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ABSTRACT

In this study, a new technique was developed to create an eco-friendly and

biodegradable SERS sensor platform using electrospun corn zein fibers. First,

electrospinning was used in conjunction with glutaraldehyde, a crosslinker for

proteins, to create crosslinked zein nanofibers. The surface of the nanofibers was

then decorated with 20-nm-diameter gold nanoparticles, and the biosensor

platform was tested with the Raman active Rhodamine 6G. The high surface

area and the high surface roughness enabled a SERS signal enhancement of

1.06 9 106, which only required 2.8 9 10-7 g of gold nanoparticle deposition on

the fibers. This electrospun zein-based gold nanoparticle-decorated sensor

platform is not only made with a quicker, simpler and an inexpensive method

compared to the other techniques requiring etching procedures and has a very

good shelf life stability, but also serves as a green alternative to the plastic-based

SERS sensor platforms with an equivalent and sometimes lesser SERS signal

enhancement.

Introduction

The advantages of biosensors, such as their rapid

detection, specificity, ease of mass fabrication, eco-

nomics and point-of-care applicability, make them

useful and preferred diagnostic techniques for med-

icine, environmental monitoring, food safety/quality

and agricultural applications [1]. Extensive studies

have been carried out focusing on fabricating sensors

in the literature [2–4]. Surface-enhanced Raman

spectroscopy (SERS) is a sensor technique aiming to

enhance the intensity of scattering obtained from the

Raman active molecules by using noble metal

nanoparticles and nanostructures which facilitate the

formation of hot spots. SERS is a rapid technique, and

it only takes minutes and sometimes just seconds to

make the measurements. The availability of portable,

handheld Raman devices makes point-of-care (on-

site) measurements possible and practical [5].

The exponentially increasing number of sensors,

being used to detect various molecules, brings up the

concern for the amount of plastics and synthetic

materials used for the production of these biosensors.

Therefore, there is a need for more eco-friendly

‘‘green’’ biosensors. Some of the examples where
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sensors are fabricated using eco-friendly materials

include a chitosan-based biosensor and a zein-based

biosensor [6, 7]. Despite their advantages, using these

food-grade polymers in the fabrication of biosensors

has considerable challenges; for example, there may

be a need for the addition of a non-biodegradable

filler or polymer to have the similar properties as a

synthetic material (plastic)-based sensor leading to

fabrication methods that are very time- and resource-

consuming. For example, for the fabrication of chi-

tosan-based biosensors, the addition of nanocom-

posites (laponite [8] or graphene [6]) was necessary to

increase the electro-catalytical activity of the chitosan

films. The fabrication of SERS biosensors necessitates

the incorporation of small amounts of highly dis-

persed noble metal components like gold or silver.

For example, in the fabrication of zein (corn protein)-

based SERS biosensor, the process includes master

mold preparation, PDMS curing and solvent evapo-

ration. Also a 200-nm layer of gold coating was nec-

essary to get a SERS enhancement of * 104 [7]. In

applications like these, producing the biodegradable

sensor defeats its purpose.

Electrospinning is a technique which enables the

fabrication of nanoscale fibers using different poly-

meric substrates [9, 10]. It may be possible that the

large surface area created during the fabrication of

these fibers may lead to an alternative design for

SERS sensors. Therefore, in this study, we benefit

from the high surface area created by electrospinning

and from the biodegradability of a waste corn pro-

tein, zein, by producing electrospun zein nanofibers.

