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Silica-encapsulated Raman-reporter embedded SERS nanoprobes,
named nanoaggregate embedded beads (NAEBs), were conjugated
to the Salmonella specific tailspike protein (TSP) isolated from the
P22 bacteriophage to enable a highly specific and ultrasensitive
optical transduction platform. We demonstrate three successful
surface conjugation strategies and highlight the detection of a
single bacterium using SERS.

Rapid screening, detection and identification of pathogenic
bacteria have a key impact in public health, specifically, in the
diagnosis of infectious diseases, food and water safety as well
as prevention of bioterrorism. Conventional culture based
biochemical and serological assays are highly effective in the
identification of microorganisms but suffer from the disadvantages
of being time consuming, costly, and labour intensive protocols.
Recent advances in the design and fabrication of nanomaterials
coupled with target specific surface functional ligands serve as
attractive alternatives for the screening and identification of
microorganisms.! Surface enhanced Raman scattering (SERS)
based biosensors and bioassays provide a high sensitivity, rapid
and target specific scheme for detection of microorganisms.” A
SERS based detection scheme has comparable sensitivity to the
fluorescence bioassay with the added advantages of photostability
and easy multiplex detection. Narrow Raman peaks minimize
spectral overlapping and allow a larger number of spectrally
distinguishable signatures. Furthermore, excitation of multiple
fluorophores with non-overlapping fluorescence bands cannot be
easily accomplished by a single wavelength while multiple Raman
labels can be excited by just one wavelength.

We have previously demonstrated the fabrication of a SERS
active nanoprobe, NAEB, containing Raman reporters adsorbed
on a small nanoparticle aggregate and embedded in a protective
silica shell.> NAEB is a stable colloid fabricated through controlled
aggregation of Au nanoparticles (NPs). The slight aggregation is
necessary in generating the strong SERS signal which results from
the coupling of localized surface plasmon resonances of individual
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Au NPs.* Fig. 1 shows a typical transmission electron microscopy
(TEM) image of NAEB and the corresponding SERS spectrum
of the reporter molecule DTDC (3'-diethylthiadicarbocyanine
iodine). The inset of Fig. 1B shows the molecular structure
of DTDC. Most of the NAEBs range from 100 to 150 nm in
size and typically contain between 2 to 6 Au NPs in the core
surrounded by a thick silica shell. The silica shell protects the
SERS nanoprobe from collapsing in the biological buffers and
prevents the displacement of Raman reporters. Our design
also allows additional flexibility in the surface conjugation
without affecting the SERS optical properties. Herein, we report
that NAEB conjugated to a Salmonella specific bacteriophage
protein functions as a highly specific and sensitive SERS
nanoprobe for the targeted detection of Salmonella. We pre-
sent three conjugation schemes for cross-linking the functional
moieties of NAEB to the specially engineered bacteriophage
protein and demonstrate SERS detection of Salmonella down
to the limit of a single bacterium.

Specificity of the biosensor depends to a large degree on the
selection of appropriate antibodies. Polyclonal antibodies such
as IgGs, though popular, exhibit stability and specificity
problems.” An example of this is shown in Fig. S1 (ESIt)
where the Salmonella-recognizing IgG conjugated to NAEB
showed cross-reactivity to both Salmonella (target) and
Staphylococcus aureus (control). In this study, we improved the
targeting specificity of the NAEB substantially by conjugating it
to the specially engineered tailspike proteins (TSPs) from a P22
bacteriophage that recognizes Salmonella.® Bacteriophages are
typically host specific, self-replicating viruses. P22 TSP is the
component of the tail apparatus of P22 bacteriophages that
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Fig. 1 TEM image of NAEB (A) and its corresponding SERS
spectrum (B). Inset of (B) shows chemical structure of a DTDC
Raman reporter molecule.
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mediates the specific recognition of its host bacteria by binding
to the polysaccharides present on the host cell surface. A
hall-mark of the TSPs is their stability and specificity.” TSPs
exhibit high thermal stability and are resistant towards
proteases and chemical denaturants such as sodium dodecyl
sulfate and urea. More specifically, the TSP used in this study
is a truncated (180 kDa) and mutated trimeric protein which
has the same binding affinity as the full length, wild type
version towards the O-antigen of Salmonella.® Multiple TSPs
can be conjugated to the surface of a single NAEB resulting in
a multivalent nanoprobe. The multivalency encourages the
binding of multiple antigens on a single NAEB thus facilitating
both the agglutination assay as well as SERS detection. The TSP
used in this study is also genetically engineered to express a
cysteine followed by a polyhistadine tag (Hise) at its N-terminus.®
We have utilized both moieties to conjugate TSP onto NAEBEs.

