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Plasmonic Nanoparticles Assemblies Templated by Helical Bacteria

and Resulting Optical Activity
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Abstract: Plasmonic nanoparticles (NPs) adsorbing onto
helical bacteria can lead to formation of NP helicoids with
micron scale pitch. Associated chiroptical effects can be
utilized as bioanalytical tool for bacterial detection and better
understanding of the spectral behavior of helical self-
assembled structures with different scales. Here we report
that enantiomerically pure helices with micron scale of
chirality can be assembled Campylobacter jejuni, a helical
bacteria known for severe stomach infections. These
organisms have right-handed helical shapes with a pitch of
1-2 microns and can serve as versatile templates for a
variety of NPs. The bacteria itself shows no observable
rotatory activity in the visible, red and near-IR ranges of

electromagnetic spectrum. The bacterial dispersion acquires
chiroptical activity at 500-750 nm upon plasmonic
functionalization with Au NPs. Finite-difference time-domain
simulations confirmed the attribution of the chiroptical
activity to the helical assembly of gold nanoparticles. The
position of the circular dichroism peaks observed for these
chiral structures overlaps with those obtained before for Au
NPs and their constructs with molecular and nanoscale
chirality. This work provides an experimental and
computational pathway to utilize chiroplasmonic particles
assembled on bacteria for bioanalytical purposes.
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Introduction

Chirality is one of the most universal properties of the
physical world.*™ Chiral nanoscale structures from inorganic
materials with strongly polarizable plasmonic and excitonic
electronic states, provide an avenue to efficiently manipulate
polarization of light.>* Templated assemblies of plasmonic
nanoparticles (NPs) using biomacromolecules can produce
superstructures  with  nanoscale chiral geometries.**%
However, the assemblies with micron-scale chiral geometries
expected to be formed on live or dormant helical
microorganisms would also be interesting. This research effort
should extend scaling behavior for chiroptical properties of
plasmonic structures to microscale. Furthermore, self-
assembly of NPs?*?? into helices using biological templates
may in perspective circumvent the problems of three-
dimensional lithography,®**?* such as low throughput, due to
efficient template assembly at the interfaces.”® The assemblies
of NPs on microscale organisms would also be interesting as a
new experimental tool to observe the dynamics of the
microorganisms. Last but not the least, the emergence of the
chiroptical activity in the part of the spectrum where the
biological structures typically have no noticeable circular

dichroism peaks can also be utilized for rapid detection of
bacterial infections.

Bacteria exhibit a wide range of sizes (usually on the
micron scale) and shapes,?® from spheres and rods of no
apparent chirality to chiral asymmetric spirals such as those of
Campylobacter jejuni. In practical applications, the existence of
chirality itself is not necessarily sufficient for its utilization in
polarization-based devices. Many artificial systems are
inherently racemic and chiroptically inactive, meaning that they
exist as an equal amount of left- and right-handed species,
which cancel out each other’s optical activity. A chiroptical
system must display enantiomeric excess (e.e.), where one
species’ handedness is dominant over the other in order to be
chiroptically active in a specific region of electromagnetic
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spectrum.???"?®  Asymmetric  bacteria are nearly idea

experimental system in this case because they are enantiopure
chiral microstructures. Both Campylobacter jejuni (C. jejuni)®
and Leptospira interrogans® are known to have right-handed
twist. Colonies of Bacillus subtilis are known to form right-
handed microfibers at room temperature.

There have been extensive studies using light to interrogate
bacterial systems for their volumetric organism density by
visible and near-infrared (NIR) light absorption, scattering, or
diffraction.®*° However, despite the prevalence of chirality in
bacteria, the implication of their microscale chirality for optical
properties are not yet well understood and their enantiopure
nature is technologically underutilized.*** NP functionalization
has been previously conducted on a variety of bacteria
species,*™ but until now, there have been no studies on
plasmonic functionalization on chiral bacteria and associated
chiroptical activity. In this work, we report plasmonic
functionalization of C. jejuni and finite-difference time-domain
(FDTD) simulations of their circular dichroism (CD) spectra that
not only confirmed the expectation of the formation of
microscale template helicoids, but also show conformal Au NP
shell enhance the chiroptical response. Overall, this study
contributes to further understanding of chiroptical properties of
helical bacteria; the findings can be used to advance chiral
photonics and rapid detection of bacterial infections.