The design parameters for the fabrication of zein

nanofibers have been explored in depth [11–15]. In a

detailed study, the dependence of fiber morphology

on the viscosity and the concentration of zein solu-

tions were carefully analyzed [13]. The critical

entanglement concentration (Ce) of zein in 80%

aqueous ethanol solution was found as 12 wt %, and

for the fabrication of beadless fibers, the minimum

zein concentration was calculated as 2–2.5*Ce (25

wt %). At viscosities lower than 100 mPa s, the

entanglement of zein molecules was not enough to

create bead-free fibers, but at higher viscosities

increasing chain entanglements were high enough to

facilitate beadless fibers [13]. A more recent study,

where pristine and blend (with PEO) zein fibers were

fabricated from 80% ethanol solution, confirmed

these findings [15]. The Ce of zein was found as 11.2

wt%, and the minimum zein concentration for the

fabrication of bead-free fibers was similarly twice as

much as Ce (22 wt%). The specific concentration of

zein, where the surface tension of the solution chan-

ged from the solvent’s surface tension to zein

monolayer surface tension, was found as 22 wt%,

further confirming the minimum necessary zein

concentration for bead-free fiber formation [12].

Studies of bead-free zein fiber formation using other

solvents showed slightly different concentration

windows ([ 27 wt% for acetic acid, [ 35 wt% for

DMF) possibly due to different behaviors of zein in

these solvents [14]. For the fabrication of zein fibers in

our study, we have studied concentrations above the

reported critical concentrations.

In this study, electrospinning is used to create a

new zein-based SERS biosensor platform. We aim to

benefit from the increasing surface area of zein when

fibers are fabricated. We hypothesize that increased

surface area would enable a more effective gold

deposition on the surface of zein, which would help

to obtain SERS intensity enhancement higher than the

previously developed zein film-based SERS platform

[7]. We also aim to significantly reduce the amount of

noble metal used in the fabrication of the zein-based

biosensor platform to preserve the biodegradability

of the biosensor.

Materials and methods

Materials

Zein powder was obtained from Sigma-Aldrich.

Ethanol, glacial acetic acid, glutaraldehyde (GLA)

aqueous solution (25%) and Rhodamine 6G were

purchased from Fisher Scientific. Gold (Au)

nanoparticles (20 nm) were purchased from Ted Pella

Inc. (Redding, CA) at a concentration of 7.0 9 1011

particles ml-1.

Solution preparation

Zein solutions were prepared by dissolving zein

powder in glacial acetic acid at ratios of 26 wt%, 28

wt% and 30 wt%. To prepare the solutions for the

electrospinning process, they were stirred for 2 h at

50 �C and cooled down to room temperature.

For crosslinked zein fibers, zein solutions were

crosslinked with glutaraldehyde (GLA). Prior studies

have shown that zein films crosslinked with GLA at a
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concentration of 12 wt% of the amount of zein were

the strongest films and gave the highest number of

crosslinks [16]. Therefore, in this study, the relative

amount of GLA was also set at 12 wt% of the amount

of zein used to prepare the solutions. For instance, to

prepare a solution with 6.5 g zein, 3.12 g aqueous

GLA solution, which contained 0.78 g GLA, was

measured in a beaker and was left under the fume

hood overnight for the water to evaporate prior to

zein solution preparation. After water evaporation,

zein and acetic acid were added to the same beaker to

reach a final zein concentration of 26 wt% for the 26%

zein sample. Similar calculations were made for the

28% and 30% solutions. The solutions with all the

necessary ingredients were stirred similar to the

uncrosslinked solutions.

Electrospinning

The zein solutions were electrospun at 20 kV using a

high voltage power supply (Lambda Electronics). The

distance between the needle and the collecting plate

was fixed at 10 cm, and the collecting plate was

covered with aluminum foil for high conductance

and ease of handling. The two dispensing tip types

(inner diameters 0.635 mm (JG20-0.5X) and 0.381 mm

(JG24-0.5X)) were purchased from Jensen Global Inc.

A syringe pump (Pump Systems Inc.) was used to

supply 5 in.H2O pressure and a flow rate of 0.86 ml/

h. Electrospinning was performed at 20% relative

humidity (room relative humidity) and at 22 �C.
During the collection of the zein fibers, glass slides

were placed underneath the spinneret for collection

of the fibers for optical microscopy imaging and

Raman measurements. Due to the fast evaporation of

the solvent at the nozzle caused by the very high

surface area generated by electrospinning, occasional

blockage of the zein solution stream occurred. In

those cases, the power supply was turned off and the

tip of the needle was cleaned, and the system was

started again. After the electrospun fibers were col-

lected on the aluminum sheets or glass slides, the

samples were kept in desiccators for further drying.

