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Conventional lock-and-key biosensors often only detect a single pathogen because they incorporate bio-
molecules with high specificity. ‘‘Chemical nose’’ biosensors are overcoming this limitation and identify-
ing multiple pathogens simultaneously by obtaining a unique set of responses for each pathogen of
interest, but the number of pathogens that can be distinguished is limited by the number of responses
obtained. Herein, we use a gold nanoparticle-based ‘‘chemical nose’’ to show that changing the shapes
of nanoparticles can increase the number of responses available for analysis and expand the types of bac-
teria that can be identified. Using four shapes of nanoparticles (nanospheres, nanostars, nanocubes, and
nanorods), we demonstrate that each shape provides a unique set of responses in the presence of differ-
ent bacteria, which can be exploited for enhanced specificity of the biosensor. Additionally, the concen-
tration of nanoparticles controls the detection limit of the biosensor, where a lower concentration
provides better detection limit. Thus, here we lay a foundation for designing ‘‘chemical nose’’ biosensors
and controlling their characteristics using gold nanoparticle morphology and concentration.
� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

‘‘Chemical nose’’ biosensors are gaining considerable attention
as a replacement to their conventional counterparts that often
require biomolecules such as aptamers and antibodies [1-9]. A
‘‘chemical nose’’ has the ability to produce unique patterns in the
presence of the analyte, which facilitate the identification of the
analyte [10]. Gold nanoparticles have been implemented as a
‘‘chemical nose’’ biosensor for the detection of proteins [1,11],
cancer cells [10,12], and bacteria [6,7].

A recent strategy for detecting bacteria using gold nanoparticles
has been the use of electrostatic and hydrophobic interactions
between bacterial cell walls and nanoparticle surfaces coated with
cetyltrimethylammonium bromide (CTAB) [6,13]. This approach
provides a versatile platform for applying gold nanoparticles for
the detection, identification, and quantification of bacteria. In order
to exploit the potential of a gold nanoparticle-based ‘‘chemical
nose,’’ an understanding of the parameters that control specificity
and sensitivity are necessary, but to-date are not well-understood.
Here, we show that controlling the shape and concentration of gold
nanoparticles determines the specificity and sensitivity of the
‘‘chemical nose’’ biosensor. We used four gold nanoparticle shapes:
nanospheres, nanostars, nanocubes, and nanorods to detect two
Gram-positive (Staphylococcus aureus and Enterococcus faecalis)
and two Gram-negative (Escherichia coli and Pseudomonas aerugi-
nosa) bacteria. These bacteria are notorious for contaminating food,
water, and hospital surfaces and for leading to antibiotic resistant
infections [14]. Detection and identification of these bacteria at the
point-of-care using a ‘‘chemical nose’’ biosensor will help to pre-
vent such infections.
2. Materials and methods

Gold nanoparticles were synthesized using previously pub-
lished methods [6,13,15,16], and kept in 1 mM CTAB, except for
gold nanorods, which were purchased from Nanopartz Inc.
(Loveland, CO, United States) and used without purification. The
shapes of nanoparticles were verified using transmission electron
microscopy (TEM). The methods were chosen such that each
nanoparticle shape would be approximately similar in size (�40–
60 nm). Bacteria were cultured, washed, and normalized to an
optical density at 660 nm (OD660nm) of 0.1 to provide an
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Fig. 1. UV–Visible absorption spectra of gold nanospheres, nanostars, nanocubes and nanorods in the presence of saline (n = 12) or bacteria (n = 3 per concentration) at
various concentrations ranging from approximately 5.2 � 105 CFU/mL to 3.3 � 107 CFU/mL. Each of the saline plots is made up of 12 slices (one per replicate) and bacteria
plots is made of 21 slices (three per concentration).

