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ABSTRACT. To achieve chiral amplification, life uses small chiral molecules as building blocks
to construct hierarchical chiral architectures that can realize advanced physiological functions.
Inspired by the chiral amplification strategy of nature, we herein demonstrate that the chiral
assembly of chiral gold nanorods (GNRs) leads to an enhancement of optical asymmetry factors
(g-factors), up to 0.24. The assembly of chiral GNRs, dictated by their structural self-matching,
induced g-factors with over 100-fold higher values than that of individual chiral GNRs, in
agreement with numerical simulations. Additionally, the enhanced g-factor of chiral GNR
assemblies allowed their use as highly sensitive sensors of adenosine triphosphate (ATP detection

limit of 1.0 uM), with selectivity against adenosine diphosphate and adenosine monophosphate.



Chirality is a crucial signature of living systems.! At the molecular scale, chirality is amplified
by hierarchical self-assembly, to form dynamic chiral structures across multiple length scales, from
genes through cells, embryos, to vessels and even organs.*” A significant effort has been devoted
to chiral self-assembly using artificial building blocks, including chiral molecules and achiral
nanoparticles (NPs). A variety of fascinating chiral structures at multiple scales have been
fabricated from chiral molecules, but chiral amplification of their chiroptical signals could hardly
be achieved, due to the small interaction cross-sections between molecules and light.®? In contrast,
the much higher polarizability of plasmonic and semiconductor NPs leads to a substantial increase
in the strength of chiroptical activity, i.e., optical asymmetry g-factors.'%-??> High g-factors have
also been achieved by growing plasmonic NPs with well-defined chiral morphologies, i.e. chiral
NPs.2332 So far, chiral assembly has however been restricted to achiral NP building blocks with
rare exceptions.”> We hypothesized that the use of chiral NPs as building blocks for chiral
assemblies—mimicking the strategy in biological systems—might lead to further amplification of

the chiroptical activity.

Chiroplasmonic nanostructures enable the amplification and transfer of the chiral signals of
biomolecules, which can be used to enhance the sensitivity of chiral biomolecule detection.!'?
Adenosine triphosphate (ATP) is an important biomolecule because it serves as the energy source
for most biological functions, while playing a major role in extracellular signaling and DNA
replication.’*3” Detection methods based on chiroplasmonic nanostructures have been rarely

explored,’®4° they offer the possibility to achieve highly sensitive and selective ATP detection.

Herein, we report the hierarchical assembly of chiral gold nanorods (c-GNRs) into chiral
superstructures, mimicking biological hierarchical self-assembly and leading to unusually high

optical asymmetry. The helical morphology of chiral GNRs (c-GNRs) generates a structural self-



matching effect based on side-by-side assembly. Chiral assembly was achieved when using c-
GNRs as the building units and achiral salts as inducers, resulting in higher-order chiral
nanostructures with a remarkable enhancement of the optical asymmetry and g-factor values up to
0.24. Using finite-difference time-domain (FDTD) electromagnetic simulations, we explored the
key factors leading to such a high chiroptical response in c-GNR assemblies. Based on the high
optical activity of c-GNR assemblies, we demonstrate highly sensitive and selective detection of

ATP, ADP, and AMP in physiological environments.

Both enantiomers of c-GNRs were prepared by seeded-growth on single-crystalline achiral
GNRs, in the presence of L-/D-Cysteine (L-/D-Cys) as chiral inducer, following a previously
reported method (Figure 1).4! As shown by scanning electron microscopy (SEM) images (Figure
1A,D), L-/D-Cys-induced c-GNRs displayed right-/left-handed twisted structures, so we denote
them as right-/left-handed helical GNRs (RH-/LH-GNRs), respectively. SEM image analysis
revealed that LH-/RH-GNRs possess an average length of 54.2+2.9/53.9+£1.5 nm, an average
diameter at the central part of 15.34+0.6/15.5+0.6 nm, and an average diameter at the ends of
20.24+0.8/20.8+0.9 nm, respectively. The smaller diameter at the center of RH-/LH-GNRs
suggested a concave shape of the c-GNR side-facets. These LH-/RH-GNRs exhibited almost
identical extinction spectra but mirror-symmetrical CD spectra, with two CD bands, which we
tentatively assigned to a transverse surface plasmon resonance (TSPR) at 540 nm and a
longitudinal surface plasmon resonance (LSPR) at 750 nm, respectively (Figure 1G,H). The
corresponding g-factor spectra of LH-/RH-GNRs also displayed nearly symmetric signals(Figure

