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ABSTRACT: In this paper, a biodegradable gold coated zein film surface enhanced Raman spectroscopy (SERS) platform,
with gold nanoparticles (AuNPs) deposited on the surface to further enhance the Raman signal, was used to detect pyocyanin
(PYO), the toxin secreted by Pseudomonas aeruginosa. An inverted pyramid structure imprinted on a zein film and gold coated
during the transfer process was further improved with the deposition and fixing of gold nanoparticles, which resulted in
enhancement of the SERS signal by approximately a decade. This new platform served as a lab-on-a-chip sensor to enable the
sensitive and rapid detection of PYO in drinking water. The size, distribution, and morphology of the zein film nanostructures
including the presence and distribution of gold nanoparticles were characterized by scanning electron microscopy (SEM). The
new zein-based platform has the advantage of being largely biodegradable compared with commercial silicon- or glass-based
platforms. The limit of detection for PYO using the newly developed zein-based SERS sensor platform was calculated as 25 μM,
considerably lower than the concentration of PYO in the blood of people with cystic fibrosis which has been reported to be 70
μM.
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1. INTRODUCTION

Pseudomonas aeruginosa is an opportunistic water-borne
pathogen of major public health concern that can cause
nosocomial infection leading to pneumonia, endocarditis,
enterocolitis, and other types of infections yielding substantial
medical costs and high mortality.1 Due to the great therapeutic
challenges P. aeruginosa brings, it is very important to develop
rapid detection methods aiming at early detection and
diagnosis.2 Pyocyanin (PYO, 1-methoxy-5-methylphenazine)
is the most important and lethal toxin that is released by P.
aeruginosa. This makes PYO an excellent and unique candidate
biomarker for the indirect detection of P. aeruginosa.3

Currently, high performance liquid chromatography
(HPLC) and high performance liquid chromatography−mass
spectrometry (HPLC−MS) based methods are the most
frequently used analytical methods to detect PYO in clinical
specimens.4 Unfortunately, the high cost of the equipment and
the time-consuming purification procedures needed, restrict
timely detection of the toxin. Due to the redox active nature of
PYO, electrochemical-based biosensors are emerging as a rapid
and sensitive way to detect PYO at the point-of-care (POC).5

Some voltammetry methods, such as cyclic voltammetry
(CV),6,7 differential pulse voltammetry (DPV),8 and square
wave voltammetry (SWV),9 have been used to detect PYO
exclusively at a negative potential around −250 to −300 mV.
The disadvantage of this method is that false negative results

inevitably occur, even if the redox peaks of PYO can be
separated from other phenazines with similar electrochemical
behavior.10,11

Surface enhanced Raman spectroscopy (SERS) has become
a rapid and promising analytical approach with the ability to
enhance Raman scattering patterns characteristic of the
molecule by decorating the surface of the substrate with
metal nanoparticles (usually gold or silver colloids).12,13 As a
reliable and sensitive detection method, SERS has been widely
used in different fields, such as biological diagnosis, environ-
mental monitoring, and food quality, to determine various
analytes including chemical and biological hazards.14−16 By
increasing the density of “hot spots” on the SERS substrate, the
SERS enhancement factor can be increased, which would also
increase the sensitivity of the detection.17,18 It is possible to
create more “hot spots” either by decorating the substrate with
micro/nano structures or employing nanoparticles of different
size and morphology (nanocage, nanorod, nanocube, and
nanosphere etc.).19 In our previous study, we found that SERS
substrate with inverted pyramid structure has the best
enhancement of Raman signal compared with other structures
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that included positive-pyramid, nanopillar, and nanopore.20,21

