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In this paper we studied the fabrication of a family of new biodegradable SERS sensors using a gold coated zein
film with inverted pyramid structures that we had fabricated previously and coupled it with deposition of gold,
silver and silver-shelled-gold nanoparticles. The proximity and contact between the gold surface and the new
added nanoparticles help create new hot spots, which enhance the SERS intensity. Rhodamine 6 G was used as
the Raman active molecule to evaluate the SERS enhancement effect. Results revealed that different nano-
particles exhibit different SERS effects. Silver-shelled-gold nanoparticles gave the highest enhancement factor of

3 x 10° followed by silver and gold nanoparticles relative to a glass surface. The enhancement factor of the new
silver-shelled-gold nanoparticle decorated platform with the best performance relative to the gold coated zein
nanophotonic structures is 10%, a remarkable improvement. This sensitivity improvement takes the newly de-
veloped zein based biodegradable SERS biosensor platform one step closer to non-biodegradable sensors.

1. Introduction

Since Fleischman first used the roughened silver electrode to obtain
the Raman spectra of pyridine molecules in 1974 [1], SERS has been
widely used in mapping technology and single molecule detection
[2-6]. The traditional SERS substrates include: roughened metal elec-
trodes, metal nanoparticles, roughened metal films, etc. In recent years,
the three-dimensional nanostructure complexes including bimetallic
nanoparticles such as gold coated silver nanoparticles or hollow na-
noparticles have emerged and widespread attention has been given to
them due to their unique optical characteristics which contribute to the
enhancement of the Raman signal [7-9].

SERS is an excellent method for the detection of toxic and allergic
food contaminants, due to its ability to detect very low concentrations
of analytes, even single molecules [10]. For example, with SERS, re-
stricted antibiotics were detected with a limit of detection of 20 ppb
[11], real-time monitoring of pesticides can be conducted directly on
plant tissues [12,13]. In-situ SERS detection of three gram-positive
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bacteria, Staphylococcus xylosus, Listeria monocytogenes, and En-
terococcus faecium was successfully conducted with limits of detections
of 50, 100, and 100 CFU/mL, respectively [14]. Food adulterants, such
as melamine, have been detected with very low limits of detection using
SERS [15]. Pharmaceutical compounds can also be detected with limit
of detection levels reaching ng/ml using nanostructured SERS platforms
[16].

Despite these successful measurements, the use of synthetic poly-
mers and plastics for the fabrication of SERS platforms is gradually
becoming an issue from the sustainability point of view, as the used/
disposed sensor platforms take many years to fully degrade in the en-
vironment. For this reason, in our group we are focusing on fabricating
environmentally friendly, biodegradable green alternatives to the
plastic-based biosensors [17-19]. Our team has developed an in-
novative biodegradable protein-based SERS sensor platform using corn
zein with replicating nanophotonic structures using soft lithography
[17,18,20-22]. Briefly, the nanophotonic structures were first trans-
ferred to polydimethylsiloxane (PDMS) films from a PET master molds
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Fig. 1. The diagram for fabrication of zein film sensor and its detection of R6G.

Fig. 2. Photographs of the zein film preparation; a) zein solution before casting, b) zein solutions cast on gold coated PDMS films, c) peeled off zein films from PDMS
layers with complete gold layer transfer. Red square shows the nanophotonic region on zein film surface.

and coated with gold. Zein solutions were then cured on top of the gold
coated PDMS films and peeled off, with excellent and unanticipated
fidelity leading to a complete transfer of nanostructures and the gold
layers. Out of inverted nanopyramid, nanopore and nanodome struc-
tures, inverted nanopyramids gave the highest enhancement factor of
10* relative to a flat glass surface. These zein based SERS sensors were
then successfully used in the detection of acrylamide, a food toxin, and
Ara hl the main peanut allergen protein [20,21]. In our recent study,
we were able increase the SERS enhancement factor of zein-based SERS
platforms twice, with the decoration of gold nanoparticles on the sur-
face of gold coated nanostructured zein platforms [18]. This enhance-
ment enabled detection of pyocyanin, the lethal toxin of water-borne
pathogen Pseudomonas aeruginosa, from water with a detection level of

25 uM. Even though SERS enhancement factor of zein-based platforms
was increased with the decoration of Au nanoparticles, there is still
room for improving the sensitivity to match the sensitivity of plastic-
based SERS platforms.