11), in good agreement with our previous report, Frror Bookmark not defined.

We employed electron tomography (ET) reconstructions to investigate the morphology of

individual RH-/LH-GNRs in more detail. As shown in the ET reconstruction, the sides of c-GNRs



showed four twisted stripes, similar to a rounded rectangular prism upon torsional deformation
along its long axis, resulting in concave side-faces (Figures 1B, E, and Movies S1,S2). The ET
reconstructions further confirmed that the four twisted stripes of L/D-Cys GNRs were oriented in
a right-/left-handed direction, respectively. From ET reconstructions, the helicity of c-GNRs could
also be quantified, following a recently reported method.*> From the calculated helicity functions
H(p,a), a total helicity Hiotal value of +0.11 was determined for RH-GNRs (Figure 1C), indicating

right-handedness, whereas that for LH-GNR (-0.17) indicates left-handedness (Figure 1F).
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Figure 1. (A) SEM image and (B) visualizations of ET reconstructions of RH-GNRs, along with
(C) a plot of the helicity function H(p,a) corresponding to (B). (D) SEM image and (E)
visualizations of ET reconstructions of LH-GNRs, along with (F) a plot of the helicity function
H(p,a) corresponding to (E). The red and blue colors in (C) and (F) indicate the presence of right-



and left-handed features, respectively; total helicity values are indicated in each plot. (G)

Extinction, (H) CD, and (I) g-factor spectra of RH-/LH-GNRs, as labeled.

Unlike most chiral assemblies, where chiral molecular linkers direct the assembly of achiral
NPs,*3-46 the twisted structure of c-GNRs in this work leads to mutual recognition and assembly,
with no need for chiral linkers. We aimed at the electrostatic assembly of c-GNRs, induced by
small molecular anions (Figure 2A).47*® We therefore tested anions with different numbers of
COO groups to alter the surface charge of c-GNRs and, as a result, enhance electrostatic attraction.
Upon addition of either sodium acetate or sodium malonate dibasic, the corresponding extinction
spectra of c-GNRs (Figure S1) showed no observable changes of the peak position and intensity,
indicating that anions with either one or two carboxyl groups cannot efficiently induce c-GNR
self-assembly. In contrast, the addition of sodium citrate caused a significant blue shift of the LSPR
band (from 753 to 727 nm) and a red shift of the TSPR (from 530 to 540 nm), suggesting that c-
GNR self-assembly occurred in a side-by-side fashion (Figure 2B). !?- 13 Zeta-potential
measurements before and after the addition of the various anions showed that, for sodium acetate
and sodium malonate dibasic, the zeta-potential decreased from +40.0 mV to +30.3 and +28.4 mV,
respectively, whereas a substantial decrease of zeta-potential to +12.1 mV was recorded upon
addition of sodium citrate (Figure S1). This result suggests that multivalent anions in sodium
citrate can more effectively reduce the electrostatic repulsion between positively charged GNRs,

leading to mutual attraction and resulting in side-by-side assembly.