Biodegradable gold coated zein SERS substrates have been
rarely studied and offer a path to protect the environment from
the burden created by nonbiodegradable materials. So far, the
most common SERS substrates that are commercially available
are still made of nonbiodegradable materials, such as silicon or
glass.
Zein is a corn protein that can be easily obtained as a

byproduct of ethanol production.22 Due to the special physical
and chemical characteristics, zein proteins are mainly used as
biodegradable packaging material and a protein feed supple-
ment for animals in the traditional animal industry.23 However,
its favorable surface properties can (1) ensure the preferential
adhesion of zein films with gold and (2) confer the ability to
modify its surface with nanostructures such as positive
pyramids, inverted pyramids, nanopillars, and nanopores21,24

using soft lithography. These special properties make zein films
a promising candidate as a biodegradable SERS platform in
biosensor fabrication, instead of traditional nonbiodegradable
inorganic materials. It is also pretty inexpensive and easy to
capture with an ethanol extraction of DDGS (dried distiller
grains with solubles) after ethanol production.
In this paper, we aim to demonstrate the feasibility of

manufacturing a new biodegradable SERS biosensor consisting
of our existing inverted pyramid gold coated nanostructure
imprinted on zein film further improved by the deposition and
fixing of gold nanoparticles on the surface of the gold film. This
enabled fabrication of a novel platform for the rapid and
sensitive, label-free point-of-care (POC) detection of PYO. We
fabricated zein films with inverted nanopyramids coated with a
200 nm gold layer further decorated with 50 nm AuNPs fixed
on the gold layer using cysteamine. It is anticipated that the
number of “hot spots” will increase considerably by the contact
of gold and AuNPs, especially at the bottom of the inverted
pyramids and the edge areas of the inverted pyramid
structures. We therefore offer an alternative biodegradable
new SERS platform, which is inexpensive and eco-friendly,
thereby providing an alternative to nonbiodegradable sub-
strates used in industry. We will show how PYO in optimized
conditions can be rapidly detected by using the spectral
signature of PYO at 676 cm−1and 1353 cm−1 using SERS with
a largely biodegradable platform.

2. MATERIALS AND METHODS
2.1. Reagents and Apparatus. Pyocyanin (PYO) from P.

aeruginosa, ≥98% (HPLC), in dimethyl sulfoxide (DMSO) was
obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Before use, a
solution with a 1 mM concentration of PYO was prepared by adding
appropriate amounts of ethanol and water to get a 10% ethanol
solution. Then dilutions between 1 mM to 1 nM were made by
subsequent 10-fold dilutions. Gold nanoparticle dispersions with a
diameter of 50 nm were purchased from Ted Pella (Redding, CA,
U.S.A.) and stored at 4 °C when not in use. Zein powder and
cysteamine were obtained from Sigma-Aldrich (St. Louis, MO,
U.S.A.). Oleic Acid was purchased from Alfa Aesar (Ward Hill, MA,
U.S.A.). Monoglyceride was obtained from Caravan Ingredients
(Lenexa, KS, U.S.A.).
The morphology of the zein film nanostructures was determined

using a FEI Nova NanoSEM scanning electron microscope (Hills-
boro, Oregon, U.S.A.) with an acceleration voltage of 10 kV. An
Everhart-Thornley detector (ETD) and a through lens detector
(TLD) were used to obtain images with different magnifications. The
gold layer was coated on polydimethylsiloxane (PDMS) by using a
Airco Temescal VES 2550 e-beam evaporator (Livermore, CA,
U.S.A.). All the ultrapure water used in the experiments was obtained

from a Barnstead GenPure ultrapure water purification system (Grand
Island, NY, U.S.A.) and had a resistivity of 18.2 MΩ·cm−1. Raman
tests were conducted on a Thermo Scientific DXR2 Raman
microscope (Grand Island, NY, U.S.A.). A Fisher brand Isotemp
Advanced stirring hot plate was used to dissolve the zein powder
(Chicago, IL, U.S.A.).

