observed
154effect on molecular CD signals is in agreement with those
155found for other chiral molecules interacting with nano-
156particles29 or entrapped at hotspots30 of similar nanoparticle
157assemblies.
158To obtain further insight into the origin of CD signals in the
159plasmonic region, experiments were carried out using two sets
160of AuNRs possessing longitudinal LSPR bands at 695 and 820
161nm (Figure S3), respectively. Bisignate CD signals in the
162spectral region of the corresponding coupled longitudinal
163plasmon band were observed in both cases. The presence of a
164first negative peak at higher wavelengths is clear in NRs with a
165longitudinal LSPR at 695 nm. However, CD features are
166missing for AuNRs with their longitudinal LSPR band at 820
167nm within the detection limit of the instrument. The strong
168bisignate Cotton effect with a zero-crossover coinciding with
169the extinction maximum confirms the role of longitudinal
170hybridized plasmons in the generation of CD signals. The
171weaker CD signal present at a lower wavelength can be
172attributed to the effect of transverse plasmons. Similar modes
173were previously reported in AuNR assemblies linked by
174cysteine molecules.30 An anisotropy factor of 8 × 10−3 was
175estimated by considering the maximum of the CD curve
176corresponding to the hybrid-plasmons band (see calculations
177in SI). A plot of CD intensity as a function of AuNR
178concentration clearly established the existence of a critical
179concentration for AuNR aggregation to take place (Figure S4).
180No appreciable CD signals were observed during the initial
181stages (below such a critical concentration), indicating that
182plasmon-enhanced chirality is not exhibited by individual
183AuNRs, but only by AuNR assemblies. Additionally, an
184increase in co-surfactant concentration well above the critical
185value did not enhance the CD signals further, indicating a
186saturation of the aggregation process. This saturation behavior
187is consistent with the enhancement of chirality associated with
188the junctions between nanorods (see below), the number of
189which quickly approaches an asymptotic value (one hotspot
190per AuNR) when the average size of the ensembles exceeds a
191few AuNRs.
192Dynamic light scattering (DLS) measurements performed
193on an AuNR dispersion titrated with NaTPC showed that the
194hydrodynamic diameter remained unchanged at low NaTPC
195concentrations, whereas an abrupt increase was registered at
196the critical concentration of the steroidal surfactant (Figure
197S5). These results confirm that a threshold NaTPC
198concentration is required to trigger the aggregation of
199AuNRs. Starting from an electrophoretic mobility value of
200+2.4 ± 0.3 μm·cm/(V s) for CTAB-capped AuNRs, a

Figure 2. (a) Extinction spectra of AuNRs (1.2 nM) in water (black
curve) and spectral changes upon addition of NaTPC (25 μM) to a
colloidal dispersion of AuNRs in water (red curves). (b) The
corresponding CD spectra of AuNRs in water (black curve) and 20
min after the addition of NaTPC (red curve).

Figure 3. TEM images showing self-assembly of AuNRs at (a) 5 min, (b) 10 min, and (c) 20 min after the addition of 25 μM NaTPC to a
colloidal dispersion of AuNRs in water.
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201 progressive decrease was recorded upon the addition of
202 NaTPC, until a leap in the hydrodynamic diameter was
203 reached. Interestingly, a still positive value of +0.499 ± 0.006
204 μm·cm/(V s) was measured for the electrophoretic mobility at
205 the assembly-triggering surfactant concentration, meaning that
206 overcompensation was not reached.
207 Further insight into the nature of AuNR−NaTPC
208 interactions was obtained from transmission electron micros-
209 copy (TEM) images. No specific patterns were observed for
210 the AuNR dispersion drop-casted after the addition of a low
211 concentration (10 μM) of NaTPC. However, at the critical
212 concentration, TEM images showed preferential tip-to-tip

f3 213 assembly of AuNRs (Figure 3), in agreement with the changes
214 observed in the measured extinction spectra. Smaller chains
215 were observed at the initial stages, and continued extending in
216 length over time. Long AuNR chains with preferential tip-to-
217 tip assembly were observed after a period of 20 min (Figure
218 3c). Statistical analysis revealed 84% of tip-to-tip contacts in
219 the TEM images (Figure S6).
220 A comparative analysis demonstrated that a conventional
221 surfactant, such as SDS, can also induce AuNR assembly at
222 relatively higher concentrations. However, a much lower
223 selectivity was observed in this case, as only 45% of tip-to-tip
224 contacts were counted from SEM images of SDS-induced
225 AuNR aggregates (Figures S7c,d and S6). UV−vis and DLS
226 measurements indicated a progressive aggregation of AuNRs
227 when titrated with SDS, as opposed to the abrupt spectral and
228 particle-size changes at the critical concentration observed
229 when using NaTPC (Figure S7a,b). Control experiments were
230 also carried out using natural BSs, namely, sodium cholate,
231 glycocholate, and taurocholate (Figures 1c and S8). In all
232 cases, the addition to AuNR dispersions induced a gradual blue