Another recent study confirms that SERS enhancement increases
significantly when gold coated nanocup array SERS substrates were
additionally decorated with metallic nanoparticles [23]. Decoration of
a gold layer coated flat surface with Au nanoparticles increased SERS
signal 6 times relative to the gold layer coated flat surface while Au
nanoparticle decoration onto a gold coated nanocup array instead of
gold coated flat surface increased the SERS signal 25 times. This study
shows, a more sensitive SERS biosensor platform can be achieved, due
to a higher number of hotspot formation, by incorporating
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Fig. 3. SEM images of PDMS based films with positive pyramid structures (a and b) and zein based films with inverted pyramid structures (c).

Fig. 4. SEM images of silver-shelled-gold nanoparticles decorated on the sur-
face of gold coated zein films with inverted pyramid structures.
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Fig. 5. Raman spectra of 200 nm gold layer coated nanostructured zein-based
sensors decorated with gold (red), silver (green), and silver shelled gold (blue)
nanoparticles using cysteamine as the linker molecule.

nanoparticles on the surface of nanostructured arrays.

The use of bimetallic nanostructures for SERS detections have been
shown to have advantages over monometallic structures. Bimetallic
nano-mushroom structures were created by orienting the growth of
silver on the surface of DNA-modified gold nanoparticles, and the

enhancement factor of 10° was achieved [24]. When bimetallic core-
shell nanoparticles of gold and silver were compared to monometallic
gold or silver nanoparticles, the SERS enhancement factor was found to
be the highest for gold core-silver shell nanoparticles [25]. Gold/silver
core-shell nanorods were compared with gold nanorods for the SERS
detection of human immunoglobulin G with a detection limit of 70 fM
was achieved with gold/silver core-shell nanorods, which was 10* times
lower than the limit of detection of gold nanorods [26].

The goal of the study is to further increase the sensitivity of na-
nostructured zein-based SERS platforms by decorating the surface with
gold, silver and bimetallic silver-shelled-gold nanoparticles. The effects
of surface decoration with silver, gold and silver-shelled-gold nano-
particles separately on the enhancement of the SERS intensity was in-
vestigated using Rhodamine 6 G as the Raman active molecule. In ad-
dition, the enhancement created by the same concentration of
nanoparticles deposited on a glass surface was also studied to offer a
comparison between the SERS performance of a non-biodegradable
surface with a biodegradable sensor platform.

2. Materials and methods
2.1. Materials

Ethyl Alcohol (140 Proof) was purchased from Decon Laboratories
Inc. (King of Prussia, PA); Zein (Z3625), cysteamine (98 %), glutar-
aldehyde (GDA) (25 % in water solution) and Rhodamine-6 G (R6 G)
were obtained from Sigma-Aldrich (St. Louis, MO); Oleic Acid (OA)
(technical grade 90 %) from Alfa Aesar (Ward Hill, MA); mono-digly-
ceride emulsifier (BFP 65 K 1004200364) from Caravan Ingredients
(Lenexa, KS); Acrylamide (98.5 %) was purchased from Fisher Scientific
(Pittsburgh, PA). Au and Ag nanoparticles with 20 nm diameters were
purchased from Ted Pella Inc. (Redding, CS) at 7.0 * 10*! and 7* 10*°
particles/ml concentrations, respectively. Silver shelled gold nano-
particles with a total diameter of 20 nm and a shell thickness of 6.4 nm
were purchased from nanoComposix (San Diego, CA) at a concentration
of 2.6 * 10" particles/ml. To show the suspension stability of the na-
noparticles, zeta potentials of the nanoparticles in deionized water were
measured. The average zeta potentials were -30.0 mV, -47.17 mV, and
-31.03 mV for silver-shelled-gold, silver and gold nanoparticles, re-
spectively. These zeta potentials which are larger than -30 mV show
that all nanoparticles repulse one another and the nanosized organi-
zation of the nanoparticles remains stable.