Materials and Methods

Synthesis of Au NPs: Positively and negatively charged Au NPs
in aqueous dispersions were synthesized according to previously
published protocols with 2-aminoethanethiol and citrate as
ligands, respectively.*”*® Their UV-Vis absorption spectra
(Figure S1) were obtained using an Agilent/HP 8453 UV-Vis
spectrophotometer, and their size and molar concentration were
determined according to methods described by Khlebstov*® and
Liu*®  (positively  charged Au  NPs: 33  nm,
6.75 x 10™ M; negatively charged Au NPs: 11 nm, 1.22 x 108
M).

Synthesis of Au Nanorods (NRs): The synthetic procedure was
adapted with some modification from a method reported by
Nikoobakht.>* Preparation of Au seed solution:
cetyltrimethylammonium bromide (CTAB)-capped seeds were
prepared by chemical reduction of HAuCI4 with NaBH4: Freshly
prepared, ice-cold NaBH4 (0.01 M, 10 mL) was injected into a
mixture of CTAB (0.1 M, 7.5 mL), HAuCl4 (23 mM, 0.1 mL) and
deionized water (1.8 mL) under magnetic stirring for 3 min. The
color of the solution turned from yellow to brown, indicating the
formation of Au seeds. The seed solution was kept undisturbed
at 30°C for 2-5 h before use.

Growth of Au NRs: The Au NRs growth solution was made by
mixing CTAB (0.1 M, 100 mL), HAuCl4 (25 mM, 2 mL), AgNO3
(0.1 M, 120 L), and ascorbic acid (AA, 0.1 M, 552 pL). The
seed solution (120 pL) was added to the growth solution to
initiate the growth of Au NRs. The well-mixed solution was kept
undisturbed for 12 h, then AA (0.1 M, 552 pL) was added twice
at 40 min intervals. The total reaction time was 24 h.

Chirality

Plasmonic functionalization: For positively charged Au NP
functionalization, 1.25 mL C. jejuni (NCTC 11168, wild type
clinical strain) aqueous solution (OD = 2.5) was mixed with 5 mL
Au NP solution, and incubated for 10 min followed by a
centrifuge step at 4000 rpm for 5 min. The precipitate was
redispersed in 1.25 mL water and then used for CD
spectroscopy. For negatively charged Au NP functionalization,
the first step was to coat the bacteria with a layer of
polydiallyldimethylammonium (PDDA), since the bacteria surface
is negatively charged and the PDDA layer alters the surface
charge to positive making it possible for the adsorption of
negatively charged Au NPs. 1.25 mL C. jejuni aqueous solution
(OD = 2.5) was mixed with 5 mL PDDA (1 mg/mL, in 0.1 M NaCl)
solution, and incubated for 10 min, followed by a centrifuge step
at 4000 rpm for 30 min. Then the precipitate was washed 3 times
with 6.25 mL water at 4000 rpm for 15 min. Finally, the
precipitate was redispersed in 1.25 mL water and mixed with 10
mL Au NP solution. This solution was allowed to incubate for 5
min before placing in a centrifuge at 4000 rpm for 5 min and then
used for CD measurements.

CD _measurements: JASCO J-815 CD spectrophotometer was
used for CD spectroscopy with the following scanning
parameters: Scanning speed = 100 nm/min, data pitch = 0.1 nm,
D.l.T. = 4 s, bandwidth = 1 nm, number of accumulation = 1.

Scanning electron _microscopy (SEM) imaging: After CD
measurements, the bacteria solutions were subject to
glutaraldehyde fixing and ethanol dehydration gradients. The
final dehydrated sample solution was drop cast on a silicon
wafer and imaged without sputter coating in SEM (FEI Nova 200
Nanolab SEM/FIB).

EDTD simulations: The CD, extinction, and g factor spectra were
calculated using a commercial FDTD software package
(Lumerical ~ Solutions  Inc., http://www.lumerical.com/tcad-
products/fdtd/). The structural model of the bacteria was
constructed from Figure la in COMSOL with the following
parameters: Shape = helix, number of turns = 1, major radius =
112 nm, minor radius = 139 nm, axial pitch = 1300 nm, radial
pitch = 0 nm, right-handed chirality and end caps are
perpendicular to spine. This model was then imported to 3ds
Max, where Au NPs of 11 nm diameter were added onto the
surface of the bacteria with a spacing of 28 nm between the
center of each NP corresponding to the distances between the
NPs observed in the samples by electron microscopy. The mesh
type is auto non-uniform with a mesh size of 1.5 nm along all
three axes and a mesh accuracy of 3. The circularly polarized
light irradiation is along the axial direction of the helical model
structure. Simulation environment was in water (nwater = 1.33).
The refractive index of C. jejuni was estimated from that of E.
coli. (1.388).% Refractive index of Au is derived from Johnson
and Christy (LUMERICAL database).>