233shift in the longitudinal LSPR and a red shift in the transverse
234LSPR bands, pointing toward side-by-side AuNR assembly
235(Figure S8).14 A BS concentration of ca. 260 μM was required
236for aggregation, which is much larger than the co-surfactant
237concentration needed to trigger self-assembly in the AuNR-
238NaTPC system. CD signals of significantly lower intensity than
239those exhibited by AuNR-NaTPC mixtures were recorded in
240this case.
241Basic principles for the self-assembly of conventional
242surfactants suggest that negatively charged amphiphiles are
243likely to infiltrate the CTAB bilayer on the nanorod surface,
244with the hydrophobic chain toward the interior and the
245charged head-group facing the external surface.31−34 The
246electrostatic attraction between positively charged head-groups
247of CTAB and the negatively charged anionic amphiphiles
248favors a closer packing of the head-groups, leading to an
249increase of the average packing parameter of the mixed bilayer.
250Due to the increase in the packing parameter, anionic and
251cationic surfactants (forming micelles in pure solutions)
252assemble into aggregates with a lower curvature when mixed.
253In surfactant-capped nanoparticles, the curvature is however
254imposed by the shape of the nanoparticles. Nanorods, for
255example, exhibit lateral facets with quasi-cylindrical curvature
256and tips with quasi-spherical curvature. According to the same
257principles of surfactant self-assembly, we thus conclude that
258anionic surfactants are more easily internalized in the capping
259bilayer at the lateral sides of nanorods because of the lower
260curvature of the bilayer. With this background knowledge, we
261anticipate different scenarios when an anionic surfactant is
262progressively added to the AuNR dispersion: (i) it starts with
263internalization of co-surfactant, leading to both partial charge
264neutralization and stabilization of the bilayer, up to a limiting

Scheme 1. Scheme Illustrating the Assembly of AuNRs Induced by (a) SDS, (b) NaTPC, and (c) Natural BSs
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265 fraction of internalized co-surfactant; (ii) at a concentration
266 well above the limiting fraction, the bilayer is destabilized; (iii)
267 the limiting fraction is lower for higher curvatures (i.e.
268 destabilization occurs at lower concentrations at the AuNR
269 tips); and (iv) both charge neutralization and destabilization of
270 the bilayer can drive nanorod assembly.
271 On the basis of this general framework, the results obtained
272 for the different surfactant additives can be explained as

s1 273 summarized in Scheme 1. Internalization in the bilayer is
274 largely favored for SDS, which features a tail that perfectly fits
275 the packing between CTA+ chains in the bilayer interior.
276 Accordingly, SDS is internalized at both the ends and the
277 lateral facets of AuNRs. Owing to the higher concentration of
278 the co-surfactant used, the SDS:CTA+ ratio remains high in
279 this case. When the limiting stabilizing fraction is reached at
280 the end-caps, the lateral surfaces are also neutralized (Scheme
281 1a). As a result, tip-to-tip assembly (due to destabilization at
282 caps) is not selective in this case, and side-by-side assembly
283 (due to charge neutralization) is equally favored. However, for
284 NaTPC, which has an intermediate amphiphilic structure
285 between the head−tail feature of SDS and the facial
286 amphiphilicity of natural BSs, bilayer infiltration is less
287 favorable than for SDS. This is because the steroidal skeleton
288 of condensed rings can badly accommodate in between CTA+

289 chains. Hence, destabilization of the bilayer occurs at a
290 significantly lower fraction. This means that, when the caps at
291 the tips are destabilized, the fraction of co-surfactant at the
292 lateral surface is insufficient for charge neutralization. As a
293 consequence, the lateral bilayer carries a high positive charge,
294 leading to selective tip-to-tip assembly (Scheme 1b). The
295 resulting AuNR junctions can act as hotspots in which the
296 trapped chiral molecules experience an enhanced optical
297 electric field, thereby inducing chiroptical activity at the
298 wavelength of the coupled plasmon modes.
299 Unlike the NaTPC derivative, natural BSs cannot easily
300 intercalate the CTAB bilayer, as they possess a well-defined
301 facial amphiphilicity and a short molecular length compared to
302 CTA+. However, they can induce nanoparticle assembly by a
303 different mechanism (Scheme 1c). Indeed, the added
304 surfactant molecules interact electrostatically through their
305 carboxylate groups, with the CTA+ head groups and the
306 association between the hydrophobic faces of electrostatically
307 bound BSs of different nanorods acting as linkers for
308 nanoparticle assembly. Due to the larger surface area and
309 high number of exposed positive charges on the lateral surface,
310 side-by-side is preferred over tip-to-tip assembly. The chiral
311 nature of BSs justifies the observed chirality enhancement
312 triggered by coupling to the surface-plasmon modes of AuNRs.
313 Previous reports demonstrate that, even if strong CD
314 features of chiral molecules are typically emerging in the UV
315 spectral range, far from the visible region (i.e., from the region
316 in which nanoparticle plasmons occur), plasmon excitation can
317 strongly interact with dipoles of chiral molecules and generate
318 a CD response.17,18,30,35 The dominant term in the CD signal
319 arises from the interference of the incident field and the field
320 induced by a chiral molecular dipole inside the nanoparticle
321 and is proportional to the optical rotatory dispersion of the
322 molecule.36 The effect is amplified due to the enhancement of
323 the electric fields at plasmonic hotspots. We measured specific
324 optical rotations (i.e., in molecules without plasmonic nano-
325 particles) at a wavelength of 589.3 nm (i.e., [α]D in units of
326 deg·mL·g−1·dm−1) of 40 ± 8 for NaTPC and 23 ± 5 for the BS
327 precursor sodium cholate. These data, along with those

