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We describe the development of a gold-capped nanostructured porous anodic alumina (PAA) chip, which
makes use of localized surface plasmon resonance and interferometry for the label-free and specific
detection of pathogenic bacterial cells via changes in relative reflected intensity (RRI) and wavelength
shift. This chip is composed of PAA and gold layers that provide a reproducible and sensitive RRI and
wavelength shift. We investigated the effects of varying the thicknesses of the PAA and gold layers on the

optical responses of the chip. With this chip, we successfully detected and identified Pseudomonas
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Accepted 23rd March 2017 aeruginosa in a proof-of-concept experiment; this chip can detect bacterial cells in a quantitative

manner with a detection limit of 20 CFU per assay. Further, this chip based system can clearly identify

DOI: 10.1039/c6ra27130h target bacterial species in a multiplexed mode with high specificities on a single chip, so will be useful
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Introduction

Optical biosensors can provide rapid, easy-to-use, and cost-
effective sensing or detection of various biomolecules. In
particular, plasmonic biosensors exhibit superior sensitivity
and multiplexing capability, so have been developed for the
detection of biomolecules; several companies are ready to
supply such sensors and some are already commercially avail-
able." The sensing capabilities of plasmonic biosensors arise
through control of the composition and features of their plas-
monic nanostructures.

Several plasmonic nanostructures have been developed,
including coupled nanoparticle arrays, periodic or random
nanohole arrays, gold-capped mushroom arrays, and arrays of
nanoimprinted nanodisks or nanosquares.>™® Of these nano-
structures, gold-coated nanostructured porous anodic alumina
(PAA) has been found to exhibit enhanced optical properties
through the combination of two sensing approaches, namely
localized surface plasmon resonance (LSPR) spectroscopy and
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for the detection of various pathogenic microbes.

interferometry."**® Nanostructured PAA is composed of an
alumina lattice template with periodic nanopores of uniform
size and a regular diameter along their length."”*®* PAA has
several advantages such as high stability at physiological pH
levels, mechanical robustness, biocompatibility, and the facile
fabrication of self-hexagonal pore arrangements, making it
suitable for use in the preparation of large-scale templates that
are cost-effective and provide stable optical biosensing without
the need for further passivation. In the gold-capped nano-
structured PAA chip, the wavelength shift and the change in
relative reflected intensity (RRI) are enhanced through the
combination of interferometry and LSPR.''>'%' Interference
causes a wavelength shift and the change in RRI. The surface
binding event leads to a change in the wavelength-dependent
refractive index of sensing membrane. A very small change in
the interfacial refractive index of the surrounding media can be
detected using LSPR, which is greatly affected by the binding of
biomolecules. Thus, this chip results in a significant change in
sensitivity, as observed by both interferometry and LSPR.'>*>161°
Moreover, the gold layer is biocompatible and enables the easy
functionalization of biomolecules and thus the optimal
attachment of biomolecules via a self-assembled monolayer
(SAM). These advantages mean that such gold-capped PAA
nanostructures have been successfully utilized in various
biosensors, including devices for the detection of DNA,'
proteins,”** chemicals,'**® and cancer cells.**

Here, we describe a gold-capped nanostructured PAA chip
for the label-free and specific detection of bacterial cells. There
has been no previous report, to our knowledge, of a gold-capped
nanostructured PAA bacterial cell sensing chip. We demon-
strate that RRI and wavelength shift can be tuned by controlling
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the thicknesses of the PAA and gold layers. For our proof-of-
concept experiment, we adopted Pseudomonas aeruginosa and
its aptamer as a model system. Specific bacterial cells can be
successfully detected without cross-reactivity by employing an
aptamer-functionalized chip in multiplex mode. Therefore, we
anticipate that the chip developed here will prove useful in the
high specificity detection of bacterial cells.