Fig. 2. Concentration dependent peak response obtained from (a) Staphylococcus aureus, (b) Enterococcus faecalis, (c) Escherichia coli and (d) Pseudomonas aeruginosa for
different shapes of nanoparticles: nanospheres, nanostars, nanocubes, nanorods. Data is presented as mean ± S.D. (n = 3).
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approximate concentration of 1 � 108 CFU/mL [13,17]. The bacte-
ria were then serially diluted by a factor of two to obtain dilutions
of 2x � 64x. Then, 100 lL of each bacterial solution (eight concen-
trations and four species) was mixed with 200 lL of each gold
nanoparticle solution in a 96-well microplate in triplicates. Saline
was used as a control. The mixtures were incubated overnight
and UV–Visible absorption spectra were obtained from 300 to
999 nm in increments of 1 nm. Further details of the experiments
are provided in the Supplementary material.
3. Results and discussion

3.1. Spectrophotometric responses of each shape to different bacteria

The UV–Visible absorption spectra—plotted as contour plots in
Fig. 1—show that the peak width, location, and intensity for each
nanoparticle solution is different as indicated by the saline con-
trols. The peak location is governed by the surface plasmon reso-
nance frequency, which is unique for each shape of nanoparticle
[18-20]. The peak width depends on the size and size distribution
of the nanoparticles [21]. The intensity of absorption depends on
the concentration and extinction coefficient of the nanoparticles
[22,23]. Each of these qualities contributes to a characteristic
Fig. 3. Transmission electron microscopy (TEM) images of each of the different shape
bacteria. White scale bars are 50 nm and black scale bars are 500 nm.
spectrum for the various shapes of gold nanoparticles and thus
adds responses for analysis in a ‘‘chemical nose’’ biosensor. When
combined with bacteria, a colorimetric response is obtained due
to the aggregation of the nanoparticles around the bacteria, caused
by electrostatic interactions between cationic CTAB and anionic
cell walls [5,6,13,24,25]. Fig. 1 exemplifies that the response from
each bacterium is unique and distinct for different shapes of
nanoparticles. While all bacteria present a concentration depen-
dent response for each nanoparticle shape, the degree of response
varies: P. aeruginosa provides the most change compared to saline
and E. coli provides the least.

In order to quantify the response obtained among different
nanoparticles and bacteria, the absorbance value at the peak
(Table S1) was used and normalized against saline and baseline
as explained in the Supporting material. The normalized response
demonstrates that the shape of nanoparticles has minimal effect
for Gram-positive bacteria but causes a drastic difference for
Gram-negative bacteria (Fig. 2). Among all four bacteria, P. aerugi-
nosa highlights the differences between nanoparticle shapes the
most. Fig. 2d also shows that the response decreases in the follow-
ing order: nanostars > nanocubes > nanospheres > nanorods.

Since the concentration of CTAB could be different for each
nanoparticle solution, the effect of CTAB concentration on the
response needs to be tested. We used gold nanostars as the model
s of nanoparticles aggregating around various Gram-positive and Gram-negative
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nanoparticle and S. aureus as the model bacterium, while varying
CTAB concentration from a range of 100 lM to 100 mM. The nor-
malized response, reported in Fig. S1 (Supplementary material),
does not depend on the concentration of CTAB. The differences in
response for each shape seem to be dependent on the roughness
of the nanoparticles, which would provide them a higher surface
area and hence a higher area for interaction with bacterial cell
walls. Additionally, particles with more branching (nanostars) or
edges (cubes) are expected to be more protruding into the func-
tional groups present on the bacterial surface [6].

3.2. Transmission electron microscopy

In order to obtain a better understanding of the aggregation of
gold nanoparticles, TEM images were obtained for all
bacteria-nanoparticle combinations. The TEM images show that
the sizes of nanoparticles are comparable (Fig. 3). It is also
observed that S. aureus and E. faecalis show complete coverage of
the cell with nanospheres, nanostars, and nanocubes. In the case
of nanorods, there are some areas that remain uncovered.
Additionally, multilayer deposition is observed for S. aureus, which
could be an indication of a higher extent of polyanionic teichoic
acids [25-27] as compared to E. faecalis. In the case of
Gram-negative bacteria, lipopolysaccharides and phospholipids
are mostly responsible for the negative charge and hence the
Fig. 4. The effect of nanoparticle concentration on colorimetric response for (a) Gram-p
bars are 5% of the normalized response values.
aggregation of cationic nanoparticles [5,6,28,29]. When looking at
E. coli, a relatively uniform but sparse distribution of nanoparticles
is observed for all shapes except nanostars, which is consistent
with the colorimetric response observed in Fig. 2c. The TEM images
of P. aeruginosa highlight an important behavior: the nanoparticles
aggregate in specific areas of the bacterium as observed for the
nanostars and nanocubes, while other sections of the surface are
completely uncovered. The literature suggests that this localized
aggregation would be due to the formation of lipid domains around
specific proteins [30] or due to the addition of cationic molecules
such as CTAB [31]. Specifically, anionic lipids such as phosphatidyl-
glycerol and diphosphatidylglycerol (cardiolipin) would attract the
nanoparticles and lead to aggregation. On the other hand, gold
nanorods and nanospheres show a relatively uniform adsorption
on the surface of the bacterium and also a lower response. This also
suggests that if the lipid domains are responsible for selective
aggregation, they might only be accessible via protruding
nanoparticles.