328reported in the literature for natural BSs,37 demonstrate that
329the optical rotatory dispersion of the chiral co-surfactants used
330in our experiments is relevant in the plasmonic region, thereby
331supporting a mechanism based on the enhancement of intrinsic
332(but weak) molecular chirality at the plasmonic hotspots of
333AuNRs. Despite these evidences, we cannot completely rule
334out a different explanation for the observed CD in the
335plasmonic region, namely chirality emerging from a helical
336arrangement of the assembled nanorods, driven by the chiral
337co-surfactants at tip-to-tip junctions. We provide below a
338theoretical description of how intrinsic molecular CD can be
339enhanced by plasmons at nanoparticle assemblies.
340Earlier theoretical models on hotspot-induced plasmonic
341chirality were based on the Coulombic interaction between an
342achiral NP dimer and the molecular dipole at the dimer
343junction.17,18,36 Plasmonically-induced CD was calculated for
344different NP sizes and gap separations, in which the chiral
345molecules were modelled as molecular dipoles having CD
346features in the UV region. Plasmon-enhanced CD features arise
347due to an interference between external and induced fields
348inside a NP-molecule hybrid complex. In order to obtain
349further insight into this concept and to explore its role in the
350present study, we introduce a theoretical formalism that allows
351us to relate the observed chirality to a CD local enhancement
352(CDLE) and apply it for the particular case of tip-to-tip
353assembly of AuNRs using chiral co-surfactants. In contrast to
354previous studies, which were restricted to dimers, we extend
355our CDLE calculations to linear arrays containing several
356AuNRs. More interestingly, we obtain the CD field enhance-
357ment plots as a function of the position of chiral molecules,
358which are useful to understand the contribution to the
359observed CD signal coming from different positions in the
360neighborhood of the NPs. This theoretical framework can
361further assist the design of nanostructures and assemblies with
362enhanced chiro-optical properties.
363We used the boundary-element method (BEM)38,39 to
364calculate the electromagnetic near-field distribution and the
365far-field extinction produced by externally illuminated AuNR
366linear arrays. In particular, we simulated the spectral depend-
367ence of the extinction cross section for an individual AuNR (26
368nm end-to-end length, aspect ratio 4) and arrays with
369increasing AuNR numbers. The spectrum for an individual
370AuNR showed a dominant feature associated with its
371longitudinal plasmon at ∼800 nm, accompanied by a
372transverse plasmon mode at a shorter wavelength. As more
373AuNRs are brought together (linear arrays with 2 nm tip-to-tip
374separation), the initial modes are hybridized, giving rise to red-
375shifted plasmonic features (Figure S9). Interestingly, the
376extinction cross section takes similar absolute values when
377normalized per nanorod in the structure, revealing that it is the
378bulk of the particles and not the gap regions where the
379absorption is dominant (i.e., the existence of plasmonic
380hotspots does not seem to affect the overall efficiency of the
381structures to absorb light, relative to dispersed NPs). In other
382words, optical absorption, which originates in ohmic losses
383inside the metal, is proportional to the field intensity inside it,
384which the near-field maps in Figure S9 reveal to be maximum
385close to the center of the AuNRs. In contrast, the overall near
386field takes maximum values in the gap regions immediately
387outside the metal.38

388The calculated extinction spectra are in reasonable agree-
389ment with the effects observed experimentally: For individual
390AuNRs, the experimental spectrum is broadened due to the
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391 finite size distribution of the particles. As AuNRs aggregate
392 into mainly linear arrays (small angles between AuNRs have
393 been shown to have a negligible effect in the spectrum),40 we
394 also expect a wide distribution of cluster sizes, giving rise to an
395 overall red shift in the longitudinal plasmon band and
396 substantial spectral broadening. In the current work, we are
397 interested in the field enhancement acting on molecules
398 deposited outside the AuNR surfaces. The insets in Figure S9
399 show an enhancement factor of 4 orders of magnitude in the
400 near-field intensity at the gap regions. In contrast, the field
401 enhancement near the rest of the rod surfaces, including the
402 outer rod ends of the arrays, is orders of magnitude smaller,
403 and despite the larger area spanned by those regions, we expect
404 their contribution to be comparatively negligible. We therefore
405 anticipate that effects associated with molecules placed on
406 AuNR surfaces will be largely dominated by those lying within
407 the inter-nanorod gap regions. The enhancement magnitude
408 seems to be similar in all gaps, regardless of the number of rods
409 in the structure. However, this number, possibly together with
410 the size distribution of AuNRs, determines the light wave-
411 length at which enhancement will be maximum in the gaps.
412 Interestingly, all gaps within a given structure present
413 maximum enhancement at a common wavelength (Figure
414 S10). It should be noted that higher-order resonances, beyond
415 the main dipolar mode of the coupled structure, are not
416 efficiently excited for the array sizes under consideration, even
417 under an oblique light incidence (Figure S11).
418 We now relate the near field to the CDLE by relying on
419 general properties of the chiral response of molecules,
420 combined with the reciprocity theorem to connect near- and
421 far-field amplitudes in illuminated nanostructures. Application
422 of these principles allows us to define the CDLE (see Methods
423 for a detailed derivation) as

n E
sr E r k H r k

SH r k E r k
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1

4
( , ) ( , )

( , ) ( , )
0

2 ∑≡
| |

[ − ̂ · ̂

+ − ̂ · ̂ ]

ν

ν ν

ν ν ν

424 (1)