The CD spectra of RH-GNR assemblies induced by sodium citrate exhibited a characteristic
left-handed bisignate peak, whereas the CD bands recorded for LH-GNR assemblies were opposite

to those for RH-GNR assemblies (Figure 2C). Notably, in both cases the sign of CD signals for c-



GNR assemblies was inverted compared to that for the corresponding individual c-GNRs. To
explore the mechanism of chirality inversion, we built the models of left-handed (chirality
inversion) and right-handed (chirality consistency) assembly of the RH-GNRs. The results suggest
that, when c-GNRs assembled in a direction opposite to their own handedness, adjacent c-GNRs
are locked into each other and achieve a self-matching structure (Figure S2A). In contrast, if the
handed-ness of the c-GNRs is consistent with that of the assembly, the c-GNR ends hinder each
other to produce a side-by-side assembly (Figure S2B). As a result, c-GNRs are assembled in
achiral inverted and structural self-matching manner. Additionally, a significant increase in CD
was observed for increasing sodium citrate concentrations, up to 0.12 mM, and reaching values up
to 3000 mdeg, compared to 50 mdeg for individual c-GNRs (1.0 nM) (Figure 2C). Sodium citrate
concentrations higher than 0.15 mM induced the formation of disordered GNR aggregates,
resulting in smaller CD g-factors (Figure S3). For the ordered assemblies, optical asymmetry g-
factors as high as 0.17 at 700 nm and -0.24 at 850 nm were reached (Figure 2D), which are about

two orders of magnitude larger than those for individual c-GNRs.

The maximum g-factor achieved in the present study is substantially higher than those reported
in the literature for chiral assemblies of achiral NPs (generally below 0.05).43443152 The maximum
g-factor value herein (0.24) is twice that previously reported for long-range ordered chiral
assemblies of achiral GNRs (0.12) Error! Bookmark not defined. Thig regylt suggests that the assembly of
NPs with chiral morphology as building blocks can significantly enhance the optical asymmetry
of chiral nanostructures. Additionally, the CD and extinction spectra of c-GNR assemblies showed
no change after 1 hour and minor changes after 1 day (Figure S4), meaning that a steady state was

reached at this time.
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Figure 2. (A) Schematic diagram of the assembly of ¢c-GNRs. (B-D) Extinction (B), CD (C), and
g-factor (D) spectra for RH-/LH-GNRs assembled upon addition of sodium citrate at different
concentrations (L/D in the caption represent L/D-assemblies). (E) Cryo-TEM images of RH-GNR
assemblies. (F) Cryo-TEM image of LH-GNR assemblies. (G) SEM images of RH-GNR (top) and
LH-GNR (bottom) assemblies. Even though the maximum CD value at 850 nm (1850 mdeg) is
lower than the one at 700 nm (3000 mdeg), a higher g-factor at 850 nm results from a relative

extinction intensity at 850 nm in the assemblies.

Next, we investigated in detail the structure of c-GNR assemblies by means of cryogenic
transmission electron microscopy (Cryo-TEM), TEM, and ET reconstructions. Cryo-TEM images
(Figure 2E,F) confirmed that assemblies were generated through side-by-side arrangement of c-

GNRs in solution. SEM images (Figure 2G) additionally show side-by-side self-assembly. For ET



analysis, c-GNR assemblies formed by addition of 0.12 mM sodium citrate were stabilized by first
capping with a thiol-ended hydrophobic ligand, 2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(sodium salt) and subsequently encapsulated by the amphiphilic block co-polymer poly(acrylic
acid)-block-poly(styrene) (PAA-b-PS), as previously described.!!>* Preservation of the assembly
structure after encapsulation with PS-PAA was confirmed by the minor variations in the spectra
of chiral assemblies, as shown in Figure S5. Polymer-coated assemblies were then separated by
differential centrifugation, after which most of the assemblies were located in the middle gel layer,
as shown in the inset of Figure 3A. TEM images of the assemblies taken from the middle layer
showed side-by-side assembled structures, comprising 2 to 4 c-GNRs (Figure 3A,C), in agreement
with the observed extinction spectra. The top and bottom layers of the centrifuged gel contained
mainly isolated c-GNRs and large assembled structures, respectively (Figure S6). We additionally
used silica encapsulation to capture ¢-GNR assemblies (Figures S5 and S7),'* which further
demonstrated the presence of c-GNR assemblies in solution (not upon drying and deposition on a

substrate).
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Figure 3. Chiral structures of c-GNR assemblies. (A) TEM image of polymer-coated RH-GNR
assemblies. Shown in the inset is a photograph of polymer-coated assemblies after differential
centrifugation. (B) 3D ET reconstructions of RH-GNR assemblies. (C) TEM image of polymer-
coated LH-GNR assemblies. (D) 3D ET reconstructions of LH-GNR assemblies. (E) Statistical
analysis of the assembled number of RH-GNRs. (F) Statistical analysis of gap distance between
assembled RH-GNRs. (G) Statistical analysis of rotating angle in RH-GNR assemblies.