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich Co. Oligo-
nucleotides were synthesized at Genotech Co (Korea). The
sequences of the P. aeruginosa-specific aptamers (Pae-apt) are 5'
CCCCCGTTGCTTTCGCTTTTCCTTTCGCTTTTGTTCGTTTCGT-
CCCTGCTTCCTTTCTTG—(CH,);-SH-3'.>>
except Escherichia coli were obtained from the American Type
Culture Collection (ATCC; USA) and the Korean Collection for
Type Cultures (KCTC; Korea), and cultured according to the
provided instructions. The bacteria used in this study are as
follows: P. aeruginosa PAO1 (ATCC 27853), Salmonella typhimu-
rium (KCTC 2053), Lactobacillus acidophilus (KCTC 3164), and E.
coli DH5a.

Reference bacteria

Preparation of gold-capped PAA nanostructure chip

The PAA layer nanostructure was fabricated with two-step anod-
izing method (Fig. 1a). Prior to anodizing procedure, glass slide
(76 x 26 x 1 mm?®) was treated by ultrasonication for 10 min in
acetone, ethanol, and ultrapure deionized water and then
deposited with aluminum (3 um in height) by using a thermal
evaporator (SVC-700TM/700-2, Sanyu Electron Co. Ltd). The
growth rate in thickness was monitored by Inficon SQM-160
monitor and manually adjusted to 1.0 A s™* (Fig. 1a-i). After
that, the substrate was sealing with liquid silicon for 24 h. The
first anodizing step was carried out under the voltage of 40 V in
a 0.3 M oxalic acid solution for 40 s to 14 min (PAA layer thickness
= 0.05-1 um) (Fig. 1a-ii) while keeping the anode temperature
at 10 °C by vigorously stirring. After that, the Al-deposited slide
glass was immersed into the solution containing a mixture of

a
( )n Aluminum deposition

1stanodizing

m
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phosphoric acid (1.8%, w/v) and chromic acid (2%, w/v), resulting
in a partial removal of the generated PAA layer on the Al-
deposited slide glass (Fig. 1la-iii). Then the second anodizing
step was carried out with the same conditions as described in the
first anodizing step for 40 s to 14 min (Fig. 1a-iv). The PAA layers
with various thicknesses were obtained by changing the time for
the anodizing steps. For creating multiple spots on a chip,
a multispot (3 mm in diameter) stainless steel mask was placed
on the surface of PAA nanostructured chip (Fig. 1a-v). After that,
the PAA chip was plated with a 50 A Cr layer and a 0-300 A Au
layer (Fig. 1a-vi). The Cr was used as adhesion layer between
aluminum oxide (grown on Al substrate) and Au.?® The different
thickness of Au layer was deposited onto the PAA layer using
a thermal evaporator (SVC-700TM/700-2, Sanyu Electron Co. Ltd)
for different time. The growth rate of thickness was monitored by
Inficon SQM-160 monitor and was manually adjusted to 1.0 A
s ' The uniform nanostructure of the spots on the chip was
confirmed by AFM image (ESI, Fig. S17).

Detection of bacterial cells

Ten pM thiol-modified aptamer in 1 M KH,PO, (pH 6.7) was
incubated on the chip at room temperature (RT) for 4 h and
excessive DNAs were washed tree times with 0.2% (w/v) sodium
dodecyl sulfate (SDS) for 5 min. The bacterial cells samples were
prepared at the concentrations of 10" to 10° CFU mL ™ with
phosphate buffered saline (PBS) solution and these samples
were incubated onto the different spots of the chip at RT for 1 h
under the humidified condition. After washing three times with
PBS for 5 min, the chips were dried under a nitrogen stream.
The wavelength spectra from the chip were measured before
and after incubating of target cells under ambient conditions.

Instrumentation

The optical measurement system for the evaluation of the
optical responses on the chip was based on a spectroscopy
system. The optical system was equipped with a light source
(wavelength range, 360-2000 nm), spectrophotometer (wave-
length range, 200-1100 nm) and an optical fiber probe bundle
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Fig. 1 Gold-capped nanoporous anodic alumina chip. (a) Schematic illustration of the process for the fabrication of a gold-capped nano-
structured PAA chip. (b) Cross-sectional SEM image of the resulting chip.
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(fiber core diameter, 300 pm; wavelength range, 250-900 nm) as
a spectroscopy system, purchased from Ocean Optics (USA). All
wavelength spectra were taken from 350 to 850 nm in air at RT.
Scanning electron microscopic (SEM) images of the chip were
obtained using Hitachi SEM equipment (S-4800; Hitachi,
Japan). The optical probe was fixed on the stand in the vertical
direction to the stage and a chip was placed on the X-Y-Z axis
stage. White light, emerging from an optical fiber bundle
provided incident light, and this light was reflected upon hitting
the chip surface coupled into the detection probe of the optical
fiber bundle and analyzed by a spectrometer (ESI, Fig. S21).