425 where E and H are the electric and magnetic field amplitudes
426 acting on the molecule, E0 is the incident-light field amplitude,
427 n is the refractive index of the solvent, r is the position of the
428 molecule, and we define sL = 1 and sR = −1 for ν = L (LCP)
429 and ν = R (RCP) light polarization. We expect that eq 1
430 provides a good estimate of the CD enhancement using as
431 input just the optical near field obtained from electromagnetic
432 calculations for ν = L and ν = R light polarization incident
433 from the direction of the source in the experiment (k̂
434 propagation direction) and from the detector (−k̂ direction).
435 This formalism allows us to map the enhancement in the
436 contribution to CD due to chiral molecules as a function of
437 their position in the vicinity of the AuNRs. Our calculations

f4 438 are summarized in Figure 4, where the CD enhancement is
439 normalized relative to the contribution by molecules far away
440 from the structures. The results, which show a CDLE that
441 essentially follows the same trends as the near-field enhance-
442 ment (cf. Figure 4 and the near-field insets of Figure S9), are in
443 good agreement with our experimental data, wherein we
444 observed a dramatic increase in the plasmonic CD during the
445 linear assembly of AuNRs. The enhancement in the CD signal
446 is thus produced by the generation of strong fields at the linear
447 junctions (hotspots) and the entrapment of chiral molecules at
448 these hotspots.

449We remark that the observed CD signal in the plasmonic
450region does not originate from a helicity dependence of
451molecular absorption: Molecules are not effectively absorbing
452in this region. Instead, we attribute the CD signal to a purely
453elastic effect, in which the optically active refractive index
454rather than absorption depends on light helicity (see the
455discussion at the end of the Methods section for more details).
456This non-absorbing source of dichroism is indeed observed in
457our ∼600 nm measurement of dispersed molecules without
458AuNRs (see above), so the effect of plasmonic hotspots in
459aggregated particles is an amplification of the CD signal.

460CONCLUSIONS
461In summary, we have demonstrated the enhancement of the
462optical chirality signal emanating from a small amount of
463molecules in the visible and near-IR ranges due to exposure to
464plasmon-mediated optical hotpots. Judicious design of
465molecular entities allowed us to control the assembly of
466AuNRs, thereby enhancing optical activity over the plasmonic
467spectral window. Our results, which rely on a general method
468for directing nanorod assembly, do not imply a specific
469interaction of the molecule with the nanorod surface. Instead,
470they suggest an alternative hypothesis for the origin of
471geometrically selective association of nanoparticles, based on
472surfactant cap destabilization, thereby contributing to clarify
473the still complex scenario of nanorod assembly process. The
474intrinsically weak chiral visible-NIR signal from chiral
475molecules could be enhanced due to the formation of
476plasmonic hotspots generated by the preferential tip-to-tip
477self-assembly of AuNRs. The linear assemblies generate
478enhanced electric fields at the gaps between particle tips,
479which give rise to amplification of the chirality induced by co-
480surfactants. These results unequivocally link the observation of
481plasmonic CD signals to the enhancement of the primary CD
482signals from the chiral linker molecules located within the
483plasmonic hotspots in the metal nanoparticles. Our exper-
484imental observations were explained by using a theoretical
485description of plasmon-enhanced chirality that could find
486further application in the design of optimized particle
487morphologies and arrangements, to achieve maximum
488amplification of molecular CD and therefore reduce the
489molecular density required for experimental detection. The
490design strategy adopted herein suggests that surfactants can

Figure 4. Calculated enhancement in the contribution to CD as a
function of the position of chiral molecules. (a) Spatial
distribution of CDLE for individual (N = 1) and linearly arrayed
(N = 2−4) AuNRs. (b) Spectral dependence of CDLE averaged
over the surface of the N = 2 structure.
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491 function as efficient tools to induce enhanced signals in
492 biosensing platforms based on plasmonic nanoparticles.

