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One Sentence Summary: Plasmon-coupled circular dichroism from nanoparticle-protein 

complexes is dominated by nanoparticle aggregation, forming both chiral aggregates and 

electromagnetic hotspots for amplifying and transducing protein chirality. 
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Abstract 

 
Plasmon-coupled circular dichroism has emerged as an intriguing approach for ultrasensitive 

detection of biomolecular conformations through coupling between molecular chirality and 5 

surface plasmons. Chiral nanoparticle assemblies without chiral molecules present also have large 

optical activities. We apply single-particle circular differential scattering spectroscopy coupled 

with electron imaging and simulations to identify both structural chirality of plasmonic aggregates 

and plasmon-coupled circular dichroism induced by chiral proteins. We establish that both chiral 

aggregates and just a few proteins in interparticle gaps of achiral assemblies are responsible for 10 

the ensemble signal, but single nanoparticles do not contribute. We furthermore find that the 

protein plays two roles: it transfers chirality to both chiral and achiral plasmonic substrates and it 

is also responsible for the chiral 3D assembly of nanorods. Understanding these underlying factors 

paves the way toward sensing the chirality of single biomolecules. 
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Sensitive detection of the chirality of a biomolecule is of great interest to the field of drug 

development because it plays a key role in molecular recognition and function (1-4). By exploiting 

the strong electromagnetic near-fields in plasmonic nanostructures (5-9),  theoretical (10-12) and 

experimental (10, 13-15) studies reveal enhanced circular dichroism (CD) intensities for 5 

biomolecular adsorbates, and, intriguingly, a new chiral plasmon resonance. This plasmon-coupled 

circular dichroism (PCCD) is thought to originate from dipole-dipole interactions between the 

chiral adsorbate and the plasmonic nanoparticle (NP) (10, 14), creating a large CD signal in the 

more easily accessible visible spectral range. However, PCCD has so far exclusively been 

measured with ensemble techniques, with contradicting conclusions (10, 13-21).  10 

A major difficulty for sensing chiral biomolecules with ensemble PCCD spectroscopy in 

solution is the potential presence of even a few NP aggregates with chiral configurations that can 

yield stronger CD signals than PCCD (13, 17, 22). Structural chirality of NP assemblies has been 

well established on both ensemble and single-NP levels,(8, 9, 23, 24) but is generally ignored for 

PCCD because ensemble analyses cannot distinguish small subpopulations. The need for high 15 

ionic strength buffers when working with biomolecules makes some NP aggregation an important 

consideration. Another question is whether all biomolecules contribute equally to the PCCD signal 

or if biasing occurs for molecules located in interparticle gaps where the electromagnetic fields are 

the highest. 

To address these outstanding issues, we take advantage of the varying gold nanorod (Au NR)-20 

bovine serum albumin (BSA) complexes that form depending on the relative abundance of NRs 

and protein. At high BSA concentrations, a protein monolayer on each NR ensures a stable 

colloidal solution, whereas at low BSA concentrations, the NRs aggregate, triggered by partial 
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unfolding of individual proteins on NRs (supplementary materials, Fig. S1-S3) (25). This relation 

provides a model system with access to a range of protein-NR configurations including individual 

NRs covered with a protein monolayer, aggregates with few proteins that are also structurally 

chiral, and all intermediate combinations. To distinguish these subpopulations in a complex 

mixture, we used single-particle circular differential scattering (CDS) spectroscopy (26). For the 5 

343 nanostructures analyzed, only aggregated NR-BSA complexes were CDS active but no single 

NRs were CDS active, in direct contrast to many ensemble PCCD studies (10, 14-19, 21). We also 

present evidence for both structural chirality and PCCD for BSA located in electromagnetic 

“hotspots.” 

Although strong ensemble PCCD was observed at the plasmon resonance for low BSA 10 

concentrations, single-particle CDS spectroscopy with correlated electron microscopy on the 

individual components of the ensemble revealed that no single NR-BSA complexes have 

detectable CDS (Fig. 1, A and B, and Fig. S4, S5). The same is true for single NRs with a BSA 

monolayer (Fig. S6). Considering that a perfect single Au NR is achiral (Fig. S7), the absence of 

CDS is likely the result of low electric-field enhancement of a single Au NR and weak coupling 15 

based on poor spectral overlap between the CD signal of BSA in the ultraviolet and the plasmon 

resonance in the visible (27). 

