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Rapid and portable diagnosis of pathogenic bacteria can save lives lost from infectious diseases. Bio-
sensors based on a “chemical nose” approach are attracting interest because they are versatile but the
governing interactions between bacteria and the biosensors are poorly understood. Here, we use a
“chemical nose” biosensor based on gold nanoparticles to explore the role of extracellular polymeric
substances in bacteria-nanoparticle interactions. We employ simulations using Maxwell-Garnett theory
to show how the type and extent of aggregation of nanoparticles influence their colorimetric response to
bacteria. Using eight different species of Gram-positive and Gram-negative bacteria, we demonstrate that
this “chemical nose” can detect and identify bacteria over two orders of magnitude of concentration (89%
accuracy). Additionally, the “chemical nose” differentiates between binary and tertiary mixtures of the
three most common hospital-isolated pathogens: Staphylococcus aureus, Escherichia coli, and Pseudo-
monas aeruginosa (100% accuracy). We demonstrate that the complex interactions between nanoparticles
and bacterial surface determine the colorimetric response of gold nanoparticles and thus, govern the

Gold nanoparticles

performance of “chemical nose” biosensors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Conventional biosensors focus on a ‘lock and key’ recognition
strategy (Rotello, 2009), which utilizes biomolecules such as ap-
tamers and antibodies to offer high sensitivity and specificity.
(Verma et al., 2015b; Chung et al., 2013; Jung et al., 2010; Torres-
Chavolla and Alocilja, 2009; Lazcka et al., 2007) However, devel-
oping broad-spectrum biosensors using this strategy is cumber-
some because each target requires the use of a unique biomole-
cule. An alternative method for developing versatile biosensors
involves the use of a “chemical nose” where a set of interactions
between the pathogen and sensors produces unique patterns of
response, in a manner similar to the functioning of our sense of
smell (Bunz and Rotello, 2010; Miranda et al., 2010; Rotello, 2009).
Designing a “chemical nose” biosensor requires minimal prior
knowledge of the analyte because the system can be ‘trained’ to
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recognize various analytes (Rotello, 2009). Such “chemical nose”
sensors have been used for detecting various targets such as amino
acids (Folmer-Andersen et al., 2006), proteins (De et al., 2009),
carbohydrates (Wright et al., 2005), volatile organic compounds
(Peng et al., 2009), bacteria (Li et al.,, 2014; Verma et al., 2014b;
Wan et al., 2014; Phillips et al., 2008), and cancer cells (Rana et al.,
2015; Bajaj et al., 2010; Bajaj et al., 2009; El-Boubbou et al., 2007).

Typically, nanoparticle-based “chemical nose” biosensors re-
quire the modification of nanoparticle surface with multiple li-
gands where each ligand is responsible for a unique interaction
with the target (Wan et al., 2014; Bunz and Rotello, 2010). These
interactions have only been studied in a limited manner (Abadeer
et al., 2015; Yang et al., 2015; Hayden et al., 2012) and thus, their
role in the performance of “chemical nose” biosensors is poorly
understood. The use of multiple ligands limits the ability to study
the nanoparticle-bacteria interactions because of increased com-
plexity in synthesis. Here, we have utilized a single molecule, ce-
tyltrimethylammonium bromide (CTAB)—a typical surfactant used
for synthesis of gold nanoparticles—for providing electrostatic and
hydrophobic interactions between nanoparticles with various
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morphologies and surface features of bacteria. CTAB-coated na-
noparticles have previously been employed for detection of bac-
teria (Verma et al., 2014a, 2014b, 2015a), but the interactions be-
tween these nanoparticles and components of bacterial surface
have not been studied.

Here, we demonstrate the crucial role of extracellular poly-
meric substances (EPS) in controlling the response of the “che-
mical nose” to the different bacterial species using lipid blot assays
and transmission electron microscopy (TEM). Simulations of gold
nanoparticle aggregation highlight that different types of ag-
gregates are responsible for producing unique colorimetric re-
sponses to different species of bacteria. In the current study, we
use this “chemical nose” to not only detect and identify eight dif-
ferent species of Gram-positive and Gram-negative bacteria at
three different concentrations, but also discriminate between
polymicrobial mixtures.