493 METHODS
494 General Experimental Procedures. Hydrogen tetrachloroaurate
495 trihydrate (HAuCl4.3H2O, ≥99.9%), CTAB (99%), silver nitrate
496 (AgNO3, ≥99.0%), L-ascorbic acid (≥99%), sodium borohydride
497 (NaBH4, 99%), sodium cholate (≥99%), glycocholate (≥95%), and
498 taurocholate (≥97%) were purchased from Sigma-Aldrich and were
499 used without further purification. Milli-Q water was used in all
500 experiments.
501 Extinction spectra were measured using an Agilent 8453 UV−vis
502 diode-array spectrophotometer. CD measurements were performed
503 on Jasco J-815 and J-1500 CD spectrophotometers. Although CD
504 measurements can suffer from artifacts due to linear dichroism (LD),
505 the nanorods here were randomly orientated due to their free-floating
506 nature in solution. To further rule out the possibility of preferential
507 alignment of the nanorods, control experiments were performed at
508 different orientations by rotating the cuvette by 90°. The resulting
509 spectra exhibited no significant differences, ruling out any possibility
510 of LD contributions. Transmission electron microscopy (TEM)
511 images were collected on a JEOL JEM-2100F electron microscope,
512 with an acceleration voltage of 200 kV. TEM samples were prepared
513 by adding a few drops of the nanorod assemblies at different stages of
514 aggregation (5, 10, and 20 min) onto a carbon-coated copper grid
515 placed on a filter paper. The grid was dried overnight at room
516 temperature before the TEM analysis. ImageJ software was used to
517 calculate the dimensions of the nanorods from TEM images. About
518 100−200 nanorods per sample were analyzed. DLS and electro-
519 phoretic mobility (μ) measurements were performed with a Malvern
520 Nano-ZetaSizer. The instrument was equipped with a digital
521 logarithmic correlator and a 5 mW HeNe laser (λ = 632.8 nm).
522 The normalized intensity autocorrelation function was measured at an
523 angle of 173°, at 25.0 ± 0.1 °C, and analyzed by using the cumulant fit
524 method to provide the apparent hydrodynamic diameter (DH). Laser
525 Doppler electrophoresis was employed to obtain the electrophoretic
526 mobility, by analyzing the Doppler shift in the Zetasizer Nano,
527 according to the phase analysis light scattering (PALS) technique.
528 The values reported in this manuscript were averaged over three
529 consecutive measurements for each sample. SEM measurements were
530 performed by a HR-FESEM AURIGA ZEISS instrument with an In-
531 Lens detector, operating at 18.00 kV. The samples were prepared by
532 depositing a drop of solution on a TEM copper grid covered with a
533 thin amorphous carbon film. Excess liquid was removed with filter
534 paper. Specific optical rotations [α]D (deg·mL·g−1·dm−1) were
535 measured at a wavelength of 589.3 nm and 25 °C with a digital
536 polarimeter (Jasco DIP-370) by using a path length of 1 cm on
537 solutions of 3.74 mg/mL NaTPC in methanol and 15.0 mg/mL
538 sodium cholate in water.
539 Synthesis of NaTPC. The synthesis of the BS derivative NaTPC
540 was reported elsewhere.41 In brief, cholic acid was first converted into
541 a cholic acid ester and then transformed into the corresponding 3β-
542 amino substituted derivative via the Mitsunobu reaction, with
543 diphenylphosphoril azide, followed by Staudinger reduction, with
544 PPh3/H2O of the intermediate azido compound in THF.42 NaTPC
545 was obtained by reacting p-tertbutyl benzoyl chloride with the 3β-
546 amino-substituted cholic ester, which was then hydrolyzed.
547 AuNR Synthesis Following the Seedless Growth Method.
548 AuNRs with a longitudinal LSPR at 815 nm were synthesized using
549 the seedless growth method previously reported by El-Sayed and
550 coworkers, with some modifications.28 To a solution of HAuCl4 (100
551 μL, 0.05 M) in CTAB (10.0 mL, 0.1 M), 250 μL of AgNO3 (4.0 mM)
552 was added and gently shaken. HCl (12.0 μL, 37 wt %) was introduced
553 to attain a pH close to 1.0. Subsequently, 70 μL of ascorbic acid (78.8
554 mM) was added under gentle stirring until the solution became clear.
555 Finally, ice-cold NaBH4 (10 μL, 0.01 M) was injected into the growth
556 solution and allowed to react for 6 h. The synthesized NR solution
557 was centrifuged twice at 14,500 rpm to remove excess of CTAB and
558 other reagents. The supernatant was discarded, and the NRs settled at

559the bottom of the centrifuge tube were re-dispersed in water and used
560for further studies.
561AuNR Synthesis Following the Seed-Mediated Method.
562AuNRs with a longitudinal LSPR at 685 nm were synthesized using
563the seed-mediated growth method reported by Nikoobakht and El-
564Sayed,43 involving preparation of seeds and NR synthesis.
565Preparation of Seeds. HAuCl4 (5.0 mL, 0.00050 M) was added to
566a CTAB solution (5 mL, 0.20 M) and stirred. To the stirring solution,
567ice-cold NaBH4 (0.60 mL, 0.010 M) was added, resulting in the
568formation of a brownish yellow solution. Vigorous stirring was
569continued for 2 min, and the resultant seed solution was stored at 25
570°C.
571Synthesis of Nanorods. AgNO3 (0.0040 M, 0.20) was added to a
572CTAB (5 mL, 0.20 M) solution at 25 °C. To this mixture, HAuCl4
573(5.0 mL, 0.0010 M) was added and gently mixed. Thereafter, a mild
574reducing agent, ascorbic acid (70 mL, 0.0788 M), was added, resulting
575in a colorless solution. In the final step, 12 μL of the seed was added
576to the growth solution at 27 °C. The color of the solution gradually
577changed within 10−20 min, confirming the formation of AuNRs. The
578solution was centrifuged twice at 8000 rpm for 20 min to remove
579excess CTAB and other reagents.
580Self-Assembly of AuNRs. NaTPC was added in a step-wise
581manner to AuNRs dispersed in water. Extinction spectra were
582monitored after every single addition. The first addition of NaTPC
583resulted in a bathochromic shift in the longitudinal LSPR band due to
584the change in refractive index of the medium. Subsequent additions
585resulted in no noticeable changes in the extinction spectral features
586until the concentration reached a critical value, wherein a gradual
587decrease in the longitudinal LSPR band was observed, with the
588formation of an emerging band in the NIR region. The spectral shifts
589saturated at 20 min after the addition of 25 μM of NaTPC to 1.2 nM
590of AuNRs (for AuNRs with a longitudinal LSPR of 815 nm) in water.
591CD spectra of the samples were measured upon saturation of the
592spectral changes. Additional CD spectra were collected after each
593addition of the co-surfactant for concentration-dependent analysis
594(Figure S2). TEM samples were prepared at different stages of the
595assembly process. For this, samples were drawn out of the solution at
596varying time intervals (5, 10, and 20 min) and drop-casted onto a
597carbon-coated copper grid. Similar experiments were performed using
598SDS and other BS derivatives as the co-surfactants.
599Theoretical Simulations for Circular Dichroism of Chiral
600Molecules in Plasmonic Hostpots. Chiral molecules present an
601optical response that can be described through their 6 × 6
602polarizability tensor
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α α
α α=