2.2. Preparation of zein films with inverted pyramid structures

Zein solutions were prepared following our methodology reported
before [27]. Briefly, the zein protein was dissolved in 70 % ethanol at a
1:5 w/v ratio and heated to 62 °C and oleic acid (OA) plasticizer and
mono/diglyceride emulsifier were added. Then glutaraldehyde was
added for crosslinking in the ratio of 4 % glutaraldehyde to zein (w/w)
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Fig. 6. (A) Raman spectra of 10 mM R6 G on a glass slide (B) SERS spectra of 10 mM R6 G on zein film with only inverted pyramid structures but no layer of gold (C)
SERS spectra of 10 mM R6 G on zein film with both inverted pyramid structures and a 200 nm layer of gold.
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Fig. 7. SERS measurement of 0.1 mM R6 G using different nanoparticles de-
corated zein film sensor compared with zein film with inverted pyramid
structures and a 200 nm layer of gold using 10 mM of R6 G (orange) and with
the zein film with inverted pyramid structures (black).

stirred for 1 h, after heating to cool the solution to room temperature.

For the preparation of zein films with inverted pyramid structures,
the gold coated PDMS films with positive pyramids with dimensions of
2 X 2 x 2.1 uym were obtained from Dr. Logan Liu’s laboratory at the
University of llinois and used as template [17,20]. Other aspects of this
fabrication procedure were also discussed before. The zein solution
mixture was then poured onto petri dishes with a 60 mm diameter with
the PDMS template already in it. Then, zein films were peeled off from
the PDMS template and complete transfer of nanostructures covered
with gold onto zein was achieved. The final product consisted of zein
films fabricated with inverted pyramid structures.

2.3. Decoration of different nanoparticles on the surface of zein films

The SERS effect of the deposition of different nanoparticles (gold,
silver and silver-shelled-gold nanoparticles) chemically bound onto the
surface of zein films with inverted pyramid structures was investigated.
Cysteamine was used to fix the nanoparticles on the gold surface of zein
films through its thiol group and an amine group at each end forming

an Au-S bond. The amine group is positively charged while the three
(Au, Ag and Au/Ag) nanoparticles are all negatively charged with the
use of a citrate-capping layer and the amine group electrostatically
attracts the nanoparticles [27]. First, a 25 pL droplet of 100 mM cy-
steamine was placed on the surface of the gold coated zein films. The
film was then left at room temperature for 2 h to allow cysteamine to
bind to the gold layer. The film was then washed using milli-Q water to
remove the excess unbonded and free cysteamine and dried with a
stream of nitrogen gas for a firm linkage. Five consecutive drops of 20
nm gold nanoparticles solution (10 pL/drop, 7 x 10 particles/mL)
were then placed on the zein film to fabricate the gold coated nano-
particle added zein sensor. The sensor was placed in a petri dish, cov-
ered and placed in the refrigerator at a temperature of 4 °C for 24 h [27]
to enable bonding of gold nanoparticles to cysteamine. The zein sensors
were then washed with milli-Q water and dried with nitrogen gas so
that only the bonded nanoparticles remain on the sensor surface. The
zein sensors decorated with 20 nm silver nanoparticles and 20 nm
silver-shelled-gold nanoparticles followed the same procedure as gold
nanoparticles.

2.4. SERS Detection of Rhodamine 6 g

For the deposition of Rhodamine 6 G (R6 G) molecules on various
platforms tested in this study, the drop deposition technique was used,
following our previously developed method [17,19,28]. To show the
good distribution obtained with drop deposition technique, Raman
spectra of R6 G molecules were taken from multiple spots on a flat glass
surface. The replications, given in Supplemental Fig. 1, show that drop
deposition technique is a technique that gives reproducible results
when measurements are conducted at many points along the dried R6 G
molecules.

First, Raman spectra of 10 mM Rhodamine 6 G (R6 G) was obtained
directly on the glass slide, zein film with only nanophotonic structures
and no gold, and zein film with nanophotonic structures and a 200 nm
layer of gold, following our previously developed method [17]. Then, in
order to compare the effect of the deposition of nanoparticles on en-
hancement of SERS intensity, 0.1 mM R6 G was placed on the surface of
nanoparticle decorated zein sensors. Their SERS spectra with R6 G were
obtained and used for SERS enhancement factor calculation.

Raman and SERS spectra were collected using a Thermo Scientific
DXR2 Raman Microscope. The laser used had a wavelength of 633 nm
and a power of 2 mW. An objective lens with 50x magnification was
used in Raman microscope. A 25 pm pinhole aperture was used to
collect Raman scattering, which gave a total laser spot size of 1.3 pm.
The Raman measurements were repeated 3 times and the averages were
obtained using the OMNIC software.