2.2. Zein/Au SERS Substrate Preparation. In order to fabricate
the zein/Au SERS substrate with an inverted pyramid structure
coated with gold, a previously established procedure was used.21

Briefly, the original master molds with the inverted pyramid structures
made of polyethylene terephthalate (PET) with a base of 2 μm by 2
μm, a periodicity of 2 μm (from center to center), and height of 2.1
μm were obtained from the Dr. Liu’s laboratory at the University of
Illinois. Then PDMS was used to transfer the microphotonic patterns
and gold from PET to the zein film. Zein films were cast on the
PDMS molds following the procedure below: Zein solution was
prepared by dissolving zein powder in 70% ethanol, oleic acid
(plasticizer), and monoglyceride (emulsifier) together. First, 100 mL
of ethanol (70%) was heated to 65 °C and 20 g of zein powder was
added to the heated ethanolic solution. After zein was dissolved for 5
min under stirring, 20 g of oleic acid and 0.1 g of monoglyceride were
added to the solution. Air bubbles were removed by 2 min of
sonication immediately after the mixing of zein, plasticizer, and
emulsifier to make bubble free zein films. Afterward, 15 mL of the zein
solution was poured into a Petri dish containing the PDMS-Au mold
in the middle. Then the solution was dried in a desiccator for 3 weeks
at room temperature. Finally, zein films were cut carefully by using a
razor blade after complete solidification. The surface energy of gold
on PDMS is lower than the surface energy of gold on zein, and
therefore, the gold spontaneously and flawlessly transfers onto the
zein film. The zein/Au film with three-dimensional inverted pyramid
structure was peeled from PDMS and the final gold coated zein
nanophotonic SERS substrate was obtained.

2.3. AuNP Decoration of the Surface of the Zein/Au
Substrate. Once the gold coated zein sensors were fabricated, the
effect of using gold nanoparticles to further increase the SERS
intensity was investigated. Cysteamine was used as a cross-linker to
bind the gold nanoparticles that decorate the surface of the SERS
sensors. First, a 1 M cysteamine solution was prepared using milli-Q
water. The 1 M solution was then diluted to both 10 mM and 100
mM cysteamine. Concentrations a decade apart were selected to have
a large enough difference so that the impact of cysteamine on gold
density could easily be established. These cysteamine concentrations
were explored for their ability to create a uniform monolayer of gold
nanoparticles and for the effect of cysteamine concentration on the
density of gold nanoparticles.

A 25 μL droplet of 10 mM or 100 mM cysteamine was placed on
the surface of the gold coated zein sensor. This droplet size was
enough to cover the portion of the sensor containing the inverted
micropyramids in its entirety for both 10 mM and 100 mM
cysteamine concentrations. The sensor was covered and left at room
temperature for 2 h to allow for the cysteamine to form its own
monolayer. The sensors were then washed using milli-Q water and
dried with a stream of nitrogen gas.

A 25 μL droplet of a 4.5 × 1010 particle/mL solution of 50 nm gold
nanoparticle (NP) solution was then placed on the zein sensor again,
over the inverted nanoparticles. The sensor was placed in a Petri dish,
covered, and sealed with parafilm before being placed in the
refrigerator at a temperature of 4 °C for 20 h. The sensors were
then washed again with milli-Q water and dried with nitrogen gas.
The subsequent sensors emerged from this process decorated with
gold nanoparticles, and the different concentrations of cysteamine
were investigated for their ability to enhance the zein SERS signal.

