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Abstract

Serum albumin can template gold nanorods into chiral assemblies, but the aggregation
mechanism is not entirely understood. We used circular dichroism (CD) spectroscopy and
scanning electron microscopy to investigate the role of protein identity/shape, protein/nanorod
ratio, and surfactants on chiral protein-nanorod aggregation. Three globular proteins - serum
albumin, immunoglobulin, transferrin - produced similarly sized chiral protein-nanorod
aggregates. In solution these aggregates exhibited CD at the plasmon resonance that switched
direction at specific protein/nanorod concentration ratios. Our explanation is that the extent of
protein crowding influences protein conformation and therefore protein-protein interactions,
which in turn direct nanorod aggregation into preferentially left- or right-handed structures. The
fibrous proteins fibrinogen and fibrillar serum albumin also produced chiral nanorod aggregates,
but did not exhibit a ratio-dependent switch in CD direction. Further, cetyltrimethylammonium
bromide (CTAB) micelles prevented all aggregation, providing compelling evidence that
protein-protein interactions are crucial for chiral protein-nanorod aggregate formation. The
protein-dependent variations in CD and aggregation reported here present opportunities for

future chiral nanostructure engineering and biosensing applications.
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Introduction

Scientists have used various chemical and physical techniques to engineer plasmonic
nanostructures over the past three decades.!™ Chiral plasmonic nanostructures have shown great
potential for use in electronic devices,’ biosensors,*!? and catalysis.'*!7 Due to the limited
scalability of both top-down nanostructure fabrication techniques such as electron-beam
lithography,'® and bottom-up DNA-templated nanoparticle assembly,'* ! the assembly of achiral

nanoparticles using naturally occurring chiral molecules is rapidly increasing.?’! Cellulose
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crystals, organic nanofibers, amino acids, and peptides, can be used to arrange

plasmonic nanoparticles into chiral configurations.*’” For example, Tang and coworkers
assembled gold nanorods (AuNRs) into 3D end-to-end nanochains with the aid of cysteine
enantiomers because cysteine experiences preferential electrostatic attraction to AuNR tips.>®
Other peptide templates were used to self-assemble achiral gold nanoparticles into helical

superstructures, 436 39-43



Proteins are promising candidates for enabling nanoparticle assembly, but the mechanism
of how they act as templates is not entirely understood.***¢ Proteins readily adsorb to

nanoparticles, modifying the nanoparticles’ surface chemistry and physical properties.*6->°

47,48

Nanoparticles can also affect the protein’s conformation and function, and can cause both

protein and nanoparticle aggregation that may produce new chiral nanostructures.*% 312 For
example, bovine serum albumin (BSA) forms a protecting monolayer on AuNRs when the
BSA/AuNR ratio is ~200K but instead AuNR aggregation occurs at BSA/AuNR ratios of ~50
because non-crowded BSA unfolds on the AuNR surfaces.*® Additional reports suggest that
serum albumin induces chiral AuNRs assemblies with abundant twisted side-by-side

geometries, #4353

One complication in interpreting the mechanism driving protein-nanostructure
aggregation is that CD at the plasmon resonance can arise from both structural chirality of the
nanoparticles as well as from plasmon-coupled CD (PCCD), in which the chirality of the protein
is transduced into a chiral signal at the plasmon resonance.’*>” Cryo-transmission electron
microscopy (TEM) characterization has provided evidence that serum albumin templates AuNR
into structurally chiral assemblies.*>:>* Zhang et al. identified contributions of PCCD in addition
to structural chirality in BSA-AuNR aggregates, using a combined approach of single-particle
CD spectroscopy, electron tomography, and electromagnetic simulations.* Interestingly,
changes in chiroptical sign were observed for assemblies of CTAB-stabilized AuNRs interacting
with serum albumin as parameters such as pH, protein surface charge, and solvent composition
were varied.** > Wang et al. reported opposite ensemble CD signs from AuNR aggregates
formed with serum albumin from different species, and their cryo-TEM reconstructions revealed

twisted AuNR assemblies with opposite handedness.’® The opposite signs were attributed to



differences in surface charge density among the different serum albumins. These findings
suggest an important role of surface charge and chemical environment on the fate of protein-

AuNRs assemblies and perhaps on the underlying mechanisms.

Some parameters that are especially worth exploring are protein identity, surface charge,
protein/AuNR molar ratio, and AuNR ligands.*® *%° There is limited information about chiral
aggregates produced by serum proteins besides BSA and human serum albumin (HSA).** >3
Protein shape, charge, and primary/secondary structure might drive AuNR aggregation through
unique pathways or result in different chiral assemblies. Previous work suggests that protein
density on AuNR surfaces is crucial to the aggregation process and influences the chiroptical
signal exhibited by protein-AuNR assemblies.*** Furthermore, nanoparticle functionalization
can critically affect protein-nanoparticle interactions, often in the context of ligand charge.®!-%>
Although both covalently and non-covalently bound AuNR ligands are studied in the literature,
covalently-functionalized AuNRs are more promising for biological applications due to their
decreased toxicity and higher cellular uptake than the commonly-used stabilizing surfactant
CTAB.% Nevertheless, because AuNRs are frequently stabilized by ligands that are not
covalently attached,*-** a protein’s interaction with free ligands is important to consider. CTAB,

a common surfactant that stabilizes AuNRs through van der Waals forces,** forms micelles that

may influence protein stability and protein-AuNR interactions.*’

Here, we report the use of extinction and CD spectroscopy combined with scanning
electron microscopy (SEM) to address the following fundamental questions about chiral protein-
nanoparticle assembly: (1) Are BSA and HSA unique in their ability to produce chiral protein-
nanoparticle assemblies? (2) Is the handedness of the chiral protein-AuNR assemblies tunable?

(3) Are there other parameters such as stabilizing agents that impact protein-AuNR assembly?



We examined the globular proteins HSA, immunoglobulin G (IgG), and transferrin (Tf) as well
as the fibrous proteins fibrinogen (Fib) and fibrillar serum albumin. We evaluated the CD,
aggregate size, and side-by-side ordering for all protein-AuNR assemblies to probe the effect of
changing the protein/AuNR ratio, protein identity, and protein shape on the formation of chiral
aggregates. Finally, we studied the effect of CTAB concentration on the CD from protein-AuNR

assemblies to gain further insight into protein-AuNR interactions.