To exclude the possibility that the differential responses
observed for each type of nanoparticle were primarily due to their
sizes instead of shapes, the colloidal stability of each nanoparticle
solution was tested by comparing the absorbance in saline and
Millipore water. If the response observed in the presence of bacte-
ria was mainly a result of the size differences, it is expected that
the nanoparticles would have decreasing colloidal stability and
ositive Staphylococcus aureus and (b) Gram-negative Pseudomonas aeruginosa. Error
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hence, lower peak absorbance values [13,32] in the following
order: nanostars < nanocubes < nanospheres < nanorods. The
results from the saline experiment are presented in Fig. S2
(Supplementary material) and they highlight that there is no corre-
lation between the nanoparticle type and aggregation in saline.
Thus, the bacterial response cannot be attributed to the small dif-
ferences in the sizes of the various nanoparticles.

CTAB-coated nanoparticles can be used as a ‘‘chemical nose’’ by
analyzing the response, developing a training set, and then match-
ing the observed response of an unknown sample to the training
set [6]. Since each nanoparticle shape provides a unique
concentration-dependent curve for the same bacterium
(Fig. 2c and d), this information can be used for increasing the
specificity of the biosensor. This is possible if a mixture of shapes
of nanoparticle is used. The mixture will have more features in
the absorption spectrum as compared to a single nanoparticle solu-
tion in the form of peaks. Each of these additional peaks will
respond differently to the bacteria present and thus serve as
sources of independent responses to be analyzed for the ‘‘chemical
nose.’’ These additional responses will thus increase the number of
bacteria that can be detected and identified. When considering the
shape of nanoparticles for providing drastic responses, it is
observed that nanostars provide the greatest response for all bac-
teria tested and hence should be used for applications requiring
a visual color change, such as point-of-care detection.

3.3. The effect of nanoparticle concentration

An important strategy for altering the sensitivity and range of
detection is to adjust the concentration of nanoparticles. We made
linear dilutions of the stock gold nanostars in 1 mM CTAB to obtain
a range of 10–100% fractions in increments of 10%. These fractions
were then tested with various concentrations of S. aureus and P.
aeruginosa and the normalized peak response is presented in
Fig. 4. Interestingly, the concentration of nanostars has a greater
impact on S. aureus as compared to P. aeruginosa. This could be
because the concentrations tested for P. aeruginosa are already on
the right side of the concentration-dependent response curve,
where a saturation is observed. From the S. aureus samples, it is
clear that the concentration of nanoparticles can be adjusted
according to the bacteria concentration range of interest, where a
lower fraction of nanoparticles is appropriate for a lower concen-
tration of bacteria. This is because the colorimetric response is
determined by the proportion of aggregated nanoparticles to
non-aggregated nanoparticles. When there are fewer bacteria, this
proportion is higher for a lower fraction of nanoparticles. Thus,
lowering the concentration of nanoparticles provides a better
detection limit and is ideal for applications requiring high sensitiv-
ity. On the other hand, a higher concentration of nanoparticles is
preferred for visual detection of bacteria that have high infective
doses and hence need to be detected a high concentration [33,34].
4. Conclusions

We have demonstrated that gold nanostars provide the most
drastic response for a ‘‘chemical nose’’ biosensor and gold nanor-
ods provide the least drastic. Different shapes of nanoparticles pro-
vide unique responses that can be analyzed to improve the
specificity of a ‘‘chemical nose’’ biosensor. The concentration of
nanoparticles can tune the detection limit and concentration range
of bacteria that can be detected.
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