2. Materials and methods
2.1. Materials

Gold (IlI) chloride hydrate (HAuCl4-xH20), cetyl-
trimethylammonium bromide (CTAB), sodium borohydride, silver
nitrate, hydrochloric acid, nitric acid, sodium hydroxide, L-ascorbic
acid, Amersham™ Protran” Supported nitrocellulose (NC, 0.2 pm
pore size) membrane, lipopolysaccharides (LPS-S) from Pseudo-
monas aeruginosa 10, rough strain (Rd) lipopolysaccharides (LPS-R)
from Escherichia coli F583, peptidoglycan (PepG) from Staphylo-
coccus aureus, and lipoteichoic acid (LTA) from S. aureus were
purchased from Sigma-Aldrich (Oakville, ON, Canada). Trisodium
citrate dihydrate was purchased from Thermo Fisher Scientific
(Burlington, ON, Canada). Transparent, sterile 96-well microplates,
scintillation vials (20 mL), BD trypticase soy agar (TSA) culture
plates, BD TSA with 5% Sheep Blood (TSA II) culture plates, BD
nutrient broth, sodium chloride (ACS grade), Nalgene sterilization
filter units (0.2 um pore size), calcium alginate swabs, and Amer-
sham™ Hybond™ polyvinylidene difluoride (PVDF, 0.45 um pore
size) membrane were purchase from VWR (Mississauga, ON, Ca-
nada). 400 mesh formvar/carbon coated copper grids were pur-
chased from Canemco Inc (Gore, QC, Canada). Cardiolipin (CL), L-
a-phosphatidylglycerol (PG), and L-a-phosphatidylethanolamine
(PE) from E. coli were purchased from Avanti Polar Lipids (Alaba-
ster, AL, USA). P. aeruginosa (ATCC 9027), S. aureus (ATCC 6538), E.
coli (ATCC 10798), Achromobacter xylosoxidans (ATCC 27061),
Delftia acidovorans (ATCC 15668), Stenotrophomonas maltophilia
(ATCC 13637), Enterococcus faecalis (ATCC 29212) and Streptococcus
pneumoniae (ATCC 6305) were purchased from Cedarlane Labs
(Burlington, ON, Canada). All procured chemicals were used
without further purification. The 20 mL vials used for gold nano-
seed synthesis were cleaned using 12 M sodium hydroxide and
larger glassware was cleaned using aqua regia as described in
published protocol (Liu and Lu, 2006).

2.2. Synthesis of gold nanoparticles

The gold nanoseed precursor was synthesized using a pre-
viously described simple two-step one pot process (Verma et al.,
2014a, 2014b; Lu et al., 2010). Briefly, 60 uL of 0.1 M freshly pre-
pared ice-cold sodium borohydride was added to 20 mL of a gold
(111) chloride hydrate (2.4 x 10-4M) and trisodium citrate dihy-
drate (10~* M) solution under vigorous stirring. The sample was
incubated overnight in the dark in ambient conditions, filtered
(0.2 pm) and stored at 4 °C until use. To synthesize branched gold
nanoparticles, a previously published procedure employing CTAB
as a negative template was used with changes in the amount of

silver nitrate to get a greater distinction between the morpholo-
gies of nanoparticles (Verma et al., 2014a, 2014b). Briefly, 210 mL
of 7.33 mM CTAB and 1.46 mM CTAB were used for branched and
spherical nanoparticles respectively. Gold (IlI) chloride hydrate
(8.97 mL, 11 mM) was added to each CTAB solution, followed by
silver nitrate (1.34 mL for branched nanoparticles and 0.67 mL for
spherical nanoparticles, 10 mM) under moderate stirring. Then, L-
ascorbic acid (1.44 mL, 100 mM) was added dropwise and the so-
lution turned clear. The appropriate volume of gold nanoseed
(2.24 mL for branched nanoparticles and 5.60 mL for spherical
nanoparticles) was immediately added. The nanoparticles were
purified by centrifugation at 10,000 rpm for 15 min resuspended
in 1mM CTAB solution. These two gold nanoparticle solutions
were mixed (1:1 by volume) to obtain the purple “chemical nose”
solution.

2.3. Bacterial culture

P. aeruginosa, S. aureus, E. coli, A. xylosoxidans, D. acidovorans,
and S. maltophilia were inoculated on Trypticase Soy Agar (TSA)
plates and incubated at 37 °C for 24 h. E. faecalis and S. pneumoniae
were inoculated on TSA II plates and incubated at 37 °C for 24 h,
where S. pneumoniae was placed in a 5% CO, environment. Bac-
terial cells were harvested using alginate swabs and suspended in
5 mL of sterile saline (2.55%) with nutrient broth (~0.006%) in a
15 mL centrifuge tube. In the case of S. pneumoniae, cultures from
two TSA II plates were combined due to low ODggp values of the
culture, which is used for normalization. Each bacterial strain was
then washed seven times with 2.55% saline (with ~0.006% nu-
trient broth) by centrifugation at 4000 rpm for 10 min. The bac-
teria were then diluted to obtain an optical density at 660 nm
(ODggo) of 0.10 + 0.005 (~10® CFU/mL) (Dantam et al., 2011). The
wavelength of 660 nm was chosen because it has previously been
used for similar bacteria (Dantam et al., 2011). When the bacteria
are added to gold nanoparticles, the solution is diluted 1:3 to
obtain final ODggg = 0.03 for bacteria. The actual concentrations of
bacteria were determined by plate count method and are sum-
marized in Table S1. Other concentrations of bacteria were ob-
tained by diluting the solutions 1:5 or 1:25 in 2.55% saline (with
~0.006% nutrient broth). In order to study the concentration de-
pendent response (Fig. S7), the bacterial solutions were normal-
ized to an ODggg of 1.0 + 0.05 and then diluted 1:16, 1:32, 1:64,
1:128, 1:256 and 1:512. In the current study, all bacteria were
grown at the same time and the effect of different growth phases
on the colorimetric response was not studied. It is expected that
the growth phases might alter the cell surface and hence, this
aspect will be explored in future studies.