Methods

Materials. HSA (fraction V, 12668), IgG (from bovine serum, 15506), Tf (human,
T3309), Fib (from human plasma, F3879), CTAB, cetyltrimethylammonium chloride (CTAC),
0.100 M phosphate buffer, and sodium citrate salt were acquired from Millipore-Sigma.
Mercaptoundecyltrimethylammonium bromide (MUTAB)-functionalized AuNRs (C12-40-650-
TMU-DIH-50-1, manufacturer-reported dimensions: 40 x 80 nm) were purchased from
Nanopartz. MUTAB-AuNRs, rather than CTAB-AuNRs, were necessary because some
experiments required CTAB-free conditions, and the covalent modification protected AuNRs
from aggregating in the buffer conditions. 5 M sodium chloride was obtained from Gibco. All
samples were prepared in Biopur Eppendorf Lo-Bind centrifuge tubes.

Sample preparation. All protein solutions were reconstituted as 10 mg/mL stock
solutions from lyophilized powder in 1 mM phosphate buffer at room temperature. Solutions
were stored on ice while not in use. Less concentrated solutions were diluted from the stock
solution. Protein concentrations ranged from 7.5 uM (protein/AuNR = 140K) down to 27 pM
(protein/AuNR = 0.51). The AuNR concentration was calculated based on the stock solution’s

concentration, reported by the manufacturer. CTAB and CTAC solutions were prepared with



Millipore water. For every CD experiment, two solutions—AuNR/surfactant (e.g., 3.5 pL AuNR
from the stock solution + 96.5 pL 0.1 mM CTAB in water) and protein/buffer—were separately
prepared a few minutes before each measurement. 100 pL of protein/buffer was added to 100 puL
AuNR/surfactant, and the combined solution was mixed by lightly shaking, transferred toa 1 cm
cuvette, and measured immediately. For most protein/AuNR ratios investigated, samples
contained a final concentration of 0.5 mM phosphate buffer, 53 pM AuNR, and 0.05 mM CTAB
or CTAC. This CTAB/CTAC concentration is lower than the critical micelle concentration
(CMC) of ~0.92 mM.% To test the influence of surfactant concentration and phase, the amount
of CTAB or CTAC was varied both below and above the CMC. Additional details can be found
in the Supporting Information (SI).

HSA fibrils were produced using a protocol adapted from the literature.®**” A 20 mg/mL
HSA solution in 10 mM phosphate buffer was heated to 65 degrees Celsius for 48 hours. HSA
fibrils were characterized via CD and fluorescence spectroscopy and fluorescence microscopy as
described in the SI. The quantity of HSA fibrils is described in terms of the absolute
concentration of HSA, which was estimated by comparing its absorbance at 280 nm to native
HSA because the determination of the fibril concentration is challenging due to fibril size
heterogeneity.

Extinction and CD spectroscopy. Baseline-corrected CD and extinction spectra were
collected on a J-815 JASCO CD spectrometer. The AuNR-containing spectra shown in both the
main text and SI were collected using the following parameters: 1 cm path length quartz cuvette,
200 nm/min scan rate, 10.0 nm bandwidth, 1.0 nm data pitch (one data point was collected per
1.0 nm), 1 sec digital integration time (DIT), 3 scans to average over a wavelength range of 200-

850 nm. Each measurement took 10 min to complete. Extinction and CD magnitude decreased



over time,* but otherwise did not change significantly over the three acquisitions. When
collecting protein-only spectra in the ultraviolet spectral range, the parameters were changed to:
1 cm path length quartz cuvette, 50 nm/min scan rate, 2.0 bandwidth, 1.0 data pitch, 1 sec DIT, 3
scans to average over a wavelength range of 200-250 nm. Additional data collection details are
available in the SI.
Spectra were processed using a home-written code in MATLAB. The instrument
calculates CD (44) and extinction (4) based on the following equations:
A4 = Ar-cr— Ar-cpL (1)
A = (Ar-crL + ArcrL) / 2 (2)
Arr-cpr 1s the extinction of left- or right-handed circularly polarized light (CPL). It is worth
noting that AuNRs are strong scatterers and thus the CD we report is the combination of
absorption and scattering of incident CPL. The instrument reports CD in millidegrees (mdeg),
and extinction is unit-less. We normalized all protein-AuNR extinction spectra to the AuNR-only
extinction at 400 nm, which corresponds to Au’s inter-band transitions as an indicator of Au
concentration. We also presented the CD spectra using Kuhn’s dissymmetry, or g-factor.®® First,
we converted CD to the appropriate absorbance “units” (32980 mdeg = 1 absorbance “unit”), and
then calculated the g-factor with the following equation:
g=44/4 (3)
Note that we used the raw, not normalized, extinction values for this calculation. In addition to
extinction, CD, and g-factor spectra, the maximum g-factor values observed for the shortest
wavelength major CD peak, between 600-700 nm, were extracted from the spectra of protein-

AuNR assemblies to be presented as a function of protein or surfactant concentration.



SEM. Samples were prepared on indexed indium tin oxide substrates. We marked the
substrates by evaporating a 20-nm Ti layer on glass slides with an attached index grid (Structure
Probe, Inc.) and subsequently removing the grid. The slides were sonicated in Liquinox and
ethanol for 7 min each, followed by drying with nitrogen gas. Slides were plasma cleaned for 3
min under oxygen (PDC-32G; Harrick Plasma; medium power). Protein-AuNR solutions were
mixed and incubated for 30 sec before 50 pL was drop-casted onto a cleaned slide and spin-
coated for 1 min. The remaining 150 uL solution was transferred to a cuvette to collect the CD
spectrum (~90 sec after the initial mixing). The SEM images were collected on an FEI Helios
NanoLab 660 DualBeam system.

Protein-AuNR aggregates were analyzed based on number of AuNRs per aggregate and
side-by-side ordering using a previously defined method.*> % Comparisons were performed
using the two-sample Kolmogorov-Smirnov (K-S) test for non-normal data reported in the

Supporting Information.