603(2)

604implicitly defined through the relation ( )( )p
m

E
Hα= · between the

605electric and magnetic field amplitudes E and H acting on the molecule
606and the induced electric and magnetic dipoles p and m, respectively.
607The contribution of different optical resonances to the components of
608eq 2 (αjj′, which are 3 × 3 matrices that connect electric (j = E) and
609magnetic (j = M) parts) can be expressed in terms of the
610corresponding transition matrix elements. In particular, chirality is
611associated with the presence of a nonzero electric-magnetic
612component αEM, which originates in the simultaneous existence of
613nonparallel electric and magnetic transition dipoles in the
614resonances.44 Incidentally, reciprocity implies that αEM = −αEM

T ,
615where the superscript T stands for the transpose.
616For molecules in solution, the average over molecular orientations
617results in a mean polarizability such that αjj′ = jjα ′ , where αjj′ are
618complex numbers and  is the 3 × 3 identity matrix. In CGS units, the
619electric and magnetic fields for a circularly polarized (CP) light plane
620wave propagating along the positive z ̂ direction are45 E = (E0/√2)(x̂
621± i y ̂) and H = ∓ i(nE0/√2)(x̂ ± i ŷ), where the upper and lower
622signs correspond to left and right CP lights (from the point of view of
623the light detector), respectively, E0 denotes the electric field
624amplitude, and n is the refractive index of the solvent. The induced
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625 dipoles then reduce to p = (E0/√2)(x̂ ± i y ̂)(αEE ∓ inαEM) and m =
626 (E0/√2)(x̂ ± i ŷ)(−αEM ∓ inαMM), which result in a forward electric
627 far-field scattering amplitude fE = (k2E0/√2)(x̂ ± i y ̂)(αEE + n2αMM
628 ∓2niαEM), where k = ω/c is the free-space light wave vector for light
629 of frequency ω. Now, the extinction cross section, which is a quantity
630 directly accessible in optical transmission experiments, is given by46

kn E
f E
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| |
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631 (3)

632 After propagation through a dispersion, the ratio of transmitted to
633 incident intensity is simply given by I/I0 = exp(−ρLσext), or
634 equivalently σext = (1/ρL) ln(I0/I), where ρ is the molecular density
635 and L the optical path length in the solution. Direct application of eq
636 3 leads to the following expression for the CD signal:
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637 where the sub-indices L and R refer to left and right CP light, and the
638 rightmost approximation takes advantage of the fact that |αMM| ≪
639 |αEE|. Incidentally, for a small molecular volume density nV in the
640 s o l u t i o n , t h e l i g h t w a v e v e c t o r b e c om e s k ± =

641 k kn kn ikn(1 4 )(1 4 ) 4V EE V MM V EMπ α π α π α+ + ∓ for left (upper
642 sign) and right (lower sign) CP light (i.e., the field amplitude depends
643 on propagation distance z as eik±z, clearly revealing that Re{αEM}
644 affects the inelastic attenuation distance, whereas Im{αEM} contrib-
645 utes to the propagation phase. CD in homogeneous solution is thus
646 related to a difference in absorption depending on light helicity.
647 The CD signal can depend on the details of the near field when the
648 molecules are placed close to nanostructures. In order to maintain the
649 discussion sufficiently in general for cases in which the molecules do
650 not have a preferential orientation relative to the surface, we describe
651 them through a polarizability tensor like that in eq 2, with the four 3 ×
652 3 components assumed to be diagonal just like in the homogeneous
653 solution discussed above.
654 We are interested in describing the CD signal produced by chiral
655 molecules placed in the vicinity of metallic nanorods. Specifically, we
656 intend to quantify the increase in CD produced by the near-field
657 enhancement associated with plasmons sustained by arrayed particles.
658 To this end, we introduce a general theory capable of describing
659 effects produced by the presence of molecules in plasmonic structures
660 under the assumption that their density is small and their interaction
661 with the structures is weak enough to be described to the first order.
662 As magnetic dipoles are relevant in the description of CD (see above),
663 we use for simplicity a compact notation that combines electric and
664 magnetic quantities together:
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665 which denotes an electric dipole p and a magnetic dipole m through d
666 as well as an electric field amplitude E and a magnetic field amplitude
667 H through F. Without loss of generality, we describe the light source
668 as a set of far-field emitting dipoles ds at positions rs, while the
669 molecules are distributed at positions ri and represented through their
670 induced dipoles di. We are interested in evaluating the resulting far
671 electric field at the detector position rd. The interactions among
672 different elements can be rigorously described through the 6 × 6
673 electromagnetic Green tensor r r( , , )ω′ , which can be defined in
674 simple terms as the quantity that allows us to calculate the
675 electromagnetic field F (r) produced at a position r by a dipole d
676 placed at r′, that is,

F r r r d( ) ( , , )ω= ′ ·677 (4)

678 where we assume monochromatic light of frequency ω, so that the
679 time-dependent electromagnetic field is given by F(r,t) = 2Re{F(r)
680 e−iωt }, and similarly for other electromagnetic quantities. We further
681 introduce the 6 × 6 molecular polarizability tensor αi, which relates
682 the field acting on the molecule at ri to the induced dipole through

d F r( )i i iα= · 683(5)