To manufacture fibers using crosslinked zein with

glutaraldehyde, the fibers exiting the spinneret were

collected as before but additionally were subjected to

heat to accelerate the crosslinking process in a con-

ventional oven at 140 �C for 10 min following a pre-

viously developed method [17]. After they were

taken out of the oven, these fibers were also stored at

the desiccators containing Drierite (W.A. Hammond

Drierite Co., LTD).

To compare the effect of heat on uncrosslinked zein

fiber properties, a batch of uncrosslinked zein fibers

was also similarly heated at 140 �C. These samples

were then used to compare the water contact angles

(WCA) of the zein mats without crosslinking with

those with crosslinking following the WCA method-

ology described in ‘‘Water contact angle measure-

ments’’ section.

This is important in the SERS platform design of

the fibers because when water droplets containing

gold nanoparticles are deposited on the surface, it is

highly desirable for the droplet not to spread so that

gold nanoparticles are concentrated in one small

spot. Therefore, the more hydrophobic the surface

can be made, the less the spreading of the droplet will

occur. The samples prepared here enable the com-

parison of this relevant and important surface

property.

Optical microscopy imaging

An optical microscope (Olympus BX51) was used to

image the zein nanofibers collected on the glass slides

during electrospinning at 109 magnification.

EDX to detect gold nanoparticles
and scanning electron microscopy to study
micro- and nanostructure and confirm
and augment data obtained with EDX

Nova NanoSEM 200 Scanning Electron Microscopy

was used for SEM imaging of the samples collected

on the aluminum foil (used to ensure conductance).

1 cm 9 1 cm squares were cut from aluminum foils

covered with fibers and coated with a plat-

inum/palladium mixture for 60 s (Cressington 208

HR sputter coater). The images were collected with

an accelerating voltage of 5.0 kV and at a working

distance ranging between 3.8 and 5.6 mm. The ima-

ges were collected at varying magnifications.

To see the distribution of the gold nanoparticles on

zein nanofibers, first, energy-dispersive X-ray analy-

sis (EDX) was done. However, for some of the zein

nanofiber mats, the gold nanoparticles are distributed

on the nanofibers as individual particles (away from

each other) instead of aggregating. This separate

distribution of gold nanoparticles on the surface is

mostly seen on the uncrosslinked zein nanofiber
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mats, where spreading of the drop of gold nanopar-

ticle solution to a wider area separated the gold

nanoparticles from each other and prevented aggre-

gation. Because the size of the nanoparticles (20 nm

diameter) is lower than the pixel size of EDX map-

ping, especially in low magnification (wider area)

images, EDX maps did not show significant peaks of

individual gold nanoparticles, and most of the

information was lost during EDX mapping for

uncrosslinked fibers.

Instead of EDX mapping, SEM images of the

samples taken with a backscattered electron detector

(vCD) displayed the distribution of gold nanoparti-

cles on the nanofibers more accurately, because in

backscattered electron detection, gold nanoparticles

can be easily spotted and differentiated from plat-

inum/palladium (used to cover the surface of the

sample for conductivity) due to their higher atomic

number. This higher atomic number makes the gold

nanoparticles shine more brightly than platinum

during backscattered electron imaging.

Gold nanoparticle decoration
of the electrospun zein fibers

The zein nanofibers were decorated with 20-nm gold

nanoparticles using two different methods. No

crosslinker was used in either of the decoration

methods. In the first method, the nanoparticle col-

loids were added into the zein solutions before the

electrospinning step. After the solutions were cooled

down to room temperature, 60 ll of the gold colloid

solution (7.0 9 1011 particles ml-1) was added to

10 ml of zein solution and stirred for another 15 min

to ensure homogenous distribution. Then, the solu-

tions were electrospun as described in ‘‘Electrospin-

ning’’ section.