In contrast to single Au NRs, the majority of NR-BSA aggregates exhibit CDS (Fig. 1C and 

Fig. S8-S10). Based on the statistical distribution of different subpopulations (single NRs and 

aggregates of different sizes) and their respective CDS activity (Fig. 1D), we conclude that a 20 

subpopulation of aggregates was responsible for the observed ensemble PCCD signal (Fig. 1A). 

This conclusion is not affected by the type of supporting substrate (Fig. S11). We propose two 

potential origins for the CDS of aggregates: (i) Intrinsic structural chirality is present in the 
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aggregates and is dominated by right-handed configurations to create an enantiomeric excess and 

the PCCD line shape in Fig. 1A (21); and (ii) closely spaced NRs create electromagnetic hotspots 

that substantially enhance BSA-induced PCCD, supported further by the same handedness of 

PCCD in the visible and CD of BSA in the ultraviolet (Fig. S12) (14, 25, 28).  

 5 
 

Fig. 1. Single-particle CDS spectroscopy establishes the role of nanoparticle aggregation in ensemble PCCD of 
Au NR-BSA complexes. (A) Schematic illustration of ensemble CD measurements (top) and PCCD spectrum 
(bottom) of Au NR-BSA complexes at [BSA] = 1.5 µM (LCP/RCP: left/right-handed circularly polarized light). (B) 
Schematic illustration of single-particle CDS measurements (top) and CDS spectrum (bottom) for a single Au NR-10 
BSA complex. The inset shows the correlated SEM image. (C) CDS spectrum of single Au NR dimer-BSA complex. 
The inset shows the correlated SEM image. The experimental spectra are shown with a pink envelope that represents 
the experimental error. (D) Distribution of different subpopulations sorted by aggregate size after the sample of Au 
NR-BSA complexes was spin-coated onto indium tin oxide (ITO) glass substrates and the corresponding percentages 
of CDS-active and CDS-inactive nanostructures. This data clearly shows that only aggregates produce a measurable 15 
CDS signal.  
 
 

To distinguish between structural chirality and PCCD, we use high-angle annular dark field 

scanning transmission electron microscopy (HAADF-STEM) imaging at different tilt angles, 20 

tomographic reconstruction, and finite difference time domain (FDTD) simulations (Fig. 2). We 

focus primarily on smaller aggregates, dimers, and trimers, and distinguish them based on parallel 

versus nonparallel alignment (Fig. S13). Tomographic reconstruction was necessary to precisely 

visualize three-dimensional geometries including NR sizes as well as interparticle gaps, offsets, 
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twists, and planar displacements, which are all key factors influencing structural chirality (26, 29). 

Figure 2A shows a series of HAADF-STEM images for a nonparallel dimer together with the 

geometric models obtained from tomographic reconstruction (Fig. S14, Movie S1) that served as 

input for the FDTD simulations. The dimer was CDS active with a strong signal at 720 nm (Fig. 

2B). The simulated scattering and CDS spectra were in good agreement with the experimental 5 

results (Fig. 2C and Fig. S15), confirming that this dimer was chiral. It is important to note that 

based on our single-particle measurements we cannot rule out effects arising from planar 2D 

chirality, although our previous CDS measurements could only be interpreted by assuming that 

the 3D chiral conformations of assembled aggregates were at least partially retained on a substrate 

(26, 29). Intriguingly, differences between the experiment and theory at 805 nm could be explained 10 

by PCCD of BSA in the interparticle gap, which the simulations could not describe. The calculated 

charge plots at 720 nm and 805 nm let us assign both modes to bright bonding plasmons based on 

plasmon hybridization theory (Fig. 2C and Fig. S16) (5). The resulting near-field enhancement 

factors (|E/E0|2) demonstrated the existence of plasmonic hotspots at the interparticle gap (7) that 

are ideal for enhancing the PCCD of BSA. As further discussed below, BSA was present in the 15 

gaps, because without BSA, there was no aggregation (25). Partially unfolded BSA is expected to 

still yield a chiral signal (30). 