2.4. Enhancement Factor of the SERS Substrate. Raman tests
were conducted by measuring the Raman spectra on the substrate in
different positions (with the inverted pyramid structure and without
the structure) and different conditions (coated with AuNPs and
without AuNPs) of the SERS substrate. In these experiments, zein
peaks were used as the basis for understanding the enhancement
factor.
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Additional experiments were also performed using Rhodamine 6G
(R6G) as the analyte to test the Raman signal intensity. The zein
SERS sensors compared were: (1) with no Au coating layer on zein,
(2) with no Au nanoparticles deposited on the gold layer, (3) with Au
nanoparticles deposited and bound on the gold layer using 10 mM
cysteamine, and (4) with Au nanoparticles deposited and bound on
the gold layer using 100 mM cysteamine.
Raman spectra were collected using a Thermo Scientific DXR2

Raman microscope. The 633 nm laser was used at a power of 2 mW
with a long working distance 50× objective lens. The laser power was
optimized to get the highest intensity signal from the sample without
saturating the detector. In conjunction with a 25 μm pinhole aperture,
this lens created a total laser spot size of 1.3 μm. This aperture was
chosen from four available apertures (25 μm pinhole, 25 μm slit, 50
μm pinhole, and 50 μm slit) to give the highest possible intensity
from the sample without having truncated peaks due to saturation of
the detector. In this particular case, the 25 μm pinhole aperture gave
the highest intensity without peak truncation. Atlμs software was used
to perform xy-mapping of the sensor. Each map was a 6 × 6 μm
square with a 2 μm step size in each direction, creating a total of 9
points captured for each map. This distance ensured that the laser
focus was at the center of an inverted pyramid for each collection.
Every sample was photo bleached for 20 s before collecting a

spectrum to decrease the fluorescence caused by the zein protein. The
spectra were collected from 200 to 3600 cm−1. All 9 spectra collected
from each map were averaged together and then manually baseline
corrected to remove any interference from zein fluorescence. Five
maps were collected for each of the sensors tested, totaling 45 spectra
collected for each sensor and 135 spectra for each formulation.
2.5. Determination of PYO Concentration on the New Zein/

Au-AuNPs SERS Platform. Twenty microliter portions of different
concentrations of PYO in a DMSO buffer with 10% ethanol (ranging
from 50 μΜ to 1 mM) and the blank buffer solution without PYO
were dropped at the center of the zein/Au-AuNPs substrate (prepared
using 100 mM cysteamine). A 633 nm laser was used as the laser
source. The slit selected was 50 μm, and the grating used was 600
lines/mm. In contrast to the experiments above, of the four aperture
choices that were available on this Raman instrument, the 50 μm slit
aperture was used and gave the best peak without peak truncation and
maximum intensity. The wavenumber ranges between 600 and 2000
cm−1 were recorded. Spectra were collected 10 times for a period of 1
s. X-Y Mapping was used to collect data on a 30 μm by 30 μm square.
2.6. Test in Drinking Water. The effectiveness of the zein sensor

platform was investigated with tap water spiked with PYO. In order to
eliminate possible big particles such as plankton and suspended dust,
the water was allowed to rest for 30 min in order to detect possible
precipitated particles. These possible microparticles were removed by
centrifugation for 30 min at 14000 rpm. The supernatant was then
further filtered (0.2 μm filter pore size) to remove any possible smaller
microaggregates.
Three different concentrations of the PYO solution (500 μΜ, 1

mM, and 2 mM) were prepared for addition to the treated water
sample by mixing 0.9 mL of water with 0.1 mL of standard PYO
solution. A drop of the PYO solution in water was deposited on the
surface of the zein/Au-AuNPs SERS sensor. Raman spectroscopy
measurements were conducted in triplicate.
2.7. Biodegradability and Gold Recovery from the

Biosensor. To test the biodegradability of the zein/Au-AuNPs
SERS substrate, recovery experiments were conducted by using 20
mL of 70% ethanol extraction to separate zein from gold. The
biodegradable sensors were put into the ethanol solution on a
magnetic stirrer with 700 rpm at room temperature and 65 °C,
respectively. Afterward, gold material was filtered from the solution.
The remaining gold free zein ethanol solution was disposed of by
Purdue University Radiological and Environmental Management
(REM).