2.4. Removal of extracellular polymeric substances (EPS)

An EPS extraction protocol was used on S. aureus, E. coli, and A.
xylosoxidans with a slight modification of published method (Liu
and Fang, 2002). The bacteria were first incubated on TSA plates at
37 °C for 24 h. Bacterial cells were harvested using alginate swabs
and suspended in 10 mL of sterile saline (2.55%) with nutrient
broth (~0.006%) in 15 mL centrifuge tubes. 60 pL of formaldehyde
was added to a 5 mL aliquot of the bacterial suspension and the
rest of suspension was used as a control. The tubes were incubated
at 4 °C for 1 h. Then, 4 mL of 1 M sodium hydroxide was added to
the treatment tube and saline was added to control tubes and
incubated at 4 °C for an additional 3 h. In order to remove EPS
from the cells, the bacteria were washed by centrifugation at
4000 rpm for 10 min seven times.

The bacteria concentration was then normalized to obtain
ODggo = 0.10 + 0.005 (~10® CFU/mL) (Dantam et al., 2011) and
100 pL of bacteria were added to 200 pL of purple “chemical nose”
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solution in replicates of 4 in a microplate. The microplate was then
placed on a Stovall Life Science Inc. (Peosta, IA, USA) Belly Dancer
orbital shaker for 2 min and then incubated overnight under am-
bient conditions in the dark. Although the color change is visible
within five minutes for some samples (Verma et al., 2014a), the
color continues to evolve over time. The acquisition of absorption
spectra for a microplate full of samples requires a few hours. Thus,
the overnight incubation ensures that changes in spectra during
acquisition are insignificant compared to the incubation time.
After incubation, the UV-visible absorption spectra were obtained
for each well in the microplates using a BioTek (Winooski, VT, USA)
Epoch microplate spectrophotometer while scanning from 300 nm
to 999 nm with a step size of 1 nm.

When extracting EPS for lipid blots, only E. coli was cultured on
TSA plates and extracted using alginate swabs. First 60 uL of for-
maldehyde was added to 10 mL suspension of E. coli in saline and
then treatment with sodium hydroxide was implemented as out-
lined above. The tubes were then centrifuged at 10,000 rpm for
30 min. Supernatant containing EPS was collected, filtered
(0.2 um), and dialysed (3500 Da) for 24 h at 4 °C before vacuum
drying for 48 h.

2.5. Cell surface component blotting on membranes

Phospholipids (PG, PE, CL) were dissolved in chloroform to a
final concentration of 2 mM. Other cell surface components (LPS-S,
LPS-R, LTA, PepG) were dissolved or suspended in Millipore water
to a final concentration of 2.86 mg/mL. Chloroform-based solu-
tions were blotted onto PVDF in 2 pL volumes and water-based
solutions were blotted onto NC in 2 pL volumes. Chloroform and
water blanks (2 pL) were included on PVDF and NC blots, respec-
tively. Membranes were then dried in the dark for 1h under
ambient conditions.

In order to test the effect of EPS, it was dissolved in Millipore
water to a final concentration of 2.86 mg/mL (15x) and
0.191 mg/mL (1 x ). After drying, PG, PE, and CL blots on PVDF
were overlaid with 30 pL of 1 x EPS solution and vacuum dried for
2 h. Also, after drying of other component blots, 2 pL of 15 x EPS
solution was blotted overtop the LPS-S, LPS-R, LTA, and PepG blots
and dried for an additional 1 h in the dark under ambient condi-
tions. Control blots of chloroform- and water-based solutions were
overlaid with 30 pL and 2 pL of Millipore water, respectively.

Once dried, membranes were transferred into a 10 mL bath of
purple “chemical nose” solution and incubated on the Belly Dancer
orbital shaker for 10 min. Following nanoparticle incubation,
membranes were transferred to 100 mL of Millipore water and
washed for 1 min with gentle shaking. Washed PVDF and NC
membranes were photographed using a Canon EOS REBEL T3 di-
gital camera. Image processing and data collection was done using
Image] (National Institutes of Health). Images were first separated
into RGB color channels. Background illumination was normalized
by plotting Mean Green Values for 22-26 empty membrane re-
gions (circular selection, 150 px diameter) against centroid co-
ordinates. Linear regression was then performed using Microsoft
Excel to generate x-and y-coordinate correction factors. Mean
Green Values were then collected for each blot center (circular
selection, 150 px diameter). These values were normalized for
background illumination by applying the following transforma-
tion:

Valuecorrected = Valueraw - Xcentroid*mx - ycen[roid*my
where x and y are the x and y co-ordinates, my is the slope of the x
co-ordinate vs. background green values, and my is the slope of the
y co-ordinate vs. background green values.

Group means and standard deviations for each experimental

condition were then determined using the corrected values and
normalized against the control blots (chloroform+ water and wa-
ter+water, for PVDF and NC respectively). Statistical significance
was determined in Microsoft Excel using one-tailed hetero-
scedastic t-tests.