In the second way of nanoparticle decoration, 2 ll
droplets of nanoparticle colloids (7.0 9 1011 parti-

cles.ml-1) were deposited on the dried electrospun

zein fiber mats. The fiber mats were then placed in

desiccators containing desiccant (W.A. Hammond

Drierite Co., LTD) to ensure the complete drying of

the colloids. To further enhance the concentration of

gold nanoparticles, multiple droplet deposition was

used. Multiples of 2 ll droplets (3 consecutive dro-

plets) were placed on the same spot on the fibers with

drying periods in between, such that the new dro-

plets were placed on the same spot after the previous

droplet has dried.

Water contact angle measurements

Water contact angle measurements were conducted

on zein fiber mats electrospun directly onto glass

slides using Attension Theta Tensiometer (Biolin

Scientific). The contact angles were recorded for 50 s

with 12 frames per second. The droplet size of the

water placed on each sample was 2 ll. Right and left

contact angles were averaged by the software. The

initial average contact angles (t = 0 s) and contact

angles at 5 s, 10 s and 50 s were reported.

Degradation in aqueous environment

To test the stability of both uncrosslinked and cross-

linked electrospun zein nanofibers in aqueous envi-

ronment, water immersion test was conducted.

1 cm 9 1 cm pieces of zein nanofiber mats, which

were directly electrospun on aluminum foil, were

immersed in 15 ml deionized water in 60 mm 9 15

mm petri dishes for 30 min. To ensure complete

immersion in water, the samples were taped to the

bottom of the petri dishes. After 30 min of immer-

sion, the samples were dried in an oven at 120 �C for

1 h to evaporate the water for SEM imaging. SEM

images were taken with the parameters explained in

‘‘EDX to detect gold nanoparticles and scanning

electron microscopy to study micro- and nanostruc-

ture and confirm and augment data obtained with

EDX’’ section.

Atomic force microscopy

Cypher ES Atomic Force Microscopy from Asylum

Research was used to characterize the surface

roughness of the electrospun fiber mats. TAP300AL-

G-10 type silicon probes coated with 30 nm Al for

enhanced reflectivity (tip radius \ 10 nm) with

300 kHz frequency and 40 N m-1 force constant were

purchased from Ted Pella Company. AFM analysis

was conducted on the zein fibers electrospun directly

on aluminum sheets. 0.5 cm x 0.5 cm pieces were cut

from the fiber-coated aluminum sheets and super-

glued on AFM/STM Metal Specimen Discs. The

images were taken from 10lm 9 10lm and

300 nm 9 300 nm scanning areas. The average

roughness values were calculated by MFP3D

software.
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Raman spectroscopy measurements

Raman spectroscopy was conducted on zein nanofi-

bers with a dispersive Raman spectrometer (DXR 2

Raman Microscope ThermoFisher Scientific). The

spectra were collected between wavenumbers of 200

and 3600 cm-1 using a 633-nm laser at 6 mW laser

power, 10x objective lens with a 50 lm slit aperture.

Ten replications were taken for each spectrum and

averaged using OMNIC software. Due to the fluo-

rescence of zein protein, the baseline of all the spectra

was initially corrected for fluorescence using fifth-

order polynomial. Then, all the spectra were manu-

ally fine-tuned for baseline correction. The Raman

active Rhodamine 6G (R6G) was used as a Raman

marker. First, electrospun zein nanofiber mats were

decorated with Au nanoparticles using two consec-

utive droplets of 2 ll (7.0 9 1011 particles.ml-1).

Then, a third droplet of 2 ll, containing 1 ll Rho-

damine 6G (200 lM) mixed with 1-ll Au nanoparti-

cles (7.0 9 1011 particles.ml-1), was deposited on the

zein nanofibers prior to Raman measurements, giving

a final Rhodamine 6G concentration of 100 lM. The

electrospun zein fiber mats were then put into des-

iccators for complete evaporation of the solvent. The

measurements were taken after the Rhodamine 6G

solvent evaporated.