3. RESULTS AND DISCUSSION
3.1. Detection Mechanism. As seen Figure 1, PYO is

made of heterocyclic nitrogen with a methyl group at the N
position. The Raman spectrum of 100 μM PYO using
commercially available 20 nm silver nanoparticles (AgNPs)
as a SERS substrate gives characteristic peaks between 650 and
1600 cm−1 compared with pristine Ag. Three prominent peaks,
at 676, 1353, and 1610 cm−1, are observed originating from
PYO. The peaks at around 850 and 1080 cm−1 are attributed
to the molecular vibrations of ethanol. The Raman peak of
1353 cm−1 was assigned to C−C stretching, C−N stretching,
and C−H in-plane bending modes of the aromatic ring.25 The
spectral peak at 1447 cm−1, is the result of the CH2 and CH3
bending. In this study, we are using the 676 and 1353 cm−1

peaks as markers of PYO to detect and determine the
concentration of PYO in the sample.

3.2. Fabrication Principle and Sensing Strategy. The
basic fabrication principle and detection mechanism of the
SERS nanosensor can be seen in Figure 2. The three steps
needed to develop the nanosensor include fabricating the
PDMS intermediate followed by zein substrate fabrication and
PYO detection. The gold coated zein nanophotonic film was
developed as in earlier studies.21 AuNPs to enhance the SERS
signal were attached to the surface of the gold coated zein film.
A 100 mM solution of the cross-linker, cysteamine, was used to
ensure bonding between the AuNPs and the gold film on the
surface of zein.
Raman measurements are then conducted by depositing a

drop of PYO solution on the SERS substrate consisting of the
gold coated zein film with AuNPs (part III in Figure 2). There
is then an enhancement of the Raman spectrum intensity of
the PYO solution as a function of the concentration of PYO
deposited by the drop. The change in the intensity of the SERS
signal as a function of concentration was used to quantitatively
detect PYO.

3.3. Characterization of the Zein/Au Substrate. The
SEM images of the zein substrates with no Au layer and no
NPs (Figure 3a) show that a successful transfer of the inverted
micropyramids was achieved through soft lithography using
PDMS as the intermediate mold. Figure 3b shows the zein film
coated with a 200 nm Au layer. It is clear that the inverted
pyramid structure and the nonstructure sections are distinctly

Figure 1. Chemistry of PYO and the standard Raman spectrum of
PYO measured using Ag as a SERS substrate (red line).
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seen. The upper area in Figure 3b is the zein film without
inverted pyramid structure showing a smooth and clean zein
surface without pyramids. The lower area in Figure 3b shows
the well-organized inverted pyramid structure distributed
uniformly on the surface.

The inverted pyramid structures can be observed clearly by
the ultrasensitive immersion mode and in detail in Figure 3c.
Each inverted pyramid has lateral base dimensions of 2 μm by
2 μm with a periodicity of 2.1 μm, which matched perfectly the
positioning of the pyramids on the PET mold.
The SEM comparison of the AuNP bound to the surface of

the gold coated nanostructured zein film using 100 mM and
the 10 mM cysteamine solutions showed that a much denser
dispersion of nanoparticles was achieved with the 100 mM
cysteamine solution compared to the 10 mM solution (Figure
3d,e). The 10 mM concentration of cysteamine succeeded in
attaching a considerable number of gold nanoparticles to the
sensor surface, but they were not evenly distributed. The

Figure 2. Fabrication of the zein substrate and sensing strategy using the SERS biosensor.

Figure 3. Characterization of the inverted pyramid structure in each
step of the zein film fabrication: (a) no Au and no AuNPs on the zein
film, (b) gold coated zein film captured by an Everhart-Thornley
detector (ETD), (c) gold coated zein film captured by the Through
Lens detector (TLD), (d) gold coated and AuNPs functionalized zein
film using 10 mM cysteamine, and (e) gold coated and AuNPs
functionalized zein film using 100 mM cysteamine. Yellow arrows
show AuNPs in the inverted pyramid wells, and blue arrows show
AuNPs on top of the wells.