2.6. Transmission electron microscopy

Red (spherical) and blue (branched) gold nanoparticle solutions
were prepared for TEM by adding 5 plL to a copper grid and drying
under ambient conditions overnight. Similarly, mixtures of bac-
teria and gold nanoparticles (5 uL) were added to formvar coated
copper TEM grids and allowed to dry under ambient conditions
overnight. Once dry, the bacterial samples were washed by placing
5 uL of Millipore water on the TEM grids for 30 s and then wicking
the liquid using filter paper to remove excess surfactants, salts, and
unbound gold nanoparticles. The samples were then imaged using
a Phillips (Eindhoven, The Netherlands) CM10 TEM.

2.7. Modeling of gold nanoparticle aggregation

The optical characteristic of gold nanoparticle aggregates was
estimated using Maxwell-Garnett effective medium theory (Ghosh
and Pal, 2007). Here, spherical gold nanoparticles with a radius of
15 nm and six different types of aggregates (Fig. 5a) were simu-
lated. Every aggregate was assumed to be a compact cluster which
was smaller than optical wavelength and well-separated to other
aggregates in solution. The effective permittivity (€.5) of these six
different aggregation types was calculated with the Maxwell-
Garnett equation:

Ceff — &s €q — &

qt28 T et 2

where V, is the volume fraction of gold nanoparticles in solution as
shown by boxes in Fig. 5a, €, is the complex permittivity of gold
(Rakic et al., 1998), and g; is the permittivity of water (Wang and
Lin, 2007). The absorption coefficient (x,,s) of the six aggregate
types was then calculated (Bohren and Huffman, 2008):

4 _4;; \,6]2+€22—€]

Gabs == 2

where x is the extinction coefficient, A is the wavelength of light,
and &; and &, denote the real and imaginary parts of effective
permittivity of aggregates respectively.

The absorption spectrum of partially aggregated colloidal gold
solutions was then predicted using a gold concentration of
0.10 mg/mL, which resembles the concentration of gold in the
“chemical nose” after they are mixed with bacterial samples. First,
the testing solution with one centimeter optical length was di-
vided into many thin layers with a thickness of 120 nm each. The
occupied volume and the composition of different aggregates were
then assigned to each layer based on the information presented in
Table 1. Then, the volume fraction and absorption coefficient of the
free particles in the remaining volume were calculated. Finally, the
absorption spectrum of the partially aggregated colloidal solution
was determined using Beer-Lambert Law (Ricci et al., 1994; Swi-
nehart, 1962):

A=—10g(IL) - _ log(e—aZ): _ lOg (e—{l]Z1—(1222—(1323...)
0

where A is the absorbance, Iy is the incident light intensity, I is the
transmitted light intensity, o is the absorption coefficient, and z is
the optical length. The optical length z for different types of ag-
gregate was weighted by the percent volume occupied by ag-
gregates (Table 1). It should be noted that Maxwell-Garnett
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Table 1

Volume fractions occupied by the aggregate types shown in Fig. 5a and the percentage of total solution volume covered by the given aggregate type for various combinations

Aggregate type Volume fraction (V,) Combination 1 (%)

Combination 2 (%) Combination 3 (%) Combination 4 (%)

Type 1 0.4189 0.0000000
Type 2 0.5236 0.0000000
Type 3 0.6046 0.0000080
Type 4 0.6910 0.0000070
Type 5 0.7255 0.0000050
Type 6 0.7441 0.0000065

0.0003000 0.0000000 0.0002000
0.0000020 0.0000000 0.0000200
0.0000400 0.0000400 0.0001000
0.0000140 0.0000175 0.0000700
0.0000200 0.0000300 0.0000500
0.0000260 0.0000390 0.0000650

effective medium theory is suitable for isolated particles where
interaction between particles is ignored (Niklasson et al., 1981).
The model assumes one material as the host and considers the
volume fraction of the other material.

2.8. Identification and quantification of bacteria

The assay for identification and quantification of bacterial
species was performed in 96-well microplates. The plates were
prepared by adding 100 pL of the bacteria or saline control in re-
plicates of eight. This was followed by the addition of 200 uL of the
purple “chemical nose” solution and the microplates were in-
cubated overnight before measuring the absorption spectra.

The training set was obtained by selecting three replicates out
of eight and the other five replicates were randomized by an in-
dependent researcher. The researcher performing data analysis
remained blind to the identity of the randomized samples. Using
MathWorks" MATLAB", hierarchical clustering analysis (HCA)
based on Euclidean distance and Ward's method was performed
on the training set of bacteria with ODggg = 0.03. The corre-
sponding dendrogram is presented in Fig. 7a. For classification, the
training set was used to perform principal component analysis
(PCA) and obtain the corresponding scores as well as coefficients.
These principal component scores were used in the training of the
linear discriminant analysis (LDA). Since obtaining the principal
scores requires normalization by the mean of each response
(wavelength), the randomized samples were normalized by these
mean values and then translated to principal scores using the
coefficients obtained from PCA. The gold nanoparticles show a
unique spectral shift for each bacterial species and thus, the shape
of the absorption spectra is unique for each species. Thus, all 700
wavelengths (300-999 nm) were used for PCA instead of selecting
specific wavelengths to avoid biasing the data towards one specific
pattern. Also, the use of all wavelengths allows this analysis to be
adaptable if a more complex mixture of nanoparticles is used with
multiple absorption peaks. PCA will assign a low weight to the
wavelengths that do not significantly contribute to the variance of
responses. The PCA scores were used in LDA to determine the
group to which the unknown samples belonged, where each group
corresponds to either saline control or a bacterium at a particular
concentration. The principal component scores were plotted in Fig.
S5 and the corresponding HCA dendrogram is plotted in Fig. S6.