2.5. Scanning Electron microscopy

Scanning electron microscopy images of the samples were taken
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Fig. 8. SERS intensity of Rhodamine 6 G measured with nanoparticle decorated zein film sensors, nanoparticle decorated gold coated glass slides, nanoparticle

decorated glass slides, and directly on glass slide.

with a Nova NanoSEM 200, using ETD and TLD detectors to visualize
the deposition of nanoparticles on the gold coated surface. 1 cm x 1 cm
pieces were cut from samples and fixed on SEM discs with double sided
tape. During imaging, working distance was kept in the range of 4.3
mm-5.0 mm, with an accelerating voltage range of 5.00 kV-10.00 kV
and a spot size of 3.0 nm. No additional metal coating was applied to
the samples, since all the imaged samples were already coated with a
200 nm thick gold layer.

3. Results and discussion

3.1. Preparation of gold coated inverted pyramid zein films and their
decoration with gold, silver and silver-shelled-gold nanoparticles

The fabrication process of the nanoparticle decorated nanos-
tructured zein film sensor platforms and the detection of R6 G using this
platform is schematically illustrated in Fig. 1. The fabrication of gold
coated nanostructured zein films follows our earlier studies [17], where
gold coated PDMS films with positive pyramid structures were used as
the template to transfer the nanopyramid structures and the gold layer
onto the zein film surface using soft lithography (Fig. 1a). After the 200
nm gold layer and the nanopyramid structures were transferred to cast
zein films, as a new strategy 20 nm nanoparticles of gold, silver and
silver-shelled-gold were used to decorate the surface of nanostructured
zein films using cysteamine as a binding agent (Fig. 1b). The SERS
enhancement as a result of the addition of different nanoparticles using
R6 G spectra were then used for SERS enhancement factor calculations
(Fig. 1¢).

3.2. Characterization of the zein based SERS platforms with SEM imaging

The effectiveness of gold coated nanophotonic zein film preparation
can be clearly seen in Fig. 2c, where the peeled off zein film contains
the intact gold layer. Even though there are some regions around the
edges of the zein film pieces where gold layer is scratched off during
cutting and peeling, the inverted nanostructure region (red square in
Fig. 2¢) is coated with gold perfectly without any defects as was shown
before [17,27]. The fidelity of the transfer of the nanophotonic struc-
tures is further characterized with SEM imaging (Fig. 3). This gold
coated zein surface was used for further decoration with gold, silver and
silver-shelled-gold nanoparticles.

Fig. 3 shows the SEM images of the gold coated PDMS template with
positive pyramid structures (a and b) and a zein based film with in-
verted pyramid structures that is peeled off from that PDMS template
(c). The nanostructures are transferred with great fidelity and are all
arranged in an orderly fashion consistent with our earlier work with
this platform. Fig. 3b shows the surface deposition of gold with a nano
granular structure which should facilitate the formation of hot spots.
The inverted pyramid structures along with the gold layer were also
successfully transferred on the zein film from PDMS as before [17].

The three different 20 nm nanoparticles (gold nanoparticles, silver
nanoparticles and silver-shelled-gold nanoparticles) were diluted to the
same concentration of 7 x 10'° particles/mL and were used for dec-
oration of the surface of gold coated zein based inverted pyramid
structures to study the relative enhancement of the Raman signal. The
effectiveness of the binding of nanoparticles was also studied using SEM
images. Fig. 4 shows the distribution of silver-shelled-gold nano-
particles on the surface of inverted pyramid structures. The SEM image
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shows clustering of particles at different locations which brings them
closer together in individual clusters rather than a uniform distribution
of particles throughout the surface. The closeness of the particles fa-
cilitates the formation of hotspots and enhances the intensity of the
Raman signal.

3.3. SERS measurement of Rhodamine 6 G on nanostructured, gold coated,
nanoparticle decorated zein film sensor

First, Raman spectra of the nanoparticle decorated zein-based sen-
sors were measured without Rhodamine 6 G (R6 G) to show the base
signals of the sensors (Fig. 5). Also, as a reference, Raman spectra of
concentrated aqueous cysteamine solution dried on a glass slide is given
in Supplementary Fig. 2. All the sensors show some of the characteristic
peaks of cysteamine in the Raman spectra in low intensities located at
732 em ™! (CS stretching), 940 cm ™! (CCN stretching), 1030 cm™*
(CCN stretching), 2853 cm ™! (CH, stretching) and 2908 cm ™! (CH,
stretching) due to the presence of cysteamine in the design of the
sensors [29]. Since cysteamine gives a peak of negligible intensity
compared to Rhodamine 6 G, it is of no consequence in the detection of
R6 G in this study.