Results and Discussion

SELF-ASSEMBLY  OF
BACTERIAL SURFACE

NANOSCALE COLLOIDS ON
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C. jejuni is a helical bacterium with a curvy rod shape (Figure 1a),
and is one of the most common causes of gastroenteritis around
the globe.>* At the onset of the study we hypothesized that this
bacteria can be used as a template for the self-assembly of the
plasmonic NPs or other nanoscale colloids, such as nanorods
(NRs) into helices that should lead to chiroptical activity in the
red part of the spectrum. The challenge for this project was
successful deposition of the NPs or NRs on to the bacterium
while retaining its curvy rod shape. Note that helical shape is
typical only for live C. jejuni and they convert to mostly achiral
rod-like shape under stress.

Self-assembly on bacterial surface was carried out for of
positively and negatively charged Au nanocolloids. Since the
surface of bacteria are typically negatively charged, we started
with the direct adsorption of positively charged NPs. However,
we observed non-uniform deposition of the NPs attributed to the
uneysen charge distribution on the bacterial surfaces (Figure
1b).

Deposition of the negatively charged NPs followed a layer-by-
layer (LBL) assembly that was previously successful in coating
bacteria,*4~4656-%7 After one layer of
polydiallyldimethylammonium (PDDA) deposition on the bacteria,
the negatively charged Au NPs can then be completely
deposited on top of PDDA. The PDDA layer imparted a uniform
positive charge (zeta potential shown in Figure S2) throughout
the surface of the bacteria, and the subsequent negatively
charged Au NPs adsorbed onto this layer with much higher
uniformity compared to those of the positively charged Au NPs
(Figure 1c,d). The uniformity of the coating is particularly
significant in the light of subsequent modeling of the chiroptical
properties of these particulate helicoids.

Chirality

other bacteria species is unknown, therefore we approximated
the refractive index of C. jejuni with that of E. coli (1.388).
Considering that bacteria mostly consist of water which should
lead to a refractive index close to that of water at 1.33, the
approximation most likely holds true. Although C. jejuni is a
helical bacterium, because its refractive index is close to that of
water, there is no rotatory power in the visible region for bacterial
dispersion (Figure 2a). There is chiroptical activity in the UV
region (200-400 nm) due to the proteins and other biomolecular
components in the bacterium; however, this chiroptical activity is
not specific to the bacteria, making the analysis of the
corresponding CD spectra from various bacterial species less
informative than for, say individual amino acids, drug
enantiomers, or chiral NPs.

After plasmonic functionalization with either positively or
negatively charged Au NPs, the bacteria acquired detectable
rotatory power in the visible region of electromagnetic spectrum
between 500 and 750 nm, which, of course, was not observed
before in any bacterial species. The chiroptical response for
both types of Au NPs is positive and the chiral anisotropy (g)
factor is around 1x10™ and 2x10™ for positively and negatively
charged Au NPs, respectively.

The question now is what scale of chirality these CD peaks can
be attributed to. They may originate from the local enhancement
of CD activity of the chiral biomolecules due to the weak but
noticeable hybridization of excitonic and plasmonic states on
biomolecules and NPs.%® To answer this question, symmetrically
shaped bacteria, namely Escherichia coli and Staphylococcus
aureus, were coated with positively charged Au NPs following
the same procedure, but none of the products showed any
observable chiroptical activity from 500 to 750 nm within the

Figure 1. SEM images of (a) C. jejuni, (b)-(c) coated with
negatively charged Au NPs (yellow arrow points to a coated
flagellum), and (d) coated with positively charged Au NPs.

OPTICAL PROPERTIES

Looking into the optical properties of the bacterium-templated
NP assemblies, except for E. coli, the refractive index for most

sensitivity of the state-of-the-art instrumentation for chiroptical
measurements (Figure S3). This indicated that this CD peak
does not correspond to the chiroplasmonic activity of local
complexes of NP with proteins or other biomolecules.  This
experiment also showed the necessity of the curvy rod shape of
C. jejuni for the induction of rotatory power at the 500-70 nm CD
band.