Statistical analysis

Minitab 18 (one-way ANOVA) was used for statisti-

cal analyses with 95% confidence level. Tukey’s

comparison tests were applied (p\ 0.05) to compare

the zein fiber diameters and the water contact angle

data. Lettering system was used to show significant

difference, such that different letters represent sig-

nificant difference.

Results and discussions

In this paper, we report the design and optimization

of zein fiber mat fabrication for the best possible Au

nanoparticle decoration to obtain a higher SERS

enhancement than what has previously been repor-

ted [7]. Effects of solvent, zein concentration,

crosslinking and nanoparticle decoration methods

have been studied to obtain fibers with smaller

diameters and the highest resistance to swelling.

Smaller diameters are important to get the highest

possible surface area to enable more particle decora-

tion, and resistance to swelling is important for Au

colloid and sample depositions. The optimized fibers

were then tested for SERS measurements to calculate

the enhancement factor.

Effect of solvent on fiber morphology

In this study 70% ethanol and glacial acetic acid were

tested as the solvents for the fabrication of zein fiber

mats in terms of their suitability for SERS sensors

because they are known as the two best solvents for

zein [18]. Figure 1 shows the optical microscopy

images of zein fibers prepared from these two sol-

vents at 26 wt%. When 70% ethanol was used as the

solvent, there were a lot of inhomogeneity and dis-

continuities in the fibers in the form of beads, which

led to frequent fiber rupture and discontinuous fiber

formation (Fig. 1a). The fibers fabricated using glacial

acetic acid were largely bead-free, and there were

almost no fiber breakages (Fig. 1b), consistent with

the previous studies [14, 17].

The different morphologies of zein fibers in 70%

ethanol and glacial acetic acid are due to different

chain entanglement behaviors of zein molecules in

these solvents as explained in introduction. The

incomplete unfolding of zein molecules in ethanol

solutions leads to multimer formation of zein mole-

cules through hydrophobic interactions [12]. Clearly,

at this concentration of zein in 70% ethanol, the lack

of interaction between zein multimers does not allow

enough chain entanglement between zein molecules

to provide the continuity of the macromolecular

phase in solution during electrospinning, which leads

to bead formation and fiber rupture [19]. Even

though the zein concentration used in this study for

70% ethanol (26 wt%) was above the reported critical

entanglement concentrations (22–25 wt%) [13, 15],

beaded fibers were still observed, which is probably

due to different sources of zein used and the small

variations in the solubility of zein at this ethanol

concentration in the solvent. In the case of acetic acid,

zein molecules have been shown to better and fully

dissolve and unfold, leading to only monomer for-

mation in the solvent [12]. This complete unfolding of

zein molecules at the same concentration allows more

chain entanglement of zein molecules in acetic acid

solution, which leads to a continuous fiber formation

during solvent evaporation. A schematic
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representation of zein fiber formations in aqueous

ethanol and in acetic acid is shown in Fig. 2.

Because fabricating zein fibers using acetic acid as

the solvent resulted in continuous fiber formation

with significantly less defects and preparing fibers

from 70% aqueous ethanol solution caused frequent

bead formation and fiber breakages, for the rest of the

experiments, only acetic acid was used as the solvent.

Effect of zein concentration on fiber
morphology

Three different zein concentrations (26 wt%, 28 wt%

and 30 wt%) were tested to fabricate fibers, and their

behaviors under aqueous media deposition were

studied (section ‘‘Decoration of zein fibers with gold

nanoparticles’’). In the fabrication of zein fiber-based

SERS biosensor platforms, decreasing fiber diameter

would result in increased surface area, which would

also increase the number of gold nanoparticles that

can be deposited/decorated on the surface of zein,

leading to an increase in hot spot formation and

therefore an increased SERS signal. The fibers need to

have resistance to swelling leading to limited swel-

ling when aqueous samples are applied on them to

keep their 3D structures. Initially, all three zein

solutions were electrospun using a dispensing tip

having an inner diameter of 0.381 mm. However, the

solution prepared with 30 wt% zein could not be

drawn out due to its higher viscosity (2.0 Pa.s) and

dispensing tips with an inner diameter of 0.635 mm

were used. The viscosity of the solutions that have

26 wt% and 28 wt% zein concentrations was low

enough to use dispensing tips with 0.381 inner

diameter (0.8 Pa s and 1.3 Pa s, respectively) and at

the same time high enough to be above the critical

concentration (2Ce) for entanglement to successfully

manufacture fibers (Online Resource 1 for viscosity

measurements).