Figure 4. Raman spectra of zein/Au substrate (without inverted
pyramid structure), zein/Au (measured in the inverted pyramid
structure), and zein/Au-AuNPs (measured in the area with the
inverted pyramid structure).

Figure 5. Raman spectra of zein SERS platforms with Rhodamine 6G
analyte: no Au (black), no NPs (green), 10 mM cysteamine (blue),
and 100 mM cysteamine (red).
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nanoparticles mostly congregated in a few areas throughout the
sensor surface. The large aggregates of gold NPs on the 10 mM
cysteamine samples appeared to be mainly located at the top of
the inverted micropyramids. This placement is not ideal, as the
signal could be more enhanced if a considerable fraction of the
particles were stacked up at the bottom of the inverted
pyramid wells.
The 100 mM solution of cysteamine was able to achieve a

good dispersion of gold nanoparticles across the whole sensor
surface. Particles were present both within the wells of the
inverted pyramids as well as toward the top between the wells.
Therefore, the distribution of the nanoparticles with the 100
mM cysteamine sample provided a SERS signal of much
greater intensity.
3.4. Relative SERS Enhancement with the Newly

Fabricated Gold Coated AuNPs Decorated Sensor
Platform. Figure 4 shows the results of Raman measurements
at different locations of the zein SERS platforms (with and
without inverted pyramid structure) and the same area with
different gold decoration conditions (with and without
AuNPs) under the same Raman setting parameters. The blue
line is the Raman spectrum of the 200 nm gold coated zein
platform with the inverted pyramid microstructure ,and the
black line is the Raman spectrum of the same platform
measured in the area without the inverted pyramid micro-
structure. The Raman signal of the two lines at the wavelength
of 731 cm−1 generated by the zein protein, which is not

particularly Raman active, gave a signal with intensities around
200 cps (counts per second) for the blue line and 100 cps for
the black line showing that the gold coated inverted pyramid
structure improves the Raman signal considerably.21 The red
line shows the Raman spectrum of the gold coated zein
substrate decorated with AuNPs which gives a Raman signal
around 1200 cps for the 731 cm−1 zein peak, which is 5 times
higher compared to the blue spectrum. The enhancement of
the Raman signal showed that the introduction of AuNPs to
the substrate significantly increases the Raman response. The
contact of AuNPs and the gold layer creates a large number of
“hot spots”, which contribute to the enhancement of the
Raman signal.26 To achieve the best sensitivity of the
nanosensor, we use the 100 mM cysteamine zein/Au-AuNPs
which maximize the enhancement of the SERS platform to
detect PYO.
The enhancement of the SERS signal with different surface

preparations was then tested using the Raman active molecule
Rhodamine 6G (R6G) as the target analyte. The R6G peak
intensity at 1360 cm−1 was measured as a reference of each
sensor’s enhancement. This peak is indicative of the aromatic
ring vibrations that are highly present in the R6G molecule but
are not present in the zein molecular structure. As shown in
Figure 5, the AuNP decorated sensor had the strongest Raman
signal overall, and the Raman intensity of the R6G peak at
1360 cm−1 is around 2016 cps. The intensity of the zein
spectrum without any gold (No Au), however, was very small
(176 cps) compared to the gold coated zein substrate (1089
cps). The SERS enhancement factor calculation is then given
as follows for the gold decorated gold coated zein substrate21