Results and discussion

Effects of varying the thicknesses of the PAA and gold layers
on the optical responses of a gold-capped nanostructured PAA
chip

Fig. 1a shows a schematic illustration of the process for the
fabrication of the nanostructured PAA chip and SEM images of
the resulting chip. The details of the fabrication process can be
found in the Experimental section. Briefly, PAA layer is firstly
deposited on a slide glass with a two-step anodizing process,
which provides a uniform surface and enables interferometry-
induced wavelength shifts.*>'® The neighboring pore distance
in this highly uniform chip is approximately 120 nm (Fig. 1b); it
is well-known that distances between the nanopores in nano-
porous structures that are less than 50 nm result in low sensi-
tivity."* A gold layer is then coated onto the PAA layer, which
leads to dramatic increases in the wavelength shift and the RRI,
as measured with LSPR and interferometry.'*>'¢

The LSPR and interferometric properties of the chip depend
on the thickness of the PAA and gold layer; hence we investi-
gated the effects of varying the PAA and gold layer thickness on
the wavelength shift and the RRI.*>"° First, chips were fabricated
with various PAA layer thicknesses (50, 100, 250, 500, 750, and
1000 nm) and each individual chip was coated with a 10 nm
thick gold layer (see ESI, Fig. S31). It was found that the RRI
decreases with increases in the PAA layer thickness up to
500 nm, but becomes saturated above this thickness. The
number of fringes increased with the thickness of the PAA layer.
This increase arises because the number of fringe depends on
the thickness of product, as given by eqn (1), Fabry-Pérot
equation, where, m is the order of the interference maximum, A
is wavelength of light, n is reflective index, L is thickness of
product.

mA = 2nL (1)

These observations are in good agreement with those of
previous reports.*>*

We also investigated the effects of varying the thickness of
the gold layer on the optical responses. Chips with various PAA
layer thicknesses in the range 50 to 1000 nm were coated with
gold layers with thicknesses in the range 0 to 30 nm. When the
Au layer is thicker than 10 nm, the RRI decreases and the peak
shifts to a shorter wavelength (Fig. 2; ESI, Fig. S3 and S47). This

trend was observed for all the chips with different PAA layer
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Fig. 2 The optical responses of gold-capped nanostructured PAA
chips prepared with various PAA and gold layer thicknesses. The panels
on the left show the overlaid spectra of the surfaces prepared by
varying the gold layer thickness in chips with PAA layer thicknesses of
(@) 50 nm, (b) 500 nm, and (c) 1 um. For each chip with a different PAA
layer thickness (a—c), the thickness of the gold layer was varied from
0 to 30 nm. The panels on the right show representative top view SEM
images of the surfaces with (left) a 5 nm thick gold layer and (right)
a 25 nm thick gold layer on chips with PAA layer thicknesses of (a)
50 nm, (b) 500 nm, and (c) 1 um. The scale bar is 200 nm.

thicknesses. This might be due to a coverage of porous nano-
structure by Au layer deposition on PAA layer and thus lead to
the disappearance of nanoporous structure and the change of
interferometric and LSPR properties. The chip with a 5 nm Au
layer undergoes a red shift in the wavelength and low RRI,
bearing no relation to the above trend (Fig. 2; ESI, Fig. S3 and
S41). This effect probably arises because a coverage thickness of
5 nm is insufficient to enhance the optical response. We used
a chip with a 1 um thick PAA layer and a 10 nm thick Au layer for
the subsequent experiments because of its highly reproducible
and reliable wavelength peak.