Raman spectra of 10 mM Rhodamine 6 G (R6 G) on 1) a glass
surface, 2) zein sensor surface with inverted nanophotonic structures
and without any gold layer coating, and 3) zein sensor surface with
200-nm-thick gold layer coated inverted nanopyramid structures were
measured to observe and compare the effects of nanostructures and the
gold layer coated nanostructures (Fig. 6). R6 G was used at a con-
centration of 10 mM since lower concentrations did not provide enough
intensity on samples without any gold addition. All three samples
showed the characteristic peaks of R6 G which are approximately lo-
cated at 1513 cm ™!, 1364 ecm ™', 1314 cm ™!, 1183 em ™}, 776 cm !,
and 616 cm ™! but with different intensities when compared to each
other. 10 mM R6 G gave the lowest intensity peaks on the flat glass
surface due to the absence of gold deposition and therefore no hotspot
formation (Fig. 6A). Zein film with inverted nanostructures but without
gold layer showed slightly higher intensities than flat glass surface due
to the roughened surface with the nanostructure (Fig. 6B). The 200-nm-
thick gold layer coated zein sensor surface with inverted nanostructures
gave the highest intensities among these three samples, due to hotspot
formation caused by the gold coated pyramid structures (Fig. 6C).

To calculate the SERS enhancement factor (EF) obtained with gold
coated zein sensor compared to the flat glass surface, Eq. (1) was used
using the intensities of the 1364 cm ™' peak as the basis for comparison.

EF = Ussrs X Nyortar )/ (InormaL X Nsgrs) D

Igers is the intensity of 1364 cm ™! peak of SERS measurement with
200-nm-thick gold layer coated zein sensor, and Ngggs is the number of
R6 G molecules on this area. Iyoma is the intensity of 1364 cm ™' peak
on the flat glass surface without any gold deposition, and Nyormal is the
number of R6 G molecules on this area. For calculating Nyorma and
Nsgrs, the number of R6 G molecules per unit sensor area with and
without nanoparticles was calculated and multiplied with the Raman
laser area. The relative EF in was calculated to be 1.2 x 10°.

SERS enhancement effects using 100 mM R6 G for gold, silver and
silver shelled gold nanoparticles on the gold coated nanostructured zein
films are shown in (Fig. 7). Zein sensor decorated with silver-shelled-
gold nanoparticles had the highest Raman enhancement, followed by
the sensor decorated with silver nanoparticles. Zein sensor decorated
with gold nanoparticles had the lowest enhancement effect among the
three types of nanoparticles used.

To compare the SERS enhancements obtained with nanoparticle
decorations only, enhancement factors for each type of nanoparticle
decorated gold coated zein sensors were calculated in contrast to gold
coated zein sensors using Eqn. 1. The enhancement factor relative to the
gold coated nanostructured zein surface was 3. 29 x 102 for silver-
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shelled-gold nanoparticles, 2.88 x 102 for silver nanoparticles and 2.46
x 102 for gold nanoparticles.

Fig. 7 also shows the different nanoparticle enhancement factors
compared with zein film with nanophotonic structures only and
without gold coating. The enhancement factor for silver-shelled-gold
nanoparticles was 1.26 x 10* It was 1.10 x 10* for silver nano-
particles and 0.95 x 10* for gold nanoparticles. The enhancement
factor substantially increased with the addition of the three sets of
nanoparticles compared with zein with inverted pyramids coated with a
layer of 200 nm of gold.

In order to compare the total zein film sensor ability as SERS sub-
strate, we dropped three different nanoparticles directly on a glass slide
and used it as the SERS substrate to detect R6 G (Fig. 8). The en-
hancement factor calculated between the silver-shelled-gold nano-
particle decorated zein sensor and silver-shelled-gold nanoparticle de-
corated glass slide was 2.78 x 10° and was the highest among three
types of nanoparticles. The enhancement was 2.69 x 10° and 2.12 x
10 for silver and gold nanoparticles respectively. The comparison of
the enhancement factors shows the improvement of the Raman signal
with the nanoparticle decorated nanophotonic structures on zein sen-
SOrs.