Furthermore, a concentration dependent response for each
bacterial species was obtained by normalizing each species to
ODggo = 1.0 + 0.05, then diluting them in 2.55% saline 16 x , 32 x,
64 x, 128 x, 256 x, and 512 x . Then, 100 uL of each of these di-
lutions was added to 200 pL of the purple gold nanoparticle so-
lutions and absorption spectra were obtained after overnight in-
cubation. After obtaining the absorption spectra, the normalized
absorbance values were calculated for all samples using the fol-
lowing equation:

Normalized absorbance = (Average saline control absorbance at 540
nm-Average saline control absorbance at
800 nm)
— (Sample absorbance at 540 nm
—Sample absorbance at 800 nm)

where absorption at 800 nm serves as a baseline. The normalized
absorbance is plotted for each bacterial species in Fig. S7 assuming
that ODggo = 1.0 has an approximate concentration of 10° CFU/mL
(Dantam et al., 2011).

2.9. Identifying mixtures of bacteria

Mixtures of P. aeruginosa, S. aureus and E. coli were prepared by
using the ODggo = 0.10 + 0.005 solutions and mixing them 1:1 and
1:1:1 by volume for binary and tertiary solutions respectively.
Saline control and each of the bacteria samples were added to the
96-well microplate as before, and then the purple “chemical nose”
solution was added and mixed. Three out of eight replicates were
used as a training set, while the other five were randomized and
used for identification. PCA and LDA were performed using
MATLAB" as before.

3. Results and discussion
3.1. Role of EPS

We used a 1:1 volume mixture of CTAB-coated spherical and
branched gold nanoparticles (Fig. S1) to obtain a purple colored
solution as a “chemical nose.” The difference in size and mor-
phology of gold nanoparticles is chosen such that each set of
particles can respond to the various species of bacteria in a unique
manner and thus provide additional features to the absorption
spectrum (Verma et al., 2014a, 2014b). When the solution of gold
nanoparticles is added to bacteria, the nanoparticles aggregate
around the bacteria due to electrostatic interactions between the
cationic CTAB and anionic segments of cell walls. This aggregation
leads to a color change due to a shift in the localized surface
plasmon resonance. The color change is characterized by obtaining
absorption spectra in the presence of various bacteria (Fig. 1). The
aggregation around bacteria is mostly caused by teichoic acids in
Gram-positive bacteria and lipopolysaccharides and phospholipids
in Gram-negative bacteria (Verma et al., 2014b; Hayden et al,,
2012; Sun et al., 2012; Phillips et al., 2008; Hong and Brown, 2006;
Berry and Saraf, 2005; Berry et al., 2005).

EPS are present on the surface of bacteria and are expected to
interact with nanoparticles and govern their aggregation. In order
to confirm the effect of EPS, we executed an EPS extraction pro-
tocol for S. aureus (control), E. coli, and A. xylosoxidans as per
published methods (Liu and Fang, 2002). S. aureus serves as a
control because it seems to lack EPS that would prevent binding of
nanoparticles (Fig. 2, native). After extraction, the cells were mixed
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Fig. 1. Absorption spectra contour plots of gold nanoparticles in the presence of bacteria (n = 4) for each bacteria normalized to ODggo = 0.03 and saline control, where each
band consists of 4 slices (one per replicate). Each species was either tested in its native form or treated for removal of EPS using formaldehyde/sodium hydroxide method.
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Fig. 2. TEM images of gold nanoparticles aggregating around bacteria with or
without the extracellular polymeric substances (EPS) extracted. Scale bars are
500 nm each.

with the “chemical nose” solution and their colorimetric responses
are presented in Fig. 1. A dramatic increase in response is observed
for treated E. coli and A. xylosoxidans as compared native bacteria
while the response of S. aureus does not change drastically. TEM
images of the treated bacteria and gold nanoparticles (Fig. 2) are
consistent with the colorimetric response where removal of EPS
causes increased nanoparticle aggregation around E. coli and A.
xylosoxidans while a similar coverage of nanoparticles is seen for
treated and untreated S. aureus.