= × ×
I
I

C
C

A
A

enhancement factor SERS

Raman

Raman

SERS

SERS

Raman

where ISERS, CSERS, and ASERS represent the SERS intensity, the
concentration of Rhodamine 6G, and the surface area covered
by Rhodamine 6G molecules, respectively. Similarly, IRaman,
CRaman, and ARaman represent the Raman intensity, concen-
tration of Rhodamine 6G, and the surface area covered by
Rhodamine 6G molecules, respectively. The SERS enhance-
ment of the gold coated (200 nm thickness) nanostructured
zein platform without any gold nanoparticles has been
previously calculated as 1.3 × 104.21 To calculate the additional
SERS enhancement achieved by the gold nanoparticle
decoration, the surface area generated by the gold nano-
particles from the gold nanoparticle colloid concentration and
the volume of gold nanoparticles used was calculated. The
Raman intensity improvement generated through the use of
gold nanoparticles is also calculated. Multiplication of these
two factors with the previously obtained SERS enhancement
gave an improved SERS enhancement factor of 2.8 × 104.
Some of the inverted nanoparticle wells had no particles

while others had a considerable number, creating a similar
spectrum to the no NPs platform in the former case and a
largely enhanced signal in the latter. Clearly, the Raman spectra
showed that the zein sensor platform coated with gold and
decorated with gold nanoparticles was the better platform.
This sensor setup was further tested for detection of the PYO.

3.5. Detection Ability of the SERS Nanosensor for
PYO. The results of the Raman tests to detect PYO at different
concentrations from 0 to 1000 μM are in Figure 6a, where we
can see the characteristic peaks of 676 and 1353 cm−1 of PYO.
At the concentration of 1000 μM, large PYO Raman peaks

Figure 6. (a) Raman spectra of zein/Au-AuNPs substrate in detecting
different concentrations of PYO ranging from 1 to 1000 μM. (b)
Raman intensity change along with the increase of PYO concentration
from 50 to 1000 μM.
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appeared, while at 10 μM and below, there is no peak at the
two characteristic wavenumbers. We deduced that the critical
concentration of PYO for adequate detection should be
between 10 and 100 μM. Figure 6b shows the Raman intensity
changes of the characteristic peaks as a function of PYO
concentration from 50 to 1000 μM. A 10% ethanol/water
solution which was used to dilute PYO concentration and
served as a control showed no Raman peaks at the wavelengths
of 676 and 1353 cm−1 in Figure 6a as expected. However,
peaks began to appear when the PYO concentration reached
50 μM and showed an increasing Raman intensity when the
concentration of PYO increased to 100 μM.
In order to further quantify the analysis, two calibration

curves were developed for PYO at the characteristic peaks of
676 and 1353 cm−1 at different concentrations of PYO ranging
from 50 to 1000 μM. More detailed peak intensity information
on the Raman spectra can be obtained by enlarging the spectra
(Figure 6b). Figure 7a shows the Raman 676 cm−1peak of
PYO. A Raman peak with an intensity of 20 is observed when
the concentration of PYO is 50 μM and the area underneath
the peak appears to increase linearly from 75 to 1000 μM
giving a standard curve, with an equation of y = 2.087x +

381.7, using the change in peak areas as a function of
concentration as shown in Figure 7c. The coefficient of
determination, R2, for this calibration curve is 0.9879. A similar
linear equation of y = 2.447x + 439.5 with an R2 of 0.9629 was
obtained at the wavelength of 1353 cm−1 (Figures 7b,d). The
limit of detection (LOD) of 25 μM was calculated at this
wavenumber according to the formula LOD = 3N/S.
Pyocyanin is found in the sputum of patients with cystic

fibrosis in concentrations as high as 16 μg/mL corresponding
to 0.07 μmol/mL and has many toxic effects on eukaryotic
cells, including the respiratory epithelium.27 In our current
biosensor, the LOD was found to be 25 μmol/L corresponding
to 0.025 μmol/mL. While there may be sensors with much
higher sensitivity, the biodegradable nature of our sensor offers
a different benefit coupled with a sensitivity which is in the
range where damaging impact is observed on the part of
pyocyanin. When other SERS-based nanosensors and the
sensor in this paper for PYO detection are considered, we can
see that the LOD of each nanosensor varies a lot with different
nanomaterials used in the construction of the sensor and
different characteristics peaks used.25,28−30 The ultrahigh
Raman enhancement factor on Au@SiO2 supercrystal arrays
for PYO gives the best limit of detection of 10−14 M in PYO
detection.30 Some silver nanoparticle-based fabricated SERS
nanosensors can also test PYO to a very low level
successfully25,29 (for detailed comparison between LODs of
SERS PYO studies see Table S-1). However, in this research,
we have shown that a reliable and biodegradable sensor can be
fabricated. The measurements were taken from three
independently fabricated sensors, and the outcome is a marker
of the reproducibility of the method used with the standard