Effects of aptamer-binding and bacterial cell-binding on the
optical responses of the gold-capped nanostructured PAA chip

To investigate the effects of surface binding events on the optical
responses of the chip, thiolated aptamers and P. aeruginosa cells
were incubated sequentially on the chip. P. aeruginosa is one of the
most important pathogenic bacteria that cause nosocomial
infections, and thus significantly increase the mortality risk of
inpatients.>*** We used an aptamer modified with thiol group
(-SH) to its 3-terminus for thiol-gold interaction.”®*” The chips
were functionalized with 10 uM P. aeruginosa-specific aptamer for
4 h and subsequently incubated with 10° CFU mL ™" of P. aerugi-
nosa for 1 h. After washing, the changes in the wavelength shift
and the RRI after each process were determined (Fig. 3a). The
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immobilization of the aptamer on the chip results in a red shift
and an increase in the RRI, which is in good agreement with
previous results (Fig. 3b).*>*¢ After bacterial cells have been incu-
bated on the aptamer-functionalized chip, there is a dramatic
decrease in the RRI, a slight blue-shift in the wavelength, and the
number of fringes remains the same (Fig. 3b; ESI, Fig. S5). The
decrease in the RRI and blue-shift could be due to the large cell
size, ie., the cells cover the nanopores in the chip, lead to the
disappearance of nanostructure, and thereby the change of optical
properties. No change in the number of fringes probably arises
because the incident light can penetrate the cells undergone the
dehydration before the sensing procedure and can be reflected
within the nanopores of the chip. An aptamer-free chip was also
exposed to bacterial cells. No significant change was observed in
this chip. These data demonstrate that this chip, when function-
alized with species-specific aptamer, successfully detects bacterial
cells and that physical adsorption does not occur on the bare chip.

We further investigated how the loading volume of the
bacterial cells affects the optical responses of this chip.
Aptamer-functionalized chips were incubated with various
sample volumes (1-4 uL) containing 10° CFU mL ™" of P. aeru-
ginosa. As shown in Fig. 4, the changes in RRI and wavelength
shift increases with increases in the sample volume up to 2 uL
and becomes saturated at higher volumes. This saturation
probably arises because a sample volume of 2 uL is sufficient to
cover the surfaces of the spots, which have a diameter of 3 mm,
in our chip. Based on these results, the change in the optical
responses of the aptamer-bound chip is sufficient to enable the
detection with this chip of bacterial cells.

Sensitivity and specificity of the chip

To determine the detection limits of the chip, thiolated
aptamers were immobilized on multiple spots on a chip and
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Fig. 3 The detection of bacterial cells with the gold-capped nano-
structured PAA chip. (a) Schematic illustration of the detection of
bacterial cells by an aptamer-functionalized chip. (b) RRI spectra of the
bare chip: after immobilizing the aptamer on the chip, and after
incubating bacterial cells on the aptamer-functionalized chip. (c)
Overlaid RRI spectra of a bare chip and a chip incubated with bacteria
without exposure to the aptamer.
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Fig. 4 Effects of varying the loading volume of bacterial cells on the
optical responses of the gold-capped nanostructured PAA chip. (a)
Design of the chip. P. aeruginosa-specific aptamer was immobilized
on all spots of the chip except on those shown in the “Bare” column;
the chips were subsequently incubated with various sample volumes
(1-4 uL) containing 10° CFU mL™? of bacterial cells or cell-free solu-
tion (the "Aptamer” column) in triplicate. (b) Overlaid spectra showing
the optical responses of the chips. (c) Plot of the variation in the RRI
with the loading volume. (d) Plot of the variation in the wavelength shift
with the loading volume. These data were obtained from three
measurements; the error bars are the standard deviations.

samples with various cell concentrations ranging from 10" to
10° CFU mL ™" of P. aeruginosa were vertically spotted in tripli-
cate on the chip (Fig. 5a). The change in RRI and wavelength

(a) The number of cells applied (b) 24 — Bare
¢ [CFU mL"] — Aptamer
o & B
A ¥ N a2 x & o A o 2 -
> S 38 S S — -
SEFIISSI8 888 46 A\ -pem
3 10° CFU mL-*
1000 e e e e e e e e S, 1ghCRy mL
= ’ 107 CFO M
P 1 0 30 I 1 30 X 3 ) Zos — 10 CRUmLy
30|00 © 0o e o e e e
0
600 640 680
Wavelength [nm]
(c) (d)
09} y=0.1382x-0.13 TS
R? = 0.0844 £ y = 0.6036x — 1.6071 :
£ 4 R2?=0.9895
— &=
4 06 ® 3
© £
< =)
' o3 5 2
R
LK) = 0 o o @
10 103 108 107 10° 10 108 105 107 10°