EPS can have an impact on various components of the cell
surface such as phospholipids, lipopolysaccharides, teichoic acids,
and peptidoglycan. EPS typically contain high fractions of carbo-
hydrates and proteins (Liu and Fang, 2002), which could provide
steric hindrance to the nanoparticles and thus cause a decrease in
binding. In order to study the effects of EPS on these individual

components, we used blot assays on PVDF and NC membranes to
quantify nanoparticle binding. This strategy is adapted from pro-
tein lipid overlay assays for investigating the binding of proteins to
lipids (Dowler et al., 2002). A similar approach has been used for
the detection of glycoproteins by immobilizing antibodies on the
membrane and using peptide-coated gold nanoparticles (Zambre
et al, 2012). PVDF was used for components that required
chloroform for dissolution while NC was used for water-soluble
components due to the hydrophobic and hydrophilic nature of
PVDF and NC respectively. The visual binding of various cell sur-
face components with and without EPS is presented in Fig. S2.
Digital blot images can be characterized by analyzing color using
RGB model (Vierck et al., 2000). Since the “chemical nose” absorbs
mostly green light, we expect that an increased binding of nano-
particles to the membrane will show a decrease in the green
component of RGB. The response is normalized by subtracting it
from the background white color of the membrane. Fig. 3 high-
lights the binding of nanoparticles to various components of the
cell walls. In the case of phospholipids, it is observed that at the
same molar concentration, PG and diphosphatidylglycerol (cardi-
olipin, CL) demonstrate a higher binding compared to PE (Fig. 3a),
which is expected because of the anionic nature of PG and CL and
zwitterionic nature of PE. On the other hand, the water-soluble
components have unknown molecular weights and hence cannot
be directly compared to each other. All cell surface components
demonstrate a significant reduction in binding of nanoparticles in
the presence of EPS, except for LPS-R (Fig. 3a, b). Additionally, to
confirm that the reduction in binding is due to the presence of EPS,
various masses of EPS were added to PG blots by changing the
concentration of EPS in solution. Fig. 3c highlights that increasing
the mass of EPS leads to significant decrease in nanoparticle
binding. Therefore, the presence of EPS is an important char-
acteristic that determines the colorimetric response from the
“chemical nose” biosensor.

3.2. Transmission electron microscopy analysis

In order to determine the response of these gold nanoparticles
to other bacteria, a library of eight species (including both Gram-
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positive and Gram-negative) bacteria was mixed with the nano-
particles and their aggregation was observed by TEM. This ag-
gregation of nanoparticles determines their colorimetric response
when they are being used as a “chemical nose” biosensor. The TEM
images presented in Fig. 4 highlight that in addition to E. coli and
A. xylosoxidans, D. acidovorans also shows presentation of EPS,
which prevents the aggregation of nanoparticles around the
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Fig. 4. TEM images of gold nanoparticles aggregating around bacteria: (a) Pseu-
domonas aeruginosa, (b) Staphylococcus aureus, (c) Escherichia coli, (d) Achromo-
bacter xylosoxidans, (e) Delftia acidovorans, (f) Stenotrophomonas maltophilia, (g)
Enterococcus faecalis, and (h) Streptococcus pneumonia.

bacteria. In the case of A. xylosoxidans (Fig. 4d), gold nanoparticles
aggregate between cells instead of on cells, which suggests that
nanoparticles are not interacting strongly with the cellular surface.
In other cases, the gold nanoparticles are heavily aggregated
around the pathogen and adhere to the pathogen despite being
rinsed once with water, which suggests strong electrostatic bind-
ing. Additionally, in cases of P. aeruginosa and S. maltophilia, the
nanoparticles seem to aggregate around specific sections of the
cell instead of evenly distributing throughout the surface (con-
sistent with previous observation for S. maltophilia and branched
gold nanoparticles (Verma et al., 2015b)), which could lead to a
greater colorimetric response compared to other Gram-negative
species. This also suggests the role of lipid domains that are pre-
sent around specific proteins (Matsumoto et al., 2006) or can form
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in the presence of cationic molecules such as CTAB (Epand and
Epand, 2009). Specifically, PG and CL possess an overall negative
charge which is expected to be probed by the cationic nano-
particles while PE being zwitterionic would show lower affinity as
confirmed in the blot assays in Fig. 3a (Verma et al.,, 2014a). Yet,
there are small differences between P. aeruginosa and S. mal-
tophilia since more areas of P. aeruginosa seem to be bare (Fig. 4a)
compared to S. maltophilia (Fig. 4f) and these differences can ac-
cumulate over the entire population of bacteria to magnify the
aggregation state differences. Thus, the nanoparticle aggregation is
governed by the complex composition and configuration of the
bacterial cell surface.

3.3. Modeling gold nanoparticle aggregation states

Different types of gold nanoparticle aggregates are observed in
TEM images. Some bacteria lead to formation of multiple layers
around the cell walls (Fig. 4b), while some have aggregates only in
specific regions (Fig. 4a, f) and yet, some others have nanoparticles
dispersed throughout the cell surface (Fig. 4c). In order to de-
termine the relationship between gold nanoparticle aggregation
type and their colorimetric response, we simulated aggregation of
nanoparticles using Maxwell-Garnett effective medium theory
(Ghosh and Pal, 2007), which has previously been implemented
for metallic thin films (Donnelly et al., 2006; Ung et al., 2002;
Dumont and Dugnoille, 1997) and particle clusters (Moskovits and
Hulse, 1977). Six different types of gold nanoparticle aggregates
were modeled, as shown in Fig. 5a and their ratios in solution were