Results and Discussion
Globular Serum Proteins Produce Similar Chiral Protein-AuNR Aggregates

HSA induced AuNR aggregation to produce CD-active complexes with the HSA/AuNR
ratio affecting CD magnitude and direction. Figure 1 illustrates the extinction, CD, and g-factor
spectra of HSA-AuNR aggregates at varied HSA/AuNR ratios. The g-factor reports CD
normalized by extinction, as defined in the Methods section. Note that our reported CD
represents the differential extinction, rather than true absorption of circularly polarized light due
to the fact that AuNRs are strong scatterers. The AuNR concentration was held constant at 53

pM, while the HSA concentration was varied between 0 and 3.75 uM to tune the HSA/AuNR



ratio, while remaining far below the physiological concentration of ~650 uM associated with
stable colloids.” The extinction and CD spectra of pure AuNRs matched expectations for
monodisperse AuNRs.”'”72 For these AuNRs, we observed localized surface plasmon resonances
at 669 and 519 nm (Figure 1A) and the absence of CD (Figure 1B-C). In Figure S1, we show the
size analysis of AuNRs having averages dimension of 36 x 79 nm. Redshifted extinction seen at
HSA/AuNR = 71K indicates the adsorption of HSA on the AuNR surface.*® At HSA/AuNR
ratios of 14K to 710, AuNR extinction decreased and further redshifted, which is consistent with
aggregation.*** Additionally, CD developed with a negative peak at ~610 nm and a positive
peak at ~780 nm. This bisignate lineshape is described as a positive Cotton effect.”® The
extinction and CD spectra together suggest the formation of HSA-AuNR aggregates.**** The
largest negative CD occurred when HSA/AuNR = 1.4 K. For this range of HSA/AuNR ratios,
the spectral shape of the CD and the trend with changing protein concentration are consistent

with previously published work.*-46
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Figure 1: HSA induces AuNR aggregation and the chiroptical signal is modulated with

the HSA/AuNR ratio. (A) Extinction, (B) CD, and (C) g-factor spectra of HSA-

AuNR aggregates at HSA/AuNR ratios ranging from 71K to 710. (D) Extinction, (E) CD, and
(F) g-factor spectra of HSA-AuNR aggregates at lower HSA/AuNR ratios ranging from 290 to
14. Note the different y-axis scales in panels B&E and C&F. All samples were measured ~30 sec
after HSA and AuNRs were combined and contained 0.5 mM phosphate and 0.05 mM CTAB.
Extinction spectra were normalized at 400 nm to the AuNR-only sample. The noise observed at
wavelengths longer than 700 nm was due to the decreased sensitivity of the detector and the low
intensity of the Xe lamp. HSA’s crystal structure in panel A was obtained from the Protein Data

Bank (1BM0).7*

Interestingly, we observed that the HSA-AuNR complexes had the opposite CD sign
when the HSA/AuNR ratio was lowered below 710. Figure 1D-F shows the extinction, CD, and
g-factor spectra for HSA/AuNR ratios ranging from 290 to 14. When the HSA/AuNR ratio was
lowered from 710 (Figure 1B) to 290 (Figure 1E), the chiroptical signal at ~650 nm flipped from
negative to positive. In this HSA/AuNR ratio regime of 290 to 14, the complexes produced a
bisignate lineshape with maximum CD at ~620 and minimum CD at ~800 nm, illustrating a
negative Cotton effect.”> As observed for the HSA/AuNR ratios > 710, the samples with the
largest CD generally exhibited the lowest extinction and the most redshifted extinction maximum
compared to the HSA/AuNR = 0 control, indicating aggregation.***> The largest positive CD
magnitude occurred at HSA/AuNR = 290. The aggregates with a positive Cotton effect (Figure

1C) had larger g-factors than those displaying a negative Cotton effect (Figure 1F). In the
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following discussion, we refer to the protein/AuNR ratio at which a CD sign reversal occurred as
the “critical concentration ratio.”

The observed CD behavior for the entire range of HSA/AuNR ratios studied was
reproducible. In Figure S2, we summarize the results for four HSA/AuNR concentration ratio
experiments performed, twice with CTAB and twice with CTAC. The use of CTAB versus
CTAC will be further discussed below. Our reproducible observations of a sign flip at a critical
concentration ratio are consistent with an earlier report. Shinmori et al. reported a sign flip when
they monitored the CD of CTAB-stabilized AuNRs with varying concentrations of HSA in a
solution containing 20% acetonitrile.** They also observed a change in CD sign when the
fraction of acetonitrile was varied and suggested the preferential production of oppositely-
handed chiral structures because of a decrease in electrostatic repulsion of CTAB molecules
from the AuNR surface in acetonitrile.

Like HSA, IgG and Tf also produced chiral AuNR aggregates that experienced a change
in CD sign at a critical concentration ratio. We tested protein/AuNR ratios ranging from 0 to 7.5
uM (below physiological conditions for IgG of ~70 uM and Tf of ~35 pM’°). The extinction and
g-factor spectra of IgG and Tf are given in Figure 2. Again, the two columns show protein-
AuNR complexes above and below the critical protein/AuNR ratio at which the CD sign
inverted. The majority of IgG- and Tf-AuNR extinction spectra exhibited redshifts and decreased
magnitudes compared to AuNRs without proteins, indicating AuNR aggregation.*** Although
extinction differed between IgG and Tf, the observed CD trends were similar. IgG’s maximum
negative and positive g-factors observed at the shorter wavelength peak occurred when
IgG/AuNR = 29K (Figure 2B) and 1.4K (Figure 2D), respectively. Tf’s maximum negative and

positive g-factors arose when Tf/AuNR = 7.1K (Figure 2F) and 290 (Figure 2H), respectively.