Zein fibers were successfully fabricated from all

three concentrations as shown in SEM images in

Fig. 3. All the fibers had smooth surfaces without

Figure 1 Optical microscopy images (at 10x magnification) of zein electrospun fibers prepared using 70% ethanol solution (a) and glacial

acetic acid (b) as solvents. Corresponding SEM images are given as insets.

Figure 2 Schematic representation of electrospun zein fiber

formation using 70% aqueous ethanol (a) and glacial acetic acid

(b) as solvent.
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cracks. In almost all of the fibers, the cores of the

fibers are darker compared to the walls possibly

because of the shrinking during drying that may

result in a somewhat higher concentration in the

middle compared to the walls. However, this

shrinkage did not prevent the fibers from having

round shapes. Almost no fusion of the fibers was

observed at the junction points, which shows that

zein fibers are drying efficiently before being col-

lected on the collecting plate without causing any

fusion. The fibers with highest zein concentration

(30 wt%) had the highest average diameter

(830 ± 156 nm) as expected based on prior studies of

the electrospinning of zein, followed by 28 wt% zein

fibers with an average diameter of 312 ± 66 nm and

26 wt% zein with an average diameter of

289 ± 63 nm [20]. Statistical analysis (ANOVA)

showed that while fibers with 30 wt% zein had sig-

nificantly larger diameters, fibers with 26 and 28 wt%

were not significantly different from each other.

Our results are consistent with previous studies

where round and beadless zein fibers were fabricated

using zein in the concentration range (27–30 wt%) in

glacial acetic acid as the solvent [14, 21]. Lower con-

centrations of zein caused electrospraying instead of

electrospinning. In this study, zein fibers were suc-

cessfully fabricated with a good geometry with

26 wt% zein. This difference may be due to using

dispensing tips with different inner diameters.

30 µm

30 µm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

30 µm 2 µm

2 µm

2 µm 1 µm

1 µm

1 µm

Figure 3 SEM images of zein nanofibers with a–c 30 wt%, d–f 28 wt% and g–i 26 wt% zein concentration at different magnifications (a,

d, g at 20009, b, e, h at 25,0009 and c, f, i at 50,0009).
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Decoration of zein fibers with gold
nanoparticles

EDX analysis versus backscattered electron (BSE) imaging

To display the distribution of gold nanoparticles,

EDX and BSE imaging techniques were compared as

explained in ‘‘EDX to detect gold nanoparticles and

scanning electron microscopy to study micro- and

nanostructure and confirm and augment data

obtained with EDX’’section. An example of poor

mapping of gold nanoparticles with EDX analysis is

shown below. Figure 4a shows the SEM image of an

uncrosslinked zein nanofiber mat decorated with 3

consecutive droplets (2 ll each) of Au nanoparticles

taken using a backscattered electron detector (vCD)

at high magnification (gold nanoparticles are high-

lighted artificially with red dots). Figure 4b, c shows

the Au EDX map and EDX map spectrum of the same

sample, respectively. The EDX map (Fig. 4b) does not

show the accurate distribution of the nanoparticles on

the fiber structure, but instead it shows a background

signal distribution. For comparison, an EDX map of a

crosslinked zein nanofiber mat showing a more

accurate distribution gold nanoparticles is shown in

the inset of Fig. 4b. However, this accurate nanopar-

ticle distribution could not be captured for uncros-

slinked samples. Also in Fig. 4c, the Au peaks have

low intensities in the spectra and are mostly hidden

in the background signal. This also shows that correct

information could not be obtained from all of our

samples using EDX mapping.