We next examined a parallel dimer-BSA complex in which CDS is observed, despite 

tomographic reconstruction and simulations confirming that the structure is achiral (Fig. 2, E to G, 

Fig. S15, Movie S2) even when considering the recently suggested possibility that the NR plasmon 20 

modes could have intrinsic offsets from the long NR axes (Fig. S17). (31). Analysis of the 

simulated scattering spectrum through charge plots and plasmon hybridization theory revealed two 

plasmon modes, a bonding mode at 618 nm from the coupling between two transverse oscillations 
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and an anti-bonding mode at 670 nm caused by interactions between the individual longitudinal 

resonances (Fig. 2G and Fig. S18). Interestingly, CDS was found experimentally only for the 618 

nm resonance. The requirement of hotspots for PCCD explains this observation. For an achiral 

dimer, the calculated near-field enhancement |E/E0|2 was ~33 times larger in the interparticle gap 

at 618 nm compared to 670 nm (Fig. 2H), which is readily understood based on the stronger 5 

coupling of the transverse modes in this direction. Again, because aggregation is triggered by 

proteins (25), BSA is expected in the gap between the NRs, which was also independently 

confirmed by Raman spectroscopy (Fig. S19). Based on the volume of the gap and the size of BSA 

in its native state we estimate that a maximum of five folded proteins could fit (Fig. S14). We 

actually expect the number of molecules in the gap to be on the order of just one or a few proteins, 10 

as we have previously shown that only a single BSA binds to a NR at low relative BSA 

concentrations (25), suggesting that single-molecule PCCD should be achievable. Indeed, when 

lowering the BSA concentration by a factor of 100 to achieve a 1:1 NR:BSA mixing ratio, we 

observed the same ensemble and single-particle results as discussed in Fig. 1 and 2 (Fig. S20).  

Our results of enhancing spectroscopic signals of analytes located in plasmonic hotspots are 15 

consistent with surface-enhanced Raman scattering (SERS) (32) but are demonstrated here for 

PCCD. Similarly, single-particle experiments revealed that the ensemble SERS signal arose from 

Raman active molecules located in the hotspots of subpopulations of aggregates, making the 

ultimate detection limit of a single analyte achievable (33, 34). The large electric fields of the 

hotspots are required to amplify a weak Raman scattering cross section. For PCCD, we instead 20 

needed to overcome poor spectral overlap. To illustrate that the achiral dimer in Fig. 2 is not the 

exception, we present another example in Fig. S21. In addition, we confirmed that the PCCD for 

these parallel dimers required BSA by forming achiral NR dimers via NaCl-induced aggregation, 
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which did not exhibit PCCD (Fig. S22). This comparison to random, salt mediated aggregation 

furthermore suggests another role of BSA, as discussed below. 

 

Fig. 2. CDS-active Au-NR dimer-BSA complexes with chiral (A-D) and achiral (E-H) configurations. (A,E) 
HAADF-STEM tilt series images of a chiral dimer (A) and an achiral dimer (E) and the corresponding geometric 5 
models extracted from the tomographic reconstructions. (B,F) Experimental single-particle CDS spectra of the chiral 
dimer (B) from panel A and the achiral dimer (F) from panel E. The experimental spectra are shown with a pink 
envelope that represents the experimental error. (C,G) Simulated scattering spectra of the chiral dimer (C) and achiral 
dimer (G) for incident LCP and RCP light and the corresponding CDS spectra. The insets in panel C show the charge 
plots calculated at 720 nm and 805 nm. The insets in panel G show the charge plots calculated at 618 nm and 670 nm. 10 
The charge plots in panel C and G share the same scale bar. The dashed lines in panel C and D refer to the plasmon 
modes at 720 nm (green) and 805 nm (orange). The dashed lines in panel F and G refer to the plasmon modes at 618 
nm (green) and 670 nm (orange). (D,H) Cross-sectional views of calculated near-field enhancements (|E/E0|2) for the 
chiral dimer (D) at 720 nm and 805 nm, and the achiral dimer (H) at 618 nm and 670 nm. These results demonstrate 
that although the dimer in (E-H) is not chiral based on its geometry CDS is observed and must originate from chiral 15 
BSA molecules located in inter-NR “hotspots”. 
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Analyzing the distributions of CDS activity and creating subensemble averaged CDS spectra 

for the various subpopulations allowed us to directly relate single-particle spectroscopy of a dried 

sample with the solution behavior measured by ensemble techniques. Fig. 3A compares histograms 

of CDS signal for NaCl-induced and BSA-induced NR aggregates. Single NRs with protein 

monolayers are also included as a control and showed no CDS activity. The absence of ensemble 5 