The chiroptical activity between the coatings made from
positively and negatively charged NPs is similar, though the
positively charged Au NPs coated bacteria showed a slightly

This article is protected by copyright. All rights reserved.



higher scattering background in the absorption spectrum
compared to the negatively charged ones (Figure 2b). Again, this
fact is likely to be attributed to some degree of aggregation of the
bacteria because the NP layer can increase supramolecular and
electrostatic attraction between two or more organisms. One
also need to consider that positively charged NPs adsorb directly
on to the surface of bacteria which is likely to have uneven
charge distribution, while the negative Au NPs attach onto the
relative uniform charged surface primed by PDDA. Notably the
overall chiroptical activity is relatively weak, which is associated
with the mismatch between the characteristic pitch of C. jejuni in
the micron range and the submicron wavelengths of photons in
the visible part of the spectrum available for measurements at
the moment. Although the weakness of the visible response is
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somewhat discouraging, the data presented in Figures 1,2
provide proof—of-concept for the formation of chiroptically active
superstructures using the convenient shape of bacteria. The
prior studies on chiral nano- and mesoscale structures indicate
that once the origin of the CD peaks is uncovered, it can be
further enhanced by numerous means for analytical and other
purposes.
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Figure 2. (a) CD and (b) absorbance spectra in UV (left graphs)
and visible (right graphs) parts of the spectrum for C. jejuni
before and after being coated with positively or negatively
charged Au NPs. Inset in the CD spectrum for the visible
spectral part shows the corresponding g-factor spectra.

To confirm generality of the observed chiroptical response and
its spectral tunability, C. jejuni were also coated with Au NRs.
These test samples also exhibited moderate chiroptical response
(~4 mdeg) at wavelengths futher in the red part of the
electromagnetic spectrum, namely between 600 and 700 nm,
corresponding to plasmonic resonance for Au NRs (Figure S4a—
b). This indicates broad applicability in terms of the
functionalizing nanomaterials that can be used on the surface of
C. jejuni. Futhermore, Au NR coating on chiral templates are
known to enhance CD apmlitudes copared to Au NPs due to
stronger plasmon-plasmon interactions.®® Futher methods of
enhancement of the chiroptical activity can be related to better
preservation of the curvy shape of the bacteria that may be
damaged (Figure S4c) by the CTAB surfactant on the Au NRs.®°

SIMULATIONS

Simulations can also confirm the origin of the chiroptical activity
and determine the methods for further augmentation of the
bacteria’'s CD spectra. A conformal layer of NPs similar to the
one observed in Figure 1C lead to distinct CD peak in the
plasmonic part of the spectrum (Figure 3) whose position
matches that observed experimentally. Simulations  also
revealed that a complete layer of Au coating around C. jejuni can
afford the IR part of the spectrum with great amplitude of
polarization rotation (Figure S5). Bacteria coated with the NP
shell exhibited significantly higher chiroptical response due to the
overall shape compared to other sources of chiroptical activity®
due to stronger field coupling between the Au NPs.

Figure 3. Simulation model of (a) C. jejuni and (b) C. jejuni
coated with Au NPs with a magnified view in (c). (d) Simulated
CD and extinction spectra of C. jejuni with and without Au NPs
coating. Inset shows the calculated g-factor spectra.

Conclusion

Helical bacteria, either as individual cells, can be used as to
guide self-assembly of plasmonic nanocomponents toward the
formation of enantiopure helicoids circumventing the problem of
subtlety of chiral interactions known from chiral chemistry. We
found that the chiroptical activity of the Au NP assemblies with
mesoscale chiral geometries templated by C. jejuni are similar to
those with nanoscale and molecular scale chirality, which is
related to the dominance of the plasmonic absorption for CD
bands in the visible and near infrared parts of the spectrum.
While functionalization of helical bacteria with nanoscale colloids,
such as NPs and NRs, may provide a biotechnological pathway
for the templating mesoscale chiroplasmonic structures, it is not
likely to compete with lithography. However, it may be suitable
for bacterial detection which acquires increasing significance
both with the microbiome studies and the rise of antibiotic
resistance. Furthermore, these studies also open the door to
new applications of chiroglamonic effects for monitoring of
shape changes of bacteria ®*° and time-resolved studies of NP
interactions with bacteria®*®?. Extension of the spectral window
of chiroptical spectroscopy to far-IR or terahertz®® spectral range
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will further increase the sensitivity due to the stronger
polarization rotation for longer wavelengths.
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Chirality

Gold nanoparticles assemble onto the surface of helical bacterium, Campylobacter jejuni, producing right-handed helices
with a pitch of 1-2 microns. The bacterial dispersion acquires chiroptical activity at 500-750 nm that matches the calculated
chiroplasmonic spectra. This study provides a pathway to utilize chiroplasmonic particles for monitoring shape dynamics of
bacteria and identification of helical bacteria in complex microbiomes.
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