Scheme 1 outlines the three conjugation strategies that we
have successfully demonstrated, showing both the crosslinking
of TSP to NAEB as well as the subsequent SERS detection
of Salmonella. Method 1 (Scheme 1) outlines TSP-NAEB
conjugation through the terminal amine of NAEB to the thiol
moiety of the terminal cysteine on TSP.® The silica shell of the
as-fabricated NAEB is terminated with a hydroxyl functional
group which was first converted into amine with diethylene-
triamine (DETA). A heterobifunctional cross linker, 6-maleimido-
hexanoic acid N-hydroxysuccinimide ester (NHS-maleimide), is
then used to crosslink the amine terminated NAEB to the thiol
moiety of the terminal cysteine of TSP. As the cost of the
NHS-maleimide represents a significant factor in the production
of TSP-NAEB, we were prompted to explore alternative reliable
crosslinking strategies.

Each TSP contains a genetically engineered polyhistidine
tag that can be used for crosslinking with NAEB as outlined in
Methods II and IIT of Scheme 1. Polyhistidine sequences are
commonly introduced into proteins to facilitate purification
with immobilized metal-affinity chromatography.® It is well
established that polyhistadine tags interact strongly with
divalent metals such as Ni**, Zn?>*, Fe** or Cu?".!° In order
to take advantage of such interactions, we need to modify the
surface of NAEB to incorporate these divalent metals. Inspired
by the common crosslinking protocol used in conjugating the
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Scheme 1 A schematic depiction of NAEB and TSP cross-linking
strategies. Method 1 utilizes NHS-maleimide to cross-link the
NHy-terminated NAEB to the terminal cysteine of TSP. Method II
implants Zn*>" ions on the silica shell of NAEB followed by conjugation
with the polyhistidine of TSP. Method III modifies the COOH-terminated
NAEB with Ni** activated HRP which then binds with the polyhistidine
of TSP.
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Fig. 2 STEM (A) and atomic composition (B) as characterized by
EDX of the Zn®>" ion implanted NAEB.

polyhistidine tag onto Zn$S coated II-IV quantum dots,'! the
surface of NAEB is modified through sonochemical means to
implant Zn>" into the silica shell.'? This was achieved by first
sonicating the hydroxyl-terminated NAEB in the presence of
zinc acetate [Zn(ac),]. It is proposed that solute radicals are
produced under sonochemical conditions as outlined in ref. 12.
The solute radicals can easily react with silanol species on the
surface of NAEB, thereby yielding the Zn?" implanted
NAEB. The Zn?>* implanted NAEB is characterized using
TEM and energy dispersive X-ray spectroscopy (EDX) as
shown in Fig. 2A and B. The atomic composition of a single
NAEB (Fig. 2B) is extrapolated from 12 EDX spectra acquired
at the marked position shown in Fig. 2A. In addition to the
dominant components of a typical NAEB (O, Si, Au), Fig. 2B
also showed a sizeable (5-20%) presence of Zn on NAEB with
the highest concentration of Zn detected from the edges of the
NAEB. This is strong evidence for the Zn>" incorporation in
the SiO, shell. The Zn>"-NAEB is then incubated with TSP to
produce the TSP-NAEB conjugate as outlined in Method II of
Scheme 1.