PCCD in NaCl-induced NR aggregates was explained by CDS because a racemic mixture of chiral 

aggregates is created (Fig. S23). Example CDS spectra of two chiral NaCl-assembled dimers with 

opposite handedness are shown in Fig. S24. In contrast, BSA-induced NR-BSA complexes were 

mostly right-handed. These conclusions were further supported by the sub-ensemble averaged 

CDS spectra considering either only the aggregates (Fig. 3B) or all particles present in solution 10 

(Fig. S25). In particular, for the NR aggregate-protein complexes, the dominance of one 

handedness and its sign matched the ensemble solution CD spectrum (Fig. 1A), as well as the 

ensemble CD spectrum taken for a sample deposited and dried on a glass substrate (Fig. S26). 

Although this comparison confirmed our single-particle approach to explain an ensemble level 

effect, we were unable to exclude the possibility that the contributions from structural chirality and 15 

PCCD are different in solution and on a substrate. The single-particle measurements seem to 

indicate that structural chirality is the dominating factor, but the presence of a substrate could bias 

this conclusion and the relative contributions could differ in solution. We indeed have some 

evidence of excitation geometry-dependent chirality (Fig. S27). 

Because the preferred handedness with BSA could be caused by either PCCD or structural 20 

chirality,(20, 21, 23) the geometries of BSA- and NaCl-induced aggregates were compared, 

revealing a higher occurrence of side-by-side NR assemblies for the BSA-induced aggregates (Fig. 

3, C and D, and Fig. S28-S29). These structural differences were derived from electron imaging 
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of samples on planar support, thus leaving open the intriguing question of true BSA-templated 3D 

chiral assembly. A potential scaffolding by BSA to yield chiral assemblies of Au NRs is certainly 

possible based on the reported use of biomolecules as templates for chiral NP assembly. (21, 23, 

35) To conclusively answer this question, we performed cryo-electron microscopy (cryo-EM) 

imaging of NR-BSA aggregates that were frozen from their solution phase conformations. The tilt 5 

series images of an Au NR-BSA aggregate clearly indicate twists among neighboring side-by-side 

NRs (Fig. 3E and Movie S3), strongly supporting chiral templating by BSA. 

 

Fig. 3. Role of BSA in PCCD: connecting the single-particle and ensemble levels. (A,B) Histogram of CDS 
maxima (A) and sub-ensemble averaged CDS spectra (B) obtained from single-particle measurements performed on 10 
single BSA-Au NRs, NaCl-induced NR aggregates, and BSA-induced aggregates. Only the subensemble CDS 
spectrum for BSA-induced aggregates shows an overall signal that matches the ensemble spectrum in Fig. 1A, 
indicating that both the formation of aggregates and the presence of BSA are necessary. (C) BSA mediates a 
predominant side-by-side assembly of gold NRs while more random aggregates were formed by adding NaCl, as seen 
in TEM and SEM images (scale bars: 100 nm). (D) Histogram of the order parameter (Sr) calculated for NR aggregates 15 

created using BSA and NaCl. Sr is calculated according to 𝑆𝑆𝑟𝑟 =
∑ 𝑀𝑀𝑖𝑖
𝑁𝑁𝑛𝑛𝑛𝑛
𝑖𝑖=1

2(𝑁𝑁𝑛𝑛𝑛𝑛−1)
, where Nnr is the number of NRs in the 

aggregate and Mi is the number of side-by-side nearest neighbors for NR i = {1, 2, …, Nnr}. (E) Tomographic tilt 
series of a frozen Au NR-BSA aggregate sample in a transmission electron microscope and the corresponding 
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geometric models. In addition to chirality transfer from BSA molecules in “hotspots”, these results further suggest 
that BSA is responsible in aiding the formation of chiral NR assemblies.  
 
 

In summary, we used a single-particle approach to unravel the origin of chirality from NP-5 

protein complexes. Based on CDS measurements with correlated tomographic reconstruction and 

electromagnetic simulations, we demonstrate that only aggregated NR-BSA complexes are CD 

active. Based on cryo-EM and Raman spectroscopy, we can further conclude that BSA-induced 

nanoparticle aggregation creates chiral nanostructures in solution, as well as hotspots for strong 

coupling between chiral proteins and surface plasmons, i.e. PCCD. Both effects may work 10 

synergistically by creating superchiral near-fields (28). The role of BSA is not simply a chiral 

chromophore but also appears to affect the assembly of the chiral NR-protein complexes.  
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