12



The IgG-AuNR aggregates in Figure 2D showed evidence of an additional sign flip back to a
positive Cotton effect at [gG/AuNR < 140, but the magnitude of this signal was minimal
compared to the other regimes of I[gG/AuNR ratio. It is worth noting that at protein/AuNRs ratios
> 71K, HSA forms a stabilizing layer around the AuNRs and results in the observation of no CD
signal (Figure 1A-B), while IgG and Tf continue to destabilize the AuNRs and produce chiral

aggregates at the highest protein concentrations tested (Figure 2A-B&E-F).
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Figure 2: IgG and Tf induce AuNR aggregation and the chiroptical signal is modulated

with protein/AulNR ratio. (A) Extinction and (B) g-factor spectra of [gG-AuNR aggregates
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at [gG/AuNR ratios of 140K to 7.1K. (C) Extinction and (D) g-factor spectra of 1gG-

AuNR aggregates at lower IgG/AuNR ratios of 2.9K to 14. (E) Extinction and (F) g-

factor spectra of Tf-AuNR aggregates at Tf/AuNR ratios of 140K to 2.9K. (G) Extinction, and
(H) g-factor spectra of Tf-AuNR aggregates at lower Tf/AuNR ratios of 1.4K to 14. Note the
different y-axis scales in panels B&D and F&H. All samples were measured ~30 sec

after proteins and AuNRs were combined and contained 0.5 mM phosphate and 0.05 mM CTAB.
Extinction spectra were normalized at 400 nm to the AuNR-only sample. The IgG and Tf crystal

structures in (A) and (E) were obtained from the Protein Data Bank (1IGT & 2HAV).”>7

HSA, IgG, and Tf experienced similar CD behavior as the protein/AuNR ratio was
varied. In Figure 3, we summarize the maximum g-factors generated by protein-AuNR
aggregates as a function of the protein/AuNR ratio. The reported values are the average of the
maximum absolute g-factors (positive or negative), and the error bars quantify the standard
deviation from triplicate trials. Sample-to-sample magnitude variation is attributed to the non-
equilibrium nature of the aggregation. HSA, IgG, and Tf all produced protein-AuNR complexes
with negative Cotton effects below the critical protein/AuNR ratio and positive Cotton effects
above. HSA exhibited the CD sign crossover at HSA/AuNR = ~400, while for IgG and Tf the
sign flipped between protein/AuNR = ~2K and ~4K, an order of magnitude higher than for HSA.
The absolute magnitude of the g-factor varied from protein to protein but was of the same order.
Among multiple trials with either CTAB or CTAC (Figure S2), HSA consistently produced the

largest negative signal compared to IgG and Tf (g = -.004 versus -.001 and -.002).
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Figure 3: Maximum g-factor for varying protein/AuNR ratios. The largest g-factor
magnitude and sign for the major short-wavelength maximum or minimum between 600 and 700
nm as a function of protein/AuNR ratio for (A) HSA, (B) IgG, and (C) Tf. Values and error bars

represent the mean and standard deviation of triplicate data.

The entire protein/AuNR ratio study was performed at least three times, twice with
CTAB and at least once with CTAC, to show that the observed behaviors were reproducible
(Figure S2). The trend of positive CD at lower protein/AuNR ratios and negative CD at higher
ratios remained consistent. The close match observed for CTAB and CTAC suggests that if the
surfactants’ presence affected the aggregation, they did so in the same fashion.

SEM analysis suggests that globular protein-AuNR aggregates were similar even when
protein/AuNR ratio and protein identity were varied. Previous work applied SEM to characterize
AuNR aggregate geometries and identified different structural patterns for AuNRs aggregated
with salt versus protein.*>% Here, we similarly characterized protein-AuNR aggregates at the

protein/AuNR ratios that produced the largest positive and negative g-factors using SEM (Figure
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4) to determine whether the changes in optical chirality correlate with structural patterns. AuNR
aggregates existed in varying geometries, including side-by-side AuNR arrangements. We
assessed distributions of the number of AuNRs per protein-AuNR aggregate (Figure 4C, F, &I;
Tables S1&S2) as well as side-by-side ordering per aggregate® (Figure S3) and observed no
apparent correlation between aggregate size and ordering with the CD sign observed from

protein-AuNR aggregates. Further details and discussion are available in the SI.
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different than in C and F. These protein/AuNR ratios were selected because they produced the
largest g-factors. The associated extinction and g-factor spectra, which were collected ~1 min
after the samples were spin-cast onto the substrate, are available in Figure S4A-C. Each

sample’s mean, standard deviation, and N is reported in Table S2.

Our results not only demonstrate that IgG and Tf, in addition to HSA, produce chiral
AuNR assemblies, but also suggest that the three globular proteins follow a similar aggregation
mechanism. HSA, IgG, and Tf all exhibited a CD sign reversal at unique, critical protein/AuNR
ratios, and the aggregates they formed had indistinguishable aggregate sizes (Figure 4, Table S1).
We postulate that these similarities occurred because HSA, IgG, and Tf share several
characteristics: they are globular and have a net negative charge.”” HSA contains primarily a-
helical secondary structure,” Tf contains a-helical and B-sheet structures,” and IgG contains
primarily B-sheets.’® Figure S5 shows that HSA, IgG, and Tf all have negative CD in the far UV
spectral region, as is expected for both a-helical and B-sheet structures. The shapes of HSA and
Tf are also fairly similar: HSA (Figure 1A inset) is described as a triangular prism (roughly 8 x 8
x 3 nm)’® with a hydrodynamic radius of 3.5 nm.*° Tf (Figure 2E inset) has two lobes (2.1 x 2.5 x
3.5 nm per lobe)” and overall a 3.7 nm hydrodynamic radius.®’ IgG’s Y-shape (Figure 2A inset)
is distinct (14.5 x 8.5 x 4.0 nm),*! though globular, with a hydrodynamic radius of 5.5 nm.*?
Shinmori et al. previously reported that globulin produced chiral AuNR aggregates,** but to our
knowledge, our study presents the first in-depth comparison of different serum proteins

templating AuNR assembly as a function of protein/AuNR ratio.

Fibrous Fibrinogen Aggregates Template AuNR Assembly Without a Sign Flip

17



Like the globular proteins, Fib also induced chiral AuNR assembly. However, Fib
experienced a different variation in CD sign as the protein/AuNR ratio was tuned compared to
the globular proteins. Unlike the globular proteins, Fib is fibrous with a long, rod-like shape (~47
nm length, ~9 nm diameter) and it is twice as large as the largest globular protein, IgG (340 kDa
versus 150 kDa).?!-# Fib’s extended length exceeds and approaches the 36 nm width and 79 nm
length of the AuNRs. Figure SA-B shows that Fib-AuNR complexes produced no CD when
Fib/AuNR > 21K and negative Cotton effects when Fib/AuNR < 5.1K. This result contrasts with
the globular proteins, which produced positive Cotton effects for protein/AuNR > ~1K. Fib-
AuNR complexes also exhibited negative Cotton effects at even lower Fib/AuNR ratios (< 340,
Figure 5C-D). The maximum g-factor, ~0.005, occurred at Fib/AuNR = 510 and surpassed the
magnitude of the globular protein-AuNR complexes with negative Cotton effects. Although there
was some variability in CD at Fib/AuNR ratios < 510 (Figure S2), Fib-AuNR complexes
reproducibly gave negligible CD or negative Cotton effects at Fib/AuNR ratios > 510. Moreover,
at Fib/AuNR ratios > 21K (> 1 uM, approaching Fib’s physiological concentration of ~6 pM),”
extinction spectra suggest that AuNRs aggregate, but no net CD was observed (Figure SA-B).
We found that when Fib/AuNR = 5, Fib did not create chiral NRs assemblies (Figure 5C-D).
This observation is consistent with globular protein-AuNR aggregates in the lowest