Statistical analysis of TEM images revealed average assembly numbers (N, the number of c-
GNRs in each assembly) of 3.1£1.2 and 3.1+£1.5, for RH- and LH-GNRs, respectively (Figures 3E

and S8,S9). The average interparticle gap (d) in polymer-coated RH-GNR assemblies was
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determined from 3D structures of ET reconstructions as 3.2+0.7 nm (Figures 3F and S10).
Analysis of ET reconstructions of polymer-coated RH-GNR assemblies indicated an average
rotation angle of 28.2+8.7° (Figures 3G and S10). To ensure accuracy, we performed statistical
analysis on randomly selected samples(51, 50, and 50 samples for number, gap distance, and
rotated angle analysis, respectively). The narrow distribution of gap distances and rotation angles

(Figure 3F,G) confirmed the high uniformity of c-GNR assemblies.

Figure 3B,D and Movies S3,S4 show ET reconstructions of self-assembled structures for RH-
and LH-GNRs. The ET reconstructions confirmed that RH-/LH-GNRs were assembled into left-
/right-handed side-by-side helical structures, in agreement with the sign of chirality in the
corresponding CD spectra (Figure 2C). As shown in Figure 3B/D, RH-GNRs/LH-GNRs were
assembled through close contact of their twisted concave side-facets with structural self-matching,
whereas the two adjacent GNR ends with relatively larger diameters were forced to be arranged in
a non-parallel configuration (misaligned), resulting in the adjacent c-GNRs locking onto each
other. It has been recently reported that chiral gold nanoarrows can assemble into orientated dimers
by using a DNA origami template,> whereas dog-bone-shaped nanorods can generate assemblies
through either electrostatic or hydrophobic interactions.?>® In the present work, we take this
process a step further by achieving these assemblies with structural self-matching between the c-
GNR building blocks. Control experiments (see Figure S11 for details) confirmed that the high g-
factor c-GNR assemblies originates from the structure of self-matching of c-GNR assemblies,

without any meaningful contribution from Cys ligands.

To better understand the chiroptical signals, we carried out FDTD simulations for both
individual c-GNRs and their assemblies. The results from ET reconstructions of individual c-

GNRs (Figure 1B,E) could be used as realistic models to simulate the extinction and CD spectra
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(Figure S12), showing an agreement with the corresponding experimental spectra (Figure 1G,H).
We additionally simulated the electric field enhancement distributions for c-GNRs, under both left
circularly polarized (LCP) and right circularly polarized (RCP) light, at the wavelengths of LSPR
and TSPR in the extinction spectra, respectively. The near-field enhancement maps showed
asymmetric electric field distributions on c-GNRs, with distinct patterns under LCP and RCP
(Figure S12A-D), indicating that the plasmonic chiroptical response of c-GNRs arises from their
twisted structures. In addition, we constructed idealized c-GNR models and simulated their
chiroptical properties (Figure S12E-H), with results that were also consistent with the experimental
data (Figure 1G). Compared to the ET reconstruction models, the simulated LSPR position of
idealized model matched the experimental results better. We found that the morphology of c-GNR
tips strongly affect their LSPR position. Therefore, we hypothesize that there is diversity of tip
morphology in the c-GNR sample, so that the c-GNR structures we imaged by ET does not
sufficiently represent the overall sample in this case. The simulated extinction, CD, and g-factor
spectra of RH-/LH-GNR assembly models were consistent with the corresponding experimental