684(i.e., a compact version of eq 2). For a well-collimated light source, the
685incident field illuminating the structure and also reaching the detector

686is a plane wave r r d F( , , ) es
ik r0

s s
0 0

ω∑ · = · , where 0 is the Green
687tensor of the homogeneous solvent environment and we integrate
688over source dipole positions rs (see Figure S12). The presence of the
689particles adds a scattering component to the Green tensor, which can
690thus be decomposed as 0 scat= + . Without molecules, the field
691at the detector is then the sum of incident and scattered
692contributions:
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693where the rightmost approximation is valid in the far-field limit knrd
694≫ 1 and fscat(rd̂) is a scattering amplitude that depends on the
695scattering direction rd̂. Now, the incident and scattered fields enter the
696extinction cross section through a factor45 Im{(E0)*·fE

scat (rd̂)} (see eq
6973), where fE

scat denotes the electric part of the scattering amplitude.
698This result is rigorous, regardless of the size and nature of the
699scattering system.47 We note that the polarization of the incident light
700is fully encoded in the complex components of the incident electric
701field amplitude E0.
702For individual particles and linear assemblies of nanorods dispersed
703in solution without molecules, the extinction signal consists of an
704average over realizations and orientations of those structures. The
705signal is then polarization independent (i.e., no circular dichroism)
706because no net chirality is preserved after such averaging if the
707particles or their arrangements are not chiral. However, the presence
708of chiral molecules on the particle surfaces adds a dependence on the
709polarization because the chirality of the molecules remains unchanged
710even after averaging over rotations of the system; this is similar to the
711analysis presented above for molecules in a homogeneous solution. In
712order to analyze the effect of the molecules present on the particle
713surfaces, we note that the Green tensor of the combined system
714(particles plus molecules) total contains additional components
715produced by molecular scattering. Using the definitions of eqs 4 and
7165, we can write, neglecting multiple molecular scattering,

r r r r r r r r( , , ) ( , , ) ( , , ) ( , , )
i i i i

total
d s d s d s∑ ω αω ω ω= + · ·

717(6)

718where the second term describes the light propagation from the
719source to each of the molecules (i label), combined with the
720molecular polarizability to obtain the induced dipole, and followed by
721subsequent propagation of the light scattered by the dipole to the
722detector. We now use the reciprocity theorem (i.e., r r( , , )abEE, ω′ =

723r r( , , )baEE, ω′ and r r( , , )abEM, ω′ = r r( , , )baME, ω− ′ , where a and
724b denote Cartesian components) and recall the fact that the direct
725source field amplitude is uniform over the sample under collimated
726irradiation conditions. This allows us to write from eqs 4 and 5 the
727following expression for the change in electric scattering amplitude
728due to the molecules:

f r F r F r( ) ( ) ( )
i i i iE

scat
d ,

out,S in∑ ε αΔ ̂ ∝ ̂ [ · · ]
ν ν ν

729(7)

730where v runs over a complete set of orthogonal polarizations
731associated with unit vectors εν̂ = (x̂ ± iŷ)/√2, with upper and lower
732signs standing for v = L and v = R, respectively, Fin(ri) is the near field
733acting on molecule i as produced upon external illumination in the
734presence of the structure but without any of the molecules, and
735Fν

out,S(ri) is the near field generated under irradiation with reverse
736propagation (i.e., light coming instead from the detector), with the
737superscript S indicating that the sign of the magnetic field is flipped.
738The above expression, which contains the whole dependence on αi,
739omits an irrelevant geometry- and frequency-dependent real-number
740factor that is independent of the molecular positions and polar-

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c03997
ACS Nano XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03997/suppl_file/nn0c03997_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03997?ref=pdf


741 izabilities. Using eq 7, we find the change in extinction cross section
742 due to the molecules to be Δσext ∝ E f rIm ( )s

scat
d{ *·Δ ̂ } ∝

743 E F r F rIm ( ) ( )i i i i, s
out,S inε α∑ { *· ̂ [ · · ]}ν ν ν Now, it is convenient to intro-

744 duce the notation Fν (r,k̂) to refer to the near field produced at point
745 r upon illumination by a plane wave of polarization v propagating
746 along the direction k̂. This allows us to write the change produced by
747 the presence of the molecules in the extinction cross section for
748 incident polarization v (i.e., Es∝ εν̂) as Δσνext ∝ ∑iIm{Fν

S (ri, −k̂)·αi·Fν

749 (ri,k̂)}, which leads to a CD signal:
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751 where sv = 1 for LCP and −1 for RCP light, and E0 is the incident
752 electric field amplitude. In the derivation of this expression, we have
753 exploited the fact that the change in cross section is small compared
754 with the total cross section (i.e., |Δσνext | ≪ σν