Alternatively, a commercially available His-probe (ESIT)
which incorporates a Ni*" activated derivative of horseradish-
peroxidase (Ni>  -HRP) is immobilized on the COOH-terminated
NAEB as outlined in Method III of Scheme 1. This requires the
conversion of NH,-NAEB into -COOH termination followed
by the activation with EDC/NHS before conjugating to the
Ni?"-HRP (detailed in ESI{). One advantage in the Ni* " -HRP
conjugated NAEB is that the conjugation can be verified easily
by a chromogenic reagent for HRP such as 3,3',5,5-tetra-
methylbenzidine (TMB). Fig. S4 (ESIf) shows both control
NAEB and Ni**-HRP conjugated NAEB that were verified
with a TMB substrate in the presence of H,O,. A positive
conjugation was confirmed by a distinct colour change (Fig. S4,
ESIY) in the Ni*"-HRP-NAEB. The Ni*"-HRP-NAEB is then
incubated with TSP to produce the TSP-NAEB conjugate as
shown in Method III of Scheme 1.

To further verify the successful TSP-NAEB conjugations
and the preservation of the Sa/monella binding site, we carried
out agglutination assays of the TSP-NAEB conjugates with the
target (Salmonella) and control (S. aureus) microorganisms.
Fig. S2 (ESIt) outlines the positive agglutination results for
all three types of TSP-NAEB conjugates against Salmonella.
All three types of TSP-NAEBs (as produced by Methods I, 11
and III) were able to achieve agglutination when incubated with
the target Salmonella cells. We also performed scanning
electron microscopy (SEM) of the Salmonella cells labelled with
TSP-NAEB obtained directly from the agglutination wells.
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Fig. 3 SERS detection of single Salmonella. A, B and inset of C show
the corresponding optical image and SERS intensity map and SEM
image of a single NAEB-labelled Salmonella cell. SERS spectrum of
DTDC NAEB is shown in C. Scale bar is 1 um.

SEM images C, D and E (Fig. S2, ESIt) show positive binding
of TSP-NAEB (prepared by Methods I, IT and III, respectively)
with Salmonella cells. Fig. S2 (ESIt) also shows control experi-
ments; including the agglutination of control NAEB (without
TSP) against Salmonella and the TSP-NAEB against control
microorganism (S. aureus). SEM images F, G (Fig. S2, ESI¥)
correspond to the negative binding response of control NAEB
(no TSP) against Salmonella while image H (Fig. S2, ESIY)
shows the negative binding response of TSP-NAEB against
control organism S. aureus. Both sets of control experiments
showed negative agglutination response. The agglutination
studies confirm the following: (1) successful TSP-NAEB
conjugation, (2) the specificity of TSP against the target micro-
organism and (3) reassurance that the three cross-linking
strategies described in Scheme 1 preserve the binding sites for
the targeted recognition of Salmonella.

Fig. 3A shows an optical image of a single Salmonella cell
labelled with TSP-NAEB produced by Method III: its corres-
ponding SEM image is shown in the inset of Fig. 3C. A
corresponding SERS intensity map of the optical image is
shown in Fig. 3B. A SERS spectrum of a DTDC Raman
reporter molecule taken from a pixel of image B is shown in
Fig. 3C. Fig. S3 (ESI}) shows additional SERS detection
of Salmonella cells labelled with TSP-NAEB (produced by
Methods I and II). In all three conjugation methods, we have
demonstrated the successful labelling and subsequent SERS
identification of the pathogenic Salmonella cells. As demon-
strated in Fig. 3 and Fig. S3 (ESIt), the detection of a single
Salmonella cell is easily attainable through SERS imaging.

In conclusion, we have demonstrated SERS active
TSP-NAEB conjugates that function as highly sensitive and
highly specific nanoprobes for the detection of Salmonella cells
down to a single cell limit. More specifically, we have shown that
the silica encapsulation of NAEB serves as a versatile platform
for further modification and cross-linking with various moieties
of the Salmonella-specific TSP. While successful recognition and
labelling of Salmonella cells were achieved in all of the three
types of TSP-NAEB conjugates, Method II highlights, for the
first time, the binding of a protein onto a Zn>" modified silica

nanoparticle without the use of extra crosslinking agents.
These SERS-based nanoprobes can be integrated easily into
other analytical platforms such as microarray assay or micro-
fluidic based flow cytometry to achieve high throughput
screening of pathogenic bacteria.
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