concentration ratio range.
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15). Fib’s crystal structure shown in panel A was obtained from the Protein Data Bank
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Fib further distinguishes itself from the globular proteins based on its ability to produce
CD when salt was present. The lyophilized Fib used contained ~25% sodium chloride and ~15%
sodium citrate, while the globular proteins were salt-free. We mimicked these salt conditions and
performed a side-by-side study of HSA-AuNR aggregation with and without salt and found that
the salt prevented the formation of CD (Figure S6). This result suggests that the presence of salt
does not explain Fib’s distinct aggregation behavior. Further, it implies that Fib more efficiently
produced CD-active protein-AuNR aggregates than HSA.

SEM characterization of Fib-AuNR aggregates prepared at Fib/AuNR = 510, when the g-
factor was maximized, revealed a distinct morphology compared to the globular proteins. Unlike
the globular protein-AuNR aggregates shown in Figure 4, AuNRs adsorbed to dark fibrous
superstructures (Figure 5E). These fibrous superstructures were also present in the absence of
AuNRs, indicating that the AuNRs are not responsible for these architectures (Figure S7). Based
on their large size, which exceeded the 47 nm length and 9 nm width of a single Fib molecule,®*
these superstructures must be aggregates of several Fib proteins. Fib-AuNR aggregates exhibited
a larger range of aggregate sizes (mean value = 20.0 AuNRs per aggregate, Figure 5F) than
globular protein-AuNR aggregates (mean values varied between 2.9 and 9.0 AuNRs per
aggregate, Figure 4), likely due to the large size of the fibrous Fib superstructures. Further, the
Fib-AuNR complexes qualitatively appeared more spread apart, which could explain their
decreased side-by-side ordering (Figures S3, S8) compared to the globular proteins that created
more compact, smaller aggregates.

Interestingly, previous studies of AuNR dimers with defined geometries indicate that the
longitudinal surface plasmon resonance coincides with the zero crossing of the bisignate CD in

both PCCD-active and structurally chiral dimers.'3 83-% In the current work, there are small shifts
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between the plasmon resonance and zero crossing of the bisignate CD, likely indicating
heterogeneity among aggregate geometry and/or protein conformation. Specifically, we observed
the zero crossing of the bisignate CD is blue shifted for the Fib-AuNR samples, particularly for
the low Fib/AuNR ratio. Increased heterogeneity is also consistent with the SEM images

showing less defined aggregates.

Fibrillar HSA Provides Insight on Globular versus Fibrous Protein-AuNR Aggregation

To better understand the structural role of globular and fibrous protein architectures in
protein-AuNR aggregates, we induced fibrillation in one of the globular proteins (HSA) and
compared its behavior after mixing with AuNRs to globular protein-AuNR and Fib-AuNR

66-67 and

aggregates. Numerous studies have established HSA as a model protein for fibrillation,
we confirmed the successful formation of HSA fibrils using a variety of techniques (Figure S9).
We performed native and fibrillar HSA-AuNR experiments side-by-side and found that
their chiroptical behavior differed. As with the other protein samples, we varied HSA fibril
concentration via dilutions in the buffer. The concentration of HSA in the HSA fibril solutions
was estimated based on the sample’s absorbance at 280 nm and was compared to native HSA at
matched concentrations. The true concentration of fibrils is challenging to estimate due to fibril
size heterogeneity. Fibrillar HSA-AuNR aggregates showed attenuated g-factors compared to
native HSA, and the positive Cotton effect g-factors at HSA/AuNR ratios >2000 were absent
(Figure 6A). Figure 6A summarizes the maximum g-factor of native and fibrillar HSA-AuNR
mixtures as a function of the HSA/AuNR ratio within the spectral range of 600-700 nm. Native

HSA reproduced the behavior described in Figure 3A, i.e. negative g-factors (from positive

Cotton effects) at HSA/AuNR = 720-2800 and positive g-factors (from negative Cotton effects)
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at HSA/AuNR = 72-280. A small negative g-factor tended to appear at even lower HSA/AuNR
ratios (Figure 6A, HSA/AuNR <100), a behavior that was also noted in the IgG-AuNR
aggregates (Figure 2D). In contrast, the HSA fibril samples exhibited negligible g-factors at
HSA/AuNR = 1400-2800, positive g-factors from negative Cotton effects at HSA/AuNR = 280-
720, and negative g-factors from positive Cotton effects at HSA/AuNR = 28-140. The exact
HSA/AuNR ratio at which the maximum g-factor within each concentration regime occurred
varied from sample to sample. We therefore report the largest g-factor produced per sample in
each protein/AuNR ratio regime in Figure 6B as a bar chart, in which the values and error bars
represent the mean and standard deviation of triplicate data. Native HSA-AuNR aggregates
always showed significantly larger g-factors than fibrillar HSA-AuNR aggregates in the highest
two protein/AuNR ratio regimes. For HSA/AuNR = ~2000, native HSA-AuNR aggregates gave
g-factors on the order of 0.003 while fibrillar HSA-AuNR aggregates displayed negligible g-
factors. When HSA/AuNR = ~500, the native HSA-AuNR aggregates produced a mean g-factor

that was ~6 times larger than that of the fibrillar HSA-AuNR aggregates.
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700 nm in native and fibrillar HSA-AuNR aggregates as a function of HSA/AuNR ratio. Data
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Maximum g-factors achieved per data set as the exact concentration of the maximum signal
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and standard deviation from triplicate experiments. (C-D) Representative SEM micrographs