Instead of EDX mapping, SEM images of the

samples taken with a backscattered electron detector

(vCD) displayed the distribution of gold nanoparti-

cles on the nanofibers more accurately. In backscat-

tered electron detection, gold nanoparticles can be

easily spotted and differentiated from platinum due

to their higher atomic number. This higher atomic

number providing more electrons makes the gold

(a)

(b)

(c)

1 µm

Figure 4 BSE image (a), Au

EDX map (b), and EDX map

spectrum (c) of uncrosslinked

zein nanofiber decorated with

Au nanoparticles. Inset in b

shows Au EDX map of

crosslinked zein nanofiber

decorated with Au

nanoparticles.
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nanoparticles shine more brightly than platinum

during backscattered electron imaging. Figure 5a

shows the difference between two areas on the fiber

mats decorated and non-decorated with Au

nanoparticles imaged with backscattered electron

detector. Both of these areas were covered with

platinum before imaging. It is clear that brightness

comes only from gold and not from platinum. EDX

analysis of the crosslinked fiber mats with no plat-

inum cover but only with gold nanoparticle decora-

tion (Fig b) also proves that the brightness is due to

the distribution of gold nanoparticles and not plat-

inum (Fig c). Therefore, to better show the distribu-

tion of the gold nanoparticles on zein nanofibers,

backscattered electron imaging was conducted

instead of EDX mapping.

In-solution method

In this technique 20-nm Au nanoparticles were used

as explained in section ‘‘Gold nanoparticle decoration

of the electrospun zein fibers.’’ The SEM images of the

zein nanofibers decorated with ‘‘in-solution’’ method

are shown in Fig. 6. All the fibers have similar mor-

phologies to those of control nanofibers. All the

samples had quite smooth surfaces. Occasionally

some cracks formed caused by the high energy of

SEM imaging. In almost none of the fibers,

nanoparticles were seen on the surface of the fibers.

This is possibly due to fast drying of nanofibers,

which ended up encapsulating the gold nanoparticles

in the interior region of the fibers. Au nanoparticles

were very rarely seen during SEM imaging (data not

shown), especially around broken fibers, which were

probably surfaced by diffusing to the surface through

the cracks. SEM image of 26 wt% zein nanofibers

taken with a backscattered electron (BSE) detector

also proves that there are no gold nanoparticles on

the surface of the nanofibers decorated with ‘‘in-so-

lution’’ decoration method, since there are no dis-

tinctive brighter spots in the image (Fig. 6d). It was

concluded that as far as SERS application was

Bright area 
represents Au 
nanoparticle 
decorated area + 
platinum

Dark area 
represents non-
decorated area + 
platinum

5 µm

3 µm

(a)

(b) (c)

Figure 5 BSE image of crosslinked zein nanofibers decorated with Au nanoparticles coated with platinum/palladium for imaging (a).

BSE image (b) and EDX map spectrum (c) of uncoated crosslinked zein nanofibers decorated with Au nanoparticles.
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concerned, this was not a successful method and as a

result was not pursued any further.

Drop deposition method

Zein nanofibers decorated with the drop deposition

technique show some similarities and some differ-

ences in morphology to those decorated with the ‘‘in-

solution’’ method as shown in Fig. 7a–c. At the

junction points where the fibers cross after electro-

spinning, there are some distortions and some fibers

merge, possibly due to localized absorption of water

and swelling coming from the liquid drop. The gen-

eral structure of the fibers is nevertheless well pre-

served (Fig. 7a–c). The gold colloid filled droplet

deposition does not seem to change the surface

smoothness of the fibers compared to the control

fibers. Fibers fabricated from a solution of 30 wt%

zein seem to be less distorted compared to 28 wt% or

26 wt% zein fibers at single drop deposition. During

solvent evaporation of the drop, the water may not be

able to diffuse deep into the 30 wt% fibers compared

to the fibers with lower zein concentrations because

the diameter of the fibers fabricated from 30% zein

solution is considerable larger than the fibers from 26

and 28% zein solutions.