The number of cells [CFU mL"] The number of cells [CFU mL"]

Fig. 5 The detection limits of the gold-capped nanostructured PAA
chip. (a) Design of the chip. The detection limit was determined by
analyzing the optical responses for various cell concentrations ranging
from 10! to 10° CFU mL™! of P. aeruginosa. The chip in the "Bare”
column was not treated with any aptamer or cells. The chip in the
“Aptamer” column was exposed only to thiolated aptamers, but not to
cells. (b) Overlaid spectra showing the optical responses of the chips.
(c) Plot of the variation in the RRI with the cell concentration. (d) Plot of
the variation in the wavelength shift with the cell concentration. The
data were obtained from three measurements; the error bars are
standard deviations.
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Fig. 6 Selectivity of the gold-capped nanostructured PAA chip for the
detection of bacterial cells. The inset shows the design of the chip. P.
aeruginosa-specific aptamers were immobilized on all spots of the
chip and subsequently each bacterial species (10° CFU mL™Y) was
applied in triplicate to a column (e.g. the deposition of E. coli at B1, B2,
and B3). The data were obtained from three measurements; the error
bars are standard deviations. Control: cell-free PBS solution; Eco: E.
coli; Lac: L. acidophilus; Pae: P. aeruginosa; Sty: S. typhimurium.

shift increase linearly with the increase of target bacterial cell
concentrations between 10° and 10° CFU mL~" and become
saturated at higher concentrations (Fig. 5b; ESI, Fig. S671). This
result indicates that our chip provides quantitative detection of
bacterial cells. The detection limit of this chip was estimated to
be 10* CFU mL™" for the tested bacteria. Thus for this assay
volume, our sensing system can detect 20 CFU of bacteria in an
assay, which is comparable to other sensing methods including
electrical signals,*®**® electrochemical sensing,**** SERS,*
LSPR,* and optical sensing,**® which have detection limits in
the range 10" to 3 x 10* CFU mL™".

To assess the selectivity of the chip, the P. aeruginosa-specific
aptamers were immobilized on all spots of the chip and we
observed whether the aptamers specifically bind to the P. aer-
uginosa (see the inset in Fig. 6). A dramatic reduction in the RRI
was observed as a result of the binding between the aptamer
and P. aeruginosa (Fig. 6). Incubation with other bacteria or
a cell-free PBS solution did not trigger any significant reduction
in the RRI. These results demonstrate that our chip can detect
target bacterial cells with high specificity.

Conclusions

We have developed a gold-capped nanostructured PAA chip that
uses aptamers for the label-free, specific, and quantitative
detection of bacterial cells. This bacterial cell sensing chip has
the following advantages. First, the gold-capped nanostructured
PAA platform produces highly reproducible and reliable
changes in the RRI and wavelength shift as a result of surface
binding events due to its uniform geometric architecture.
Second, multiple spots on the chip can be used for the high
throughput detection of a variety of bacteria, and requires only
a small sample volume (>2 pL). Third, the biocompatibility and
easy functionalization of the gold-capped nanostructure
enables the use of bacteria-specific aptamers, which enables the
simple and rapid detection of bacterial cells without additional

This journal is © The Royal Society of Chemistry 2017
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modification or purification of the samples. In this study, we
demonstrated that the chip undergoes reproducible changes in
the wavelength peak and in the RRI only in the presence of the
target bacterial cells. The change in RRI and wavelength shift
was found to be linearly proportion to the cell concentration in
the range 10° to 10° CFU mL ™" with a detection limit of 20 CFU
per assay. By employing this aptamer-functionalized chip in
multiplex mode, it can successfully detect bacterial cells
without the non-specific binding of other bacterial cells. We
believe that this gold-capped nanoporous PAA chip is a prom-
ising sensing platform for the detection of various bacterial
cells in environmental and clinical settings.
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