varied as described in Table 1. The expected absorption spectra in
Fig. 5b show representative responses for different combinations
of aggregate types. Each of these combinations shows a char-
acteristic change for the response of gold nanoparticles to bacteria
experimentally observed in Fig. 6a. The modeled spectra only
consider spherical nanoparticles with fixed size and one type of
aggregate packing (hexagonal close packed) while the “chemical
nose” consists of a distribution of size and degree of branching of
nanoparticles. Thus, the model provides coarse predictions com-
pared to the experimental observations but the trends provide
insight into the relationship between colorimetric response and
aggregation on bacteria. Combination 1 uses a low total percent of
aggregation using Type 3-6 aggregates. The obtained absorption
spectrum correlates to the observed spectrum for A. xylosoxidans
(Fig. 6a), which suggests that the overall degree of aggregation is
low, as confirmed in TEM images (Fig. 4d). As we increase the
overall percent of volume fraction occupied by aggregates in
Combination 2 and introduce Type 1 aggregates, where nano-
particles are not in contact but rather separated by their radius, a
slight peak shift is observed in addition to the increase in ab-
sorption in the 620 nm and 720 nm regions. The obtained ab-
sorption spectrum correlates to that of D. acidovorans (Fig. 6a),
suggesting that some nanoparticles might be close to each other
on the bacterial surface but not coming in contact. A further in-
crease in planar and multi-layer stacking fraction in Combination
3 shows a significant drop of the 530 nm peak and an increase in
the absorption at 620 nm and 720 nm, presenting a spectrum si-
milar to the response from E. coli (Fig. 6a). Finally, Combination

S 500 b

500 nm L«.&

500 nm

500 nm
,;&

Fig. 5. Different types of nanoparticle aggregates and their modeled absorbance spectra: (a) schematic of aggregate types, the quadrilaterals in Types 1-3 indicates the
volume used to calculate volume fraction occupied by the aggregate (V,), a hexagonal close packed structure is used for Types 4-6; (b) absorbance spectra obtained for
various combinations of aggregate types detailed in Table 1.
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4 has a significant fraction of nanoparticles aggregated including
all types of aggregates and the absorption spectrum broadens
significantly as is the case with P. aeruginosa, S. aureus, E. faecalis, S.
maltophilia, and S. pneumoniae. These bacteria have a high fraction
of aggregation either due to multiple layers around the cell wall
(eg. S. aureus Fig. 4b) or due to patterns of aggregation (eg. P.
aeruginosa Fig. 4a). In Combination 4, the absorbance at 530 nm
also drops significantly due to the loss of free particles. Thus,
Maxwell-Garnett effective medium theory provides some insight
into how different types of nanoparticle aggregates around bac-
teria could be influencing the observed colorimetric changes and
thus, how each bacterial species presents a distinguishable color
change.

3.4. Identification and quantification of bacteria

The absorption spectra for gold nanoparticle-based “chemical
nose” in the presence of bacteria are presented in Fig. 6a. These
spectra demonstrate that the presence of bacteria causes broad-
ening of the absorption peak due to higher absorption at longer
wavelengths, which is typical for gold nanoparticle aggregation.
Replicates for the colorimetric responses are plotted in Fig. 6¢ and
show minimal variation within species and drastic differences
between species. This suggests that absorption spectra can be used
for identification of the organism. Additionally, the colorimetric
response highlighted by the absorption curves is also concentra-
tion dependent, as shown in Fig. 6b, where P. aeruginosa was
normalized to a final ODggg = 0.03 and then diluted 5x and 25x in
saline. Similarly, all other bacteria were also diluted and their
spectra are presented as contour plots in Figs. S3 and S4. It can be
observed that as the concentration of bacteria decreases, the dif-
ferences between bacteria start to diminish yet subtle unique
features remain. This data can now be used for training the “che-
mical nose” and determining the platform's ability to identify and
quantify bacteria.

HCA is a useful technique for visualizing data with multiple
dimensions (Lim et al., 2009). Three out of eight replicates will be