results, regarding peak positions and handedness (Figure S13).
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Figure 4. FDTD simulation of c-GNR assemblies. (A-C) Simulation models (A), CD spectra (B),
and g-factor spectra (C) for assemblies with different number of RH-GNRs. (D) Plot of calculated
g-factors for RH-GNR assemblies with different c-GNR number. (E) Variation of g-factor with
the gap distance between adjacent RH-GNRs. (F) Variation of g-factor with the rotation angle
between adjacent RH-GNRs. (G) Electric-field enhancement maps for achiral (top) and chiral
(bottom) assemblies under irradiation with LCP (left) and RCP (right). (H-J) Extinction (H), CD
(I), and g-factor (J) spectra for chiral assemblies made of achiral (red lines) and chiral (grey lines)

GNRs.
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We simulated next the optical properties of (idealized) RH-GNR assemblies with different N
(Figure 4A). The extinction spectra showed gradually blue-shifting LSPR peaks with increasing
N, from 1 to 5 (Figure S14A). Upon normalization by N, the simulated extinction spectra were
consistent with the time-resolved extinction spectra during the assembly process(Figure 2B and
Figure S14B). A distinct left-handed bisignate signal emerged in the CD band, with a positive peak
at 520 nm and a negative peak at 750 nm. As N was increased, the CD signal at the LSPR band
was gradually blue-shifted and enhanced, whereas the TSPR CD signal was gradually red-shifted
and merged into the LSPR CD signal. The simulated CD spectra show substantially increased
intensities of the CD signal with increasing N (Figure 4B), from 140 to 1400 mdeg for N of 1 and
2, respectively. The simulated g-factor spectra showed values reaching —0.27 at 842 nm for N =3
and —0.24at 820 nm for N = 4, with a subsequent decrease to —0.21 at780 nm, for N = 5 (Figure
4C,D). Considering the experimentally determined average number of N = 3.1 + 1.2RH-GNRs per
assembly, the LSPR peak position (A = 727nm), bisignate CD peak positions (A+ = 713 and A— =
825 nm),and g-factor (—0.24 at 850 nm) are in close agreement to the corresponding values for N

=3 and N =4 in the simulations.

We further explored the effects of gap distance (d) and rotation angle (o) between adjacent c-
GNRs on the chiral signal by FDTD simulations. The simulated results showed that the g-factor
reached a maximum value at d = 3.0—4.0 nm(Figure 4E and Figure S15A-C) and a = 20°-30°
(Figure 4Fand Figure S15D-F). These values of d and o match the values determined from TEM
and SEM (d=3.2+0.7 nm; o =28.2+ 8.7° for RH-GNRs, see Figure 3). We additionally simulated
the chiroptical response of an assembly of achiral GNRs with the determined optimum structural
parameters for c-GNRs(gap distance of 3.2 nm and rotation angle of 28.2°). The calculated near-

field enhancement distribution maps show a significant electric field enhancement between
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coupled c-GNRs, compared to achiral GNRs (Figure 4G), confirming that the self-matching
assembly of c-GNRs leads to more efficient optical coupling. The simulated spectra (Figure 4H-
J) show that the peak shape of a chiral assembly of achiral GNRs is consistent with that made of
RH-GNRs, but the g-factor value is considerably smaller (—0.20 at 718 nm vs —0.35 at 842nm). In
addition, our calculations predict that long-range ordered nanostructures made of ¢c-GNRs by

structural self-matching should display further enhanced g-factor values(Figure S17).