Figure 7. Raman spectra of zein/Au-AuNPs substrate in detecting different concentrations of PYO ranging from 50 to 1000 μM (a and b) and the
standard curve of the SERS sensor in detecting different concentrations of PYO ranging from 50 to 1000 μM (c and d) at 676 and 1353 cm−1.

Table 1. Recovery of PYO in Drinking Water Samples Using
Developed SERS Nanosensor (n = 3)

Water Sample
number

Spiked
concentration

(μM)
Measured concentration

by SERS (μM)
Recovery

(%)

Water 1 50.00 46.31 ± 0.66 92.62
Water 2 100.00 98.09 ± 0.48 98.09
Water 3 200.00 190.8 ± 1.57 95.40
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deviation showing the variability from sensor to sensor. The
sensor platform is also very stable. Our research on
sequentially improvement platforms has been going for more
than 8 years at this time. The early sensors manufactured in
our lab still give good reproducibility showing the stability of
our platforms. The zein-based sensor is the only platform that
is biodegradable among all the platforms studied so far and
exhibits great advantages over the conventional inorganic
material-based chips in terms of protecting the environment in
an age of exponential growth in the development and
commercialization of point-of-care sensors.
3.6. SERS Detection of PYO in Drinking Water. In

order to validate our methodology, a relevant water safety
application is considered in this study. A PYO recovery
experiment from drinking water was used to evaluate the
feasibility and reliability of the PYO bionanosensor. The peak
area at 676 cm−1 was used to calculate the concentration of
PYO detected in drinking water. As shown in Table 1, the
recovery rates between 92.62% and 98.09% showed good
capabilities of the nanosensor in this study for accurate PYO
detection in drinking water.
3.7. Biodegradability Test. It is known that zein is an

alcohol soluble protein, and one of the best solvents for zein is
a 70% ethanol solution. We immersed our sensors in 70%
ethanol and extracted the zein and the gold separately. In the
extraction experiments, we can see clearly that the zein/Au-
AuNPs substrate can be completely dissolved in the 70%
ethanol solution. It takes 4.5 h for the substrate to reach 100%
dissolution at room temperature. Heat can accelerate the
dissolution of zein in 70% ethanol. The SERS substrate was
totally dissolved at 65 °C within less than 1 h. The gold
material can be harvested easily by filtration (see Figure S-1).
In short, a new promising biodegradable SERS platform

made of gold coated nanostructured zein decorated with 50
nm gold nanoparticles was fabricated, which successfully
detected PYO secreted by P. aeruginosa. The new platform
gave a SERS enhancement factor of 2.8 × 104 and successfully
enhanced the Raman intensity of PYO. PYO can be quantified
in 30 min directly without complex pretreatment, and this
platform was used to detect PYO in PYO spiked drinking
water. This point-of-care detection method for PYO can be
further used for on-site detection of PYO in drinking water or
beverages that are suspected to be contaminated with P.
aeruginosa. The zein-based substrate, which was very easy to
reclaim using ethanol extraction, is biodegradable and eco-
friendly. Gold can be harvested and further used once the
sensor has been used and discarded. Recycling silicone involves
depolymerization to recover silicone monomers, which is a
time and energy consuming process.31 Glass is inert, but it
does not biodegrade in the environment.32 Consequently, the
use of zein is a far superior platform from an environmental
point of view.
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