ext ≈ σext, where σext is the
755 polarization-averaged cross section) and also |αMM|,|αEM| ≪ |αEE| (see
756 above). Eq 8 gives the magnitude of the CD signal in the presence of
757 near-field enhancement, and it needs to be compared with the result
758 for a homogeneous solution, −2n Re{αEM}/Im{αEE}. In order to
759 present an analysis that bears general validity for any type of molecule
760 and structure, we dismiss the phase in αEM and focus on the near-field
761 enhancement quantified in the Ev and Hv fields. We thus consider the
762 combined near-field factor in eq 8, which allows us to define the
763 CDLE as shown in eq 1 in the main text, yielding CD ≈ (16π/σextk)
764 Im{αEM∑i CDLE(ri)}. We note that eq 1 is normalized to give a
765 value CDLE(r) = 1 for r located far from the particles in the solvent.
766 Additionally, eq 1 ignores the phase of αEM, which affects the CD
767 signal in relation to the phases of both the near field of the diagonal
768 polarizability αEE. A more detailed analysis would require knowledge
769 of the spectral dependence of the molecular polarizability (including
770 electric-magnetic crossed terms) as well as a complex averaging over
771 particle orientations and arrangements. However, we expect that eq 1
772 provides a good estimate of the CD enhancement from straightfor-
773 ward electromagnetic calculations of the near field obtained for v = L
774 (LCP) and v = R (RCP) incidence from the source (k̂ propagation
775 direction) and the detector (−k̂ direction).
776 Molecules display chiral transitions at UV frequencies ωj, each of
777 them characterized by non-orthogonal electric and magnetic dipoles
778 pj and mj, respectively, which give rise to contributions to the
779 polarizability tensor with a frequency dependence48 αEE ∝ (pj

2/ℏ)/(ωj
780 − ω − iγj/2), αMM ∝ (mj

2/ℏ)/(ωj − ω − iγj/2), and αMM ∝ (pjmj/ℏ)/
781 (ωj − ω − iγj/2), where γj is the resonance width. Now, pj and mj are
782 real and imaginary numbers, respectively,44 so we deduce that
783 absorptive components (Im{αEE}, Im{αEM}, and Re{αEM}) produce
784 sharp spectral absorption features ∝1/|ωj − ω − iγj/2|2 (i.e., they die
785 out as the inverse square of the frequency detuning outside the
786 FWHM spectral width γj). In contrast, the remaining refractive (non-
787 absorbing) components (Re{αEE}, Re{αMM}, and Im{αEM}) exhibit a
788 weaker spectral decay as ∝1/(ωj − ω) away from the resonance. This
789 explains why UV resonances contribute to changing the refractive
790 index in the visible (also in virtue of the Kramers−Kronig relation),
791 while in the present context, we conclude that Im{αEM} can take
792 significant off-resonance values that contribute to eq 8 in the visible-
793 NIR plasmonic region. This argument indicates that our observation
794 of chirality has a refractive rather than absorptive origin, whereby the
795 nonresonant, non-absorbing, refractive component Im{αEM} of the
796 molecular chiral polarizability does transform into a measurable
797 change in the plasmonic extinction at visible-NIR frequencies through
798 nonresonant molecule-plasmon coupling that is effectively described
799 by eq 8, therefore anticipating a CD ∼ Im{αEM}Re{CDLE} signal
800 (see Figure 4b). In summary, a CD signal (i.e., a helicity-dependent
801 difference in optical absorption) is produced in a homogeneous
802 molecular solution (i.e., in the absence of plasmonic nanoparticles)

803that is roughly proportional to Re{αEM} and emerges as sharp
804resonance features in the UV, whereas a helicity-dependent
805propagation phase is introduced through ∝ Im{αEM}, which takes
806small, but non-negligible values in the visible-NIR, far from the UV
807resonances. In the presence of nanoparticles, the latter is enhanced by
808coupling to the plasmonic absorption, thus resulting in a strong CD
809signal driven by optical absorption in the nanoparticles and mediated
810by the non-absorbing molecular polarizability component ∝ Im{αEM}.
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(13)911 Kumar, J.; Eraña, H.; Loṕez-Martínez, E.; Claes, N.; Martín, V.
912 F.; Solís, D. M.; Bals, S.; Cortajarena, A. L.; Castilla, J.; Liz-Marzań, L.
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(16)922 Querejeta-Fernańdez, A.; Chauve, G.; Methot, M.; Bouchard,
923 J.; Kumacheva, E. Chiral Plasmonic Films Formed by Gold Nanorods
924 and Cellulose Nanocrystals. J. Am. Chem. Soc. 2014, 136, 4788−4793.

(17) 925Kneer, L. M.; Roller, E.-M.; Besteiro, L. V.; Schreiber, R.;
926Govorov, A. O.; Liedl, T. Circular Dichroism of Chiral Molecules in
927DNA-Assembled Plasmonic Hotspots. ACS Nano 2018, 12, 9110−
9289115.

(18) 929Layani, M. E.; Ben Moshe, A.; Varenik, M.; Regev, O.; Zhang,
930H.; Govorov, A. O.; Markovich, G. Chiroptical Activity in Silver
931Cholate Nanostructures Induced by the Formation of Nanoparticle
932Assemblies. J. Phys. Chem. C 2013, 117, 22240−22244.

(19) 933Garcia-Etxarri, A.; Ugalde, J. M.; Saenz, J. J.; Mujica, V. Field-
934Mediated Chirality Information Transfer in Molecule-Nanoparticle
935Hybrids. J. Phys. Chem. C 2020, 124, 1560−1565.

(20) 936Madenci, D.; Egelhaaf, S. U. Self-Assembly in Aqueous Bile Salt
937Solutions. Curr. Opin. Colloid Interface Sci. 2010, 15, 109−115.

(21) 938Galantini, L.; di Gregorio, M. C.; Gubitosi, M.; Travaglini, L.;
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955C.; Del Giudice, A.; Sennato, S.; Angelini, R.; D’Abramo, M.; Schilleń,
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