The nanoparticle concentration is kept constant for

all the fibers (7 9 1011 particles ml-1). However, for

all the nanofibers, at some places the nanoparticles

are aggregating while at other places they are better

dispersed on the surface (Fig. 7a–c). Aggregation of

nanoparticles is seen more around the intersection of

nanofibers. It would be expected that as the liquid

from the droplet is being absorbed into the fiber mat

through capillary action, the gold nanoparticles

would be attracted toward regions where there is an

abundance of zein (intersections of fibers) given the

proven affinity of gold to zein [7].

To test if increasing the number of gold nanopar-

ticle droplets increases the nanoparticle density on

the surface of the nanofibers, 2 and/or 3 consecutive

droplets (each droplet having a 2 ll volume) were

deposited on the same spot of the nanofiber mats.

Between the depositions of two consecutive drops,

the earlier gold colloid droplet was dried in the

desiccator. This way, the liquid volume on that spot

was not doubled or tripled at once, since it would

cause further swelling and the gold nanoparticles

5 µm

(a) (b)

(c) (d)

2 µm 2 µm

2 µm

Figure 6 SEM images of zein

nanofibers decorated with gold

nanoparticles using ‘‘in-

solution’’ method having 30

wt% (a), 28 wt% (b), and 26

wt% (c) zein concentrations.

SEM image of 26 wt% zein

nanofibers taken with a BSE

detector (d).
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would spread themselves to a larger surface

adversely affecting the Raman enhancement, but

instead, the concentration of gold nanoparticles on

the same spot of the mats was increased by applying

2 or 3 droplets consecutively once the spot dried. The

number of Au nanoparticles was increased on the

same spot with the goal of increasing the intensity of

the Raman signal during SERS because the decrease

in gold interparticle distance would enhance hot spot

formation. Figure 7d–i shows the zein nanofiber mats

with Au nanoparticles deposited on the surface with

1, 2 and 3 consecutive droplets.

To display the increasing concentration of gold

nanoparticles decorated on the surface of the zein

nanofibers with increasing number of gold colloid

droplets, BSE images of 26 wt% zein nanofibers

decorated with 1 droplet and 3 droplets of gold

nanoparticle colloid are shown in Fig. 8a, b, respec-

tively. It is clear from the higher number of brighter

spots seen on the fibers decorated with 3 droplets the

concentration of gold nanoparticles increases signifi-

cantly with multiple droplet deposition, which is

favorable to increase the number of hot spots for

enhancing the Raman signal.

The addition of 2 or 3 droplets sequentially further

increased the swelling for the largest diameter fibers

(30 wt% zein), but no significant increase in the sur-

face density of gold nanoparticles was observed. The

additional swelling also caused partial loss of 3D

structure and the formation of a more planar struc-

ture (Fig. 7d–f).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

1 µm 1 µm 1 µm

2 µm2 µm2 µm

2 µm 2 µm 2 µm

Figure 7 SEM images of zein nanofibers decorated with single

drop deposition having 30 wt% (a), 28 wt% (b), and 26 wt%

(c) zein concentrations. The arrows are showing the Au

nanoparticle clusters on the surface of the nanofibers. Effect of

multiple Au colloid droplet deposition on 30 wt% (d–f) and 26

wt% (g–i) zein nanofibers (d, g: single droplet; e, h: two

consecutive droplets; f, i: three consecutive droplets).
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The 26 wt% fibers on the other hand, representing

the smallest diameter fibers, did not further swell

with more droplet deposition. The morphology of the

fiber mats decorated with 2 droplets was very similar

to those decorated with 3 droplets (Fig. 7g–i). Multi-

ple droplet deposition was also helpful in increasing

the number of Au nanoparticles on the surface of the

fibers. For this reason, 26 wt% zein concentration was

used further in this study to understand the effect of

gold decorated fibers on SERS enhancement.

Effect of crosslinking on surface wettability
of zein nanofibers

In this study, the effect of crosslinking of zein with

glutaraldehyde on surface properties of the fiber mat

was tested to determine if