for fibrillar HSA-AuNR aggregates when HSA/AuNR = 2800 (C) and 710 (D). The 2800 ratio
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produced a positive Cotton effect with the native HSA, but gave no CD here. The 710 ratio
yielded an attenuated negative Cotton effect. Corresponding CD spectra are given in Figure
S4E. (E-H) Histograms comparing the number of AuNRs per protein-AuNR aggregate, as
determined via SEM: (E) Comparing fibrillar HSA at the HSA/AuNR ratios imaged in panels
C and D (2800: N =34, mean =4.9; 710: N = 83, mean = 6.5; K-S test: p =0.02,
distinguishable); (F) Comparing fibrillar HSA (2800) to Fib (510), shown in Fig. SF (N =47,
mean = 20.0; K-S test: p = 0.00, distinguishable); (G,H) Comparing fibrillar and native HSA-
AuNR aggregates at relatively high (native HSA 1400: N =35, mean = 6.8; p = 0.15,
indistinguishable) and low concentrations (native HSA 140: N = 44, mean = 5.8; p = 0.01,
distinguishable). Buffer conditions for all samples shown were 0.5 mM phosphate and 0.05

mM CTAB. A summary of statistical values is provided in Tables S1&2.

The fibrillar HSA-AuNR aggregates are comparable to the Fib-AuNR aggregates based
on chiroptical behavior and morphological features. HSA fibrils and Fib did not produce
negative g-factors from positive Cotton effects for protein/AuNR > 5100, but they showed CD at
lower protein/AuNR ratios (Figures 5A-B & 6A). Figure 6C-D shows representative SEM
micrographs of fibrillar HSA-AuNR aggregates when HSA/AuNR = 2800 and 710, with
associated spectra given in Figure S4E. The low contrast dark shapes visible for fibrillar
HSA/AuNR = 2800 were like those observed in Fib-AuNR aggregates (Figure 5E), although the
fibrillar HSA structures were more compact while the Fib superstructures were long and thin.
Further, Fib-AuNR aggregates were significantly larger than fibrillar HSA-AuNR aggregates

(Figure 6F, means = 20.0 and 4.9, respectively; K-S test: p = 0.00).
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The fibrillar HSA-AuNR aggregates at HSA/AuNR = 2800 and 710 exhibited different
chiroptical behavior and aggregate morphology. The fibrillar HSA/AuNR = 710 aggregates
produced CD and were morphologically like the globular protein-AuNR aggregates in Figure 4
that featured tightly packed AuNR clusters. The fibrillar HSA-AuNR aggregates at the 2800 ratio
possessed fewer AuNRs per protein-AuNR aggregate than at the 710 ratio (Figure 6E, means =
4.9 and 6.5; K-S test: p = 0.02). Comparisons of the native and fibrillar HSA-AuNR aggregate
sizes are described in Figure 6G-H, which revealed that at the lower HSA/AuNR ratio tested,
fibrillar HSA-AuNR aggregates were bigger than native HSA-AuNR aggregates, while at the

higher concentration the number of AuNRs per protein-AuNR aggregate was similar.

Chirality Origins in Protein-AulNR Aggregates

The change in CD sign and magnitude observed as the globular protein/AuNR ratio was
tuned (Figure 3) suggests that protein-AuNR aggregate CD depends on protein density. A
protein’s conformation can be influenced by the crowded nature of its environment in solution
and at surfaces.”*° Varied orientations and conformations of surface-adsorbed proteins can
expose different structural motifs that change the protein’s interaction with its environment.”**!
Protein density also influences nanomaterial stability.”?> HSA and Tf are present at
concentrations of ~600 pM and ~30 pM in the human body.”® At concentrations closer to
physiological conditions than those studied in this report (7.5 uM), HSA and Tf can form a
monolayer on the nanoparticles that protects against aggregation.”>**® Note that we quote
absolute protein concentrations because protein/nanoparticle ratios may not be directly
comparable for particles of different shapes and sizes. The phenomenon of protein-induced

nanoparticle aggregation at lower protein/AuNR ratios has been attributed to increased protein
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unfolding due to decreased crowding on the surface of the nanoparticles.*® > Therefore, we
suggest that the switch in CD sign observed at a critical protein/AuNR ratio is related to changes

in protein conformation occurring because of the presence or absence of protein crowding.

Biomolecule-nanoparticle systems produce CD by two major mechanisms: interactions
between the plasmons of nanoparticles oriented in chiral geometries (structural chirality)®’-1°!
and chiral molecular charge motion inducing chirality in the plasmon oscillation, yielding a
chiroptical signal (PCCD).>* > 191 Although chiral molecules can template nanoparticle
assemblies with preferential handedness, CD attributed to structural chirality relies only on

nanoparticle properties such as size, inter-particle separation, and twist angle.”” In contrast,

PCCD’s magnitude also relies on the chiral molecule’s properties such as quantity,'*

54-55 37,57, 85

orientation, and, in many cases, presence within a hotspot between two nanoparticles.
Systems that have produced strong PCCD were carefully engineered to meet these criteria, such
as discrete nanoparticles functionalized with self-assembled monolayers of chiral molecules and

AuNR assemblies with uniformly oriented chiral molecules within the gaps.?® 8% 103

Structural chirality is a likely contributor to the ensemble CD from protein-AuNR
aggregates reported here because of the anisotropic nature of AuNRs and literature evidence of
structurally chiral protein-AuNR assemblies,> but PCCD could equally play a role.*’ Cholate-Ag
nanosphere aggregates have previously been shown to exhibit strong CD attributed to the PCCD
mechanism,’” while the CD from nanochains consisting of anisotropic AuNRs linked by
thiolated biomolecules has been attributed to both PCCD?®: 193-1% and structural chirality.!% In
addition, DNA origami, a tool used to engineer chiral assemblies, was used to synthesize AuNR
dimers that produced CD via both structural chirality and PCCD, and the CD magnitudes of both

mechanisms were comparable.!’! However, other theoretical'® and experimental®® work suggest
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that structural chirality contributes more significantly to net CD than PCCD in systems that
feature anisotropic particles. Wu et al. calculated PCCD and structural chirality in simulated
molecular-nanoparticle systems and found that structural chirality contributed more significantly