used for training the “chemical nose” while the other five will be
randomized for identification of unknown samples. We performed
HCA on the three training replicates using each wavelength of the
absorption spectra as a variable. The dendrogram resulting from
HCA is presented in Fig. 7A for bacteria that were normalized to
ODgso = 0.03. The dendrogram shows that there is no mis-
classification, since all the replicates have minimal Euclidean dis-
tance. In general, the dendrogram seems to separate Gram-posi-
tive and Gram-negative bacteria, where Gram-negative bacteria
provide a lower response and are clustered closer to saline. Yet, P.
aeruginosa and S. maltophilia provide a drastic enough response to
be clustered together with the Gram-positive bacteria and as seen
in TEM images and simulations, these peculiarities are because of
patterns of aggregation of nanoparticles. In order to use this data
for identification of unknown samples, PCA is suitable for reduc-
tion of the dimensions. PCA on each of the eight bacteria at three
different concentrations each demonstrated that the first three
principal components could explain 100% of the variability
amongst bacterial samples. PCA scores for bacteria normalized to
ODggo = 0.03 are presented in Fig. 7b and they confirm the ob-
servations from HCA by highlighting clustering of the same bac-
terial species. The PCA scores for all other concentrations and the
HCA dendrogram derived from these scores are presented in Fig.
S5 and Fig. S6 respectively. The principal components were used to
classify the other five replicates for each of the 25 groups (saline
and three concentrations for each of the eight bacteria) using the
coefficients from PCA model followed by LDA. An accuracy of 89%
(111/125) was achieved, which is impressive because this suggests
that an unknown sample can be characterized using the gold na-
noparticle-based “chemical nose” platform to not only detect the
presence of bacteria, but also identify the species and approximate
concentration based on the colorimetric response. The accuracy
from this study can be compared to a previous study where a si-
milar system was used to detect four different species at a single
concentration with an accuracy of 99% (Verma et al., 2014b). Most
of the error in the current study results from misclassification of
bacterial samples at the lowest concentrations, as indicated by the
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clusters in Fig. S6. All bacteria tested demonstrate a concentration
dependent response as highlighted in Fig. S7. We hypothesize that
the working concentration of the biosensor can be expanded using
a more complex mixture of nanoparticles with various sizes,
shapes, or functionalities, by assisting in discriminating bacteria at
lower concentrations (Verma et al., 2015a). We have demonstrated
that the concentration of nanoparticle also plays a significant role
in determining the limit of detection (LOD) and an LOD of 5 x 10%
CFU/mL was achieved using 10x diluted branched gold nano-
particles when detecting P. aeruginosa (Fig. S8) (Verma et al,
2015a). Although the current system cannot simultaneously
identify and quantify bacteria at arbitrary concentrations with
high accuracy (because of overlapping responses as seen in Fig.
S7), if the identity of bacteria is known, it can be used for quan-
tification and vice versa.

3.5. Detection of polymicrobial mixtures

Hospitals have become a major source of antibiotic-resistant
infections and are a threat for vulnerable patients. Three of the
most common hospital-isolated pathogens are: S. aureus, E. coli,
and P. aeruginosa (Zhanel et al., 2013; Lockhart et al., 2007). These
pathogens often exhibit unique antibiotic susceptibility profiles,
which evolve over time and require timely monitoring using an-
tibiograms (Joshi, 2010). In order to administer the appropriate
antibiotic therapy, there is an urgent need for a biosensor to dis-
tinguish between bacterial species. Additionally, the detection of
multiple bacterial species is especially important in the diagnosis
of polymicrobial infections because certain species such as P. aer-
uginosa can express increased virulence in the presence of other
bacteria (Korgaonkar et al., 2013). The “chemical nose” based on
gold nanoparticles can be trained to detect mixtures of bacterial
species. Binary and tertiary mixtures of P. aeruginosa, S. aureus, and
E. coli were prepared (final ODggo = 0.03, 1:1 v/v or 1:1:1 v/v/v)
and then mixed with gold nanoparticles. The responses obtained
from these mixtures are presented in Fig. 8a and appear to be
dominated by the bacteria that cause higher aggregation. For ex-
ample, in the case of a binary mixture of P. aeruginosa and E. coli,

even though a pure E. coli sample does not cause a drastic color
change, the mixture does cause a significant drop in the absorp-
tion peak and yet, the response is distinct from pure E. coli and P.
aeruginosa cultures. Thus, in the case of infections, the “chemical
nose” has the potential to distinguish between monomicrobial and
polymicrobial instances, which will facilitate a more effective and
rapid antimicrobial treatment without the need for extensive and
lengthy testing of the sample. We analyzed this data using PCA
and the scores are presented in Fig. 8b, where the variance was
explained completely by using the first three components. Al-
though the third principal component only accounts for 0.4% of
the variance, this value is still significant compared to the variance
between replicates, which is in the range of 0.01-0.04% for the
saline and bacterial samples. Once again, three replicates were
used for training the system and the other five were randomized
for blind identification. An accuracy of 100% (40/40 samples) was
obtained for each of the pure cultures and mixtures using LDA.
Thus, the “chemical nose” can not only detect and discriminate
between pure cultures but also identify species in mixed cultures.
Given enough training sets, the “chemical nose” platform pre-
sented here can identify approximate concentrations of species in
mixtures. Adding more nanoparticles with unique shapes such as
gold nanorods, nanocubes, and nanoprisms can then expand the
specificity and range of application for the “chemical nose” plat-
form (Verma et al., 2015a). It should also be possible to detect and
identify other pathogens such as viruses, protozoa, and fungi by
tuning the nanoparticle size and surface functionality.

4. Conclusion

We demonstrated that EPS play an important role in influen-
cing the degree of nanoparticle aggregation around bacteria by
shielding the effects of cell wall components. Additionally, simu-
lations using the Maxwell-Garnett effective medium theory sug-
gest that different aggregation patterns on bacterial cell walls are
responsible for providing distinguishable colorimetric responses.
We are able to use gold nanoparticles with varying morphologies
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as a versatile “chemical nose” platform for detecting, identifying,
and quantifying species of pathogenic bacteria. The “chemical
nose” can also distinguish between polymicrobial samples of the
most prevalent pathogens in hospitals. The simplicity of detection
in this system allows for field implementation without extensive
technical expertise or training. This is especially important for
developing countries, because of their limited resources and
education. Thus, gold nanoparticles can be utilized for point-of-
care diagnostics in the health industry and in-field testing in food

and environmental industries by controlling their morphologies
and training the “chemical nose” system.
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