Inspired by the high g-factor of self-matching assemblies ofc-GNRs, we explored their use for
the detection of relevant biomolecules, such as ATP and its derivatives (see Figure 5and Figure
S18 for further details). As shown in Figure 5A,B,the corresponding CD and g-factor spectra for
RH-GNR assemblies revealed an enhancement by ca. 25-fold (from 110to 2800 mdeg) and ca. 47-
fold (from 0.004 to 0.186),respectively, as ATP concentration increased from 50 to 100uM. Such
a large change in chiral signal is in contrast with themodest CD signal variation for pure ATP
(from 0.70 to 1.7mdeg) for an increased concentration from 50 to 100 uM(Figure 5C and Figure
S18). Therefore, we propose the plasmonic chiroptical detection of ATP by c-GNRs, as a
significantly more sensitive method than the CD detection of pure ATP. On these promising
grounds, we further explored the ATP detection limit. To this end, the c-GNR concentration was
reduced from 1.0 to 0.40 nM (Figure 5D-F and FigureS19), achieving an ATP detection limit as
low as 1.0 pM,which is significantly lower than that for previously reported chiroplasmonic
sensors.*® These results indicate that the detection of the chiroptical response of c-GNR assemblies

isa sensitive and high-resolution method for ATP detection
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Figure 5. Detection of ATP based on c-GNR assembly. (A) CD spectra and (B) g-factor spectra
of RH-GNR (1.0 nM) assemblies with ATP at different concentrations. (C) Maximum CD values
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puM. CD spectra of (D) RH-GNR or (E) LH-GNR (0.40 nM) assemblies after addition of ATP at
different concentrations. (F) Variation of the intensity of CD at 900 nm and extinction at 750 nm,
as a function of ATP concentration. Solid and dotted lines are linear fits to the data. (G) Schematics
of the optical setup for polarization optical images. (H) Photographs of the RH-GNR dispersions,
assembled with variable concentrations of ATP, in a cross-polarization optical cell. (I) ORD

spectrum and (J) polarized optical microscopy image of RH-GNR assemblies with ATP (100 uM).
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Due to the exceptionally high g-factors of c-GNR assemblies, we were able to further simplify
the detection protocol by using polarization optics for naked-eye visualization of ATP detection
(Figure 5G and Figure S20). As shown in Figure SH,when RH-GNRs were assembled in the
presence of ATP (60to 100 uM), strong red light could be transmitted and readily observed by eye.
The transmission of red light corresponds to the strong optical rotatory dispersion (ORD) signals
in the range of 600 to 800 nm (Figure 51). In addition, high-contrast visualization of ATP and RH-
GNR assemblies could also be realized by using polarized optical microscopy (Figure 5J and
Figure S21), demonstrating the advantage of intense chiroptical signals for biosensing and

bioimaging

ATP and its hydrolysis products, ADP and AMP, work together to regulate many biological
functions and provide energy for most physiological activities.!> Thus, it is highly desirable to
detect ATP, ADP, and AMP simultaneously. We observed that ATP, ADP, and AMP with the
same concentration (20 pM) induced the self-matching assembly of RH-GNRs with different
optical response (Figure S22,S23). The results suggest that the achieving the simultaneous

detection of ATP, ADP, and AMP by c-GNRs (Figure S24,S25 for details).

To confirm the potential application of the detection method in real samples, we further
explored detection in physiological environments. The results indicate that c-GNRs can be used to
detect and distinguish ATP, ADP, and AMP, both in PBS and in serum (Figures S26, S27).3%:60
These results also indicated that PBS and biomolecules in serum do not significantly interfere with
ATP detection. Besides, this detection method is also applicable to the detection of drug molecules,
such as sodium cromoglycate (antiallergic drug) (Figure S28), suggesting that the method based

on c-GNR assembly holds promise for drug detection.
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Based on their unique morphology, c-GNRs can be used as building blocks to form structural
self-matching side-by-side assemblies with exceptionally high g-factors, up to 0.24, significantly
higher than those for individual c-GNRs. The results from FDTD simulations were consistent with
experimental data, showing that the mutual organization of c-GNRs within the assembly is
responsible for the unusually high optical asymmetry. Furthermore, we demonstrated the sensitive
detection ATP, by means of the significant enhancement of optical asymmetry. Overall, the chiral
assembly of chiral NPs paves the way toward the development of chiral nanostructures with high
optical asymmetry, which are relevant for applications in biosensing, chiral imaging,

optoelectronic devices, etc.
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