to the overall CD signal when the two mechanisms compete in the same systems.'%

The observed change in CD sign as the globular protein/AuNR ratio was varied suggests
the competition of two processes that are governed by protein crowding and conformation.
Supporting this hypothesis are findings that for fibril-templated AuNR assemblies, different
Cotton effects were observed when the AuNR aspect ratio was changed.!”” Wang et al. reported
based on cryo-TEM that serum albumin-AuNR aggregates were arranged into structurally chiral
assemblies with opposite handedness and similarly opposite Cotton effects.>® Also, Hou et al.
showed that AuNR aggregates display opposite Cotton effects due to changes in the twist angle
between the AuNRs when L-cysteine selectively adsorbs to AuNR sides versus tips.!? Thiols
experience a concentration-dependent preference for AuNR sides and tips.'*!1° Because HSA
contains a free thiol, it is possible that preferential protein adsorption to tips versus sides at
different concentrations and hence different conformations might play a role in directing the
chirality of HSA-AuNR aggregates. On the other hand, studies have shown that the PCCD sign

flips due to changes in the chiral molecule’s orientation.>*>> 111

Based on these literature examples that are most similar to our work, we assign structural
chirality to be the dominant contributor to our current, ensemble-level observations, but we
acknowledge that PCCD cannot be ruled out without further exploration. The observed sign flip
likely indicates that different protein conformations under varying conditions of crowding alter
the handedness of structurally chiral aggregates. However, it is impossible to separate the

possibility that the CD sign flip could result from any combination of changes in the handedness

27



of structural chirality, variations in PCCD formation, or a switch from PCCD at higher
protein/AuNR ratios to structural chirality at lower protein concentrations (based on the CD sign
and the behavior of Fib). While our SEM analysis did not distinguish protein-AuNR aggregate
geometries among those with opposite CD sign, such distinctions could exist and might be
identified with more advanced analysis methods such as cryo-TEM that captures aggregate
geometries as present in the solution phase instead of after drying on a substrate. In addition, the
different CD contributions mentioned above could likely vary in magnitude when investigating

individual aggregates instead.

Fibrous protein-AuNR complexes displayed distinct CD trends from the globular protein-
AuNR aggregates that correlate with differences in protein morphology. Because Fib-AuNR
complexes did not have positive Cotton effects at protein/AuNR ratios larger than > 5K (while
the globular proteins did), we conclude that Fib did not experience crowding effects at the AuNR
surface in the same way the globular proteins did. Rather, large fibrous protein superstructures
were formed that exceeded the size of the AuNRs, which likely adsorbed to these fibrous protein
superstructures. CD from Fib-AuNR aggregates is likely structural chirality, given the
morphological similarities to structurally chiral fibril-AuNR assemblies previously reported.”® ''?
We expect PCCD to be less intense in this sample based on the larger spacing between AuNRs,
decreasing likelihood of hot-spot enhancements. However, it is worth noting that fibrillar and
globular proteins differ in conformation (i.e., fibrillar structures exhibit higher beta-sheet
content), and these differences in conformation combined with PCCD could play a role in a

protein-AuNR aggregate’s net CD.

Although both the fibrillar HSA- and Fib-AuNR aggregates had visible protein

superstructures that exceeded the AuNR sizes as determined by SEM, their aggregate shapes and
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CD differed. The Fib-AuNR aggregates were long and thin (Figure SE) and produced net CD
(Figure S4D). In contrast, the fibrillar HSA-AuNR sample had a comparatively globular protein
aggregate shape (Figure 6C) and did not give CD (Figure S4E). This distinction could be due to
the tendency of Fib to aggregate and that its rod-like native structure is better suited to produce
long and thin superstructures. HSA had to be forced into fibrils via thermal denaturation. While
the resulting protein-AuNR aggregates both contained fibrous protein superstructures, we
observed differences in overall aggregate sizes and end-to-end ordering that may contribute to
the different chiroptical behavior (Figure S8C). Structurally chiral end-to-end AuNR assemblies
made with protein fibrils® and glutathione!!® have previously resulted in strong CD. The CD
sign and magnitude depend on such parameters as the twist of the protein template as well as the
size and aspect ratio of the AuNRs. These results could explain the large CD magnitude we

observed for Fib-AuNR aggregates.

Micellar CTAB Interferes with Chiral Protein-AuNR Aggregation

To gain further insight into the protein-AuNR aggregation mechanism, we studied how
CTAB impacted the chirality of protein-AuNR aggregates. CTAB is a cationic surfactant used in
the synthesis and stabilization of AuNRs. Because it is not covalently attached to the AuNRs, its
presence could influence protein-AuNR interactions. Further, previous work has suggested that
small quantities of CTAB were necessary to achieve a chiroptical signal from BSA-AuNR
aggregates.®

For all proteins studied, CTAB’s presence above the CMC inhibited both AuNR
aggregation and CD. Figure 7 shows the extinction and g-factor spectra of [gG-AuNR complexes

at [IgG/AuNR = 7.1K and 710. When CTAB was below the CMC of 0.92 mM, chiral aggregates
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formed. However, when CTAB micelles were present at 5 and 50 mM, the IgG-AuNR mixture
did display a CD signal. Additionally, the AuNR extinction did not decrease or redshift when
CTAB micelles were present, indicating that the AuNRs did not aggregate. AuNRs were stable at
all tested CTAB concentrations (Figure S10). The other protein-AuNR mixtures were also
sensitive to CTAB micelle conditions and behaved similarly to the [gG-AuNR samples in Figure
7 in that surfactant concentrations above the CMC prevented aggregation and hence the
formation of chiral protein-AuNR complexes. Data for other proteins are provided in Figures

S11-13, and additional experiments with CTAB and CTAC are summarized in Figure S14.

[CTAB] in solution —qg mmMm ----5mM
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Figure 7: CD spectroscopy of IgG-AuNR complexes with [CTAB] below and above the
CMC. Extinction and g-factor spectra for (A-B) IgG/AuNR = 7100 and IgG/AuNR = 710 (C-
D). The spectra for AuNRs in 0.05 mM CTAB are included for reference. CD-active IgG-
AuNR complexes were only seen in the absence of CTAB micelles. All samples were
measured ~30 sec after [gG and AuNRs were combined. Extinction spectra were normalized at

400 nm relative to the AuNR-only sample.
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The lack of protein-AuNR aggregation observed in the presence of CTAB micelles
supports our hypothesis that both protein-AuNR and protein-protein interactions are necessary to
drive aggregation and CD. CTAB likely influences both steps. Because CTAB’s presence has
been shown to decrease HSA’s net negative charge,* it is expected that the electrostatic
attraction to the cationic AuNRs decreases as the concentration of CTAB increases. All of the
other proteins we studied also have net negative charge at physiological conditions,”” and thus
likely have decreased electrostatic attraction for the AuNRs at higher CTAB concentrations.