In order to measure only the effect of nanophotonic structures, en-
hancement factors between the nanoparticle decorated 200 nm-gold
layer-coated zein sensors were compared to those of nanoparticle de-
corated and 200 nm-gold layer coated flat glass slides (Fig. 8). The
effect of nanophotonic structures were similar for all nanoparticle
types. For the sensors decorated with silver and silver-shelled-gold
nanoparticles the SERS signal was enhanced 2.02 x 10° and 1.99 x
10? times, respectively. For sensors decorated with gold nanoparticles,
the nanophotonic structures enhanced the signal 1.50 x 10° times. A
comparison between Raman spectra of gold layer coated glass slides
decorated with different nanoparticles are given in Supplemental Fig. 3.
These enhancement factors show the importance of nanophotonic
structures imprinted on zein film surface in creating hotspots to in-
crease the sensitivity of the sensors.

The total enhancement factors of nanoparticle decorated zein sensor
platforms were calculated using R6 G spectra on a flat glass slide
without any gold nanoparticles. The highest enhancement factor of
3.36 X 10° was obtained from silver-shelled-gold nanoparticle deco-
rated zein sensor. Silver nanoparticle decorated zein sensor had a total
enhancement factor of 2.94 x 10° and gold nanoparticle decorated
zein sensor had a total enhancement of 2.51 x 10°. All these total
enhancements obtained with nanoparticle decorated zein sensor plat-
forms are at least a decade higher than the previously obtained en-
hancement factor with gold coated nanostructured zein sensor [17].

The SERS enhancement factor obtained with the zein-based SERS
biosensor platform in this paper is comparable to some of the other non-
biodegradable SERS biosensor platforms. For example, the SERS en-
hancement factor of Au nanorod-covered Fe;04 microspheres used for
the detection of a pesticide, thiram, was 2 x 10°, which is very similar
to the SERS enhancement of the zein-based SERS platform. In another
study, Ag-Au bimetallic nanostructures were fabricated using a seeding
technique and the highest SERS enhancement factor of 10* was ob-
tained with gold ion to silver atom ratio of 4 [30], which is an order of
magnitude lower than the zein based SERS platform enhancement
factor in this paper. Bimetallic Ag-Au nanowires fabricated for the de-
tection of a Raman active molecule, 4-MBA, in colloid solutions yielded
SERS enhancement factors in the range of 10°-107, slightly higher but
still comparable to the SERS enhancement factor in this study [31].
There are of course, studies achieving higher SERS enhancement factors
with the use of bimetallic nanoparticles with unique structures, such as
a SERS enhancement factor of 10”7 was obtained with bimetallic con-
cave gold and palladium nanostar structures [32]. Au or Ag deposited
GaN nanoflowers gave enhancement factors of 107 [33]. In the detec-
tion of p-aminothiophenol, Ag-Au bimetallic hollow nanostructures
reached an enhancement factor of 10% [34], and the use of bimetallic
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Ag-Au nano-mushroom structures gave an enhancement factor of 10°
[27]. Despite their higher SERS enhancement factors, fabrication of
these SERS platforms usually necessitates the use of non-biodegradable
metal, plastic or glass. The major advantage and uniqueness of the
platform in this study is that it is largely (> 98 %) biodegradable. The
biodegradable zein-based SERS platform fabricated in this paper offers
a more sustainable alternative for non-biodegradable SERS platforms.

4. Conclusion

This study aims to further increase the sensitivity of nanostructured
zein-based SERS platforms by decorating the surface with gold, silver
and bimetallic silver-shelled-gold nanoparticles to match the sensitivity
of non-biodegradable, plastic-based SERS sensor platforms. The effects
of silver, gold and silver-shelled-gold nanoparticles on the enhancement
of the SERS intensity was investigated separately. Silver-shelled-gold
nanoparticle decoration on the gold layer coated nanostructured zein
platform gave the highest enhancement factor of 10°> among all the
nanoparticle types and made the SERS biosensor platform 100 times
higher more sensitive than the previously developed zein based SERS
platform [17]. This sensitivity improvement takes the newly developed
zein based biodegradable SERS biosensor platform one step closer to
non-biodegradable sensors and creates a new greener alternative.
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