In addition, intermolecular interactions are crucial for biomolecule-driven AuNR
aggregation.*® 1% Previous work showed that CTAB’s cationic and hydrophobic regions interact
with BSA to denature it, such that regions of the protein are stuck within the micelles’
hydrophobic cores.!!* In this way, protein-protein interactions could also be decreased at higher
CTAB concentrations. Furthermore, we were able to rule out that the CTAB micelles themselves
prevent AuNR aggregation because the addition of salt caused AuNR aggregation even above
the CMC. (Figure S15).

It has been demonstrated that biomolecule-biomolecule interactions are critical for the
formation of structurally chiral glutathione (GSH)-AuNR assemblies.!% Lu et al. reported that
the tripeptide GSH templated chiral AuNR assembly more efficiently when CTAB micelles were
present versus when they were absent.!% The increased CD from GSH-AuNR aggregates was
attributed to improved self-association between GSH molecules instigated by GSH’s
hydrophobic confinement within micelles. GSH, which has both cationic and anionic
components, relies on electrostatic interactions for self-association. In contrast, HSA self-
association relies on hydrophobic interactions, and HSA fibrils were disrupted by CTAB

micelles, confirming that CTAB above the CMC interferes with HSA-HSA interactions.'!® Thus,
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CTAB micelles promoted GSH-induced AuNR aggregation'® but inhibited HSA-induced AuNR
aggregation.

Below the CMC, CTAB differently affected globular and fibrous proteins, providing
further evidence that the differently shaped proteins follow different protein-AuNR aggregation
mechanisms. At concentrations below the CMC, CTAB can decrease proteins’ net negative
charge* and decrease molar ellipticity (Figure S16). For the globular proteins, there were a few
instances where CTAB appeared to increase the CD displayed by protein-AuNR aggregates
(Figures 8 & S14). We speculate that this phenomenon could be related to CTAB denaturing the
globular proteins in a way that facilitated protein-AuNR aggregation. Fib, in contrast, had larger
g-factors in the absence of CTAB, which could indicate that CTAB interferes with the formation

of Fib superstructures that template AuNR assembly.

Conclusion

In this study, we reported the effects of protein identity, protein/AuNR ratio, and CTAB
solution chemistry on the CD of protein-AuNR aggregates. First, we found that HSA was not
unique in its ability to produce chiral AuNR complexes, because IgG, Tt, and Fib also templated
AuNR aggregation. Second, experimental evidence suggests that the globular proteins (HSA,
IgG, and T¥) follow a similar aggregation mechanism. Globular protein-AuNR aggregates had
positive Cotton effects above a unique critical protein/AuNR ratio and negative Cotton effects
below. We propose that changes in protein conformation due to increased or decreased crowding
on the AuNR surface preferentially produce AuNR assemblies of opposite-handedness. We
suspect structural chirality to be the more likely mechanism of CD formation but cannot rule out

contributions from PCCD.
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Third, we found that the fibrous protein-AuNR aggregation mechanism deviated from
that of the globular proteins. Fib-AuNR assemblies did not exhibit a CD sign flip as the
Fib/AuNR ratio varied, distinguishing Fib, a fibrous protein, from the globular proteins. Further,
SEM revealed fibrous Fib superstructures that exceeded the dimensions of the AuNRs, and we
pose that these structures created a template for AuNR adsorption. Further, fibrillar HSA-AuNR
aggregates were more similar to Fib-AuNR aggregates based on their overall chiroptical
properties as a function of protein/AuNR ratio in addition to the size of the HSA fibrils also

exceeding the dimensions of the AuNRs.

Fourth, we revealed that protein-AuNR aggregation is sensitive to the CTAB
concentration and to the presence or absence of surfactant micelles. At concentrations above the
CMC, CTAB inhibited protein-induced AuNR aggregation altogether, which could be linked to
both interruption of protein-AuNR electrostatic attraction as well as hydrophobic protein-protein
association. Below the CMC, we found evidence that CTAB enhances CD in some globular

protein-AuNR aggregates but inhibits CD in fibrous protein-AuNR aggregates.

The results presented here do not permit a definitive mechanism for protein-AuNR chiral
aggregation. However, we have surveyed a large parameter space including protein shape,
charge, size, protein/AuNR ratios, and the ability of a micellar surfactant to prevent protein-
protein interactions. Our results support a mechanism in which adsorption-induced protein
conformational changes followed by protein-protein interactions are an important driving factor
in observed CD sign and amplitude. Future studies that combine cryo-TEM microscopy and

44-45, 105

tomography with single-particle scattering spectroscopy and simulations* are needed to

move towards the goal of a full and quantitative description.
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Supporting Information Description
The Supporting Information is available free of charge at

Particle size analysis of AuNRs; reproducibility of protein/gold nanorod ratio
experiments; two-sample K-S comparison for non-normal data; sample statistics from
scanning electron microscopy aggregate analysis; side-by-side ordering of globular
protein-AuNR aggregates from SEM micrographs; extinction and circular dichroism
spectra corresponding to the samples studied by SEM; native proteins’ far UV CD; HSA-
AuNR aggregate CD spectra with and without the salt present in Fib samples; Fib
superstructures even in the absence of AuNRs; size and geometric ordering of fibrous
protein-AuNR aggregates from SEM micrographs; HSA fibrillation characterization;
AuNR solutions with varying CTAB concentrations; sample trial for HSA-AuNR study
with varying CTAB concentrations; sample trial for Tf~AuNR study with varying CTAB
concentrations; sample trial for Fib-AuNR study with varying CTAB concentrations;
averaged maximum g-factors observed for AuNR aggregates with positive and negative
Cotton effects as a function of CTAB or CTAC concentration; AuNR aggregation from
salt when CTAB was present above or below the CMC; protein secondary structure as a

function of surfactant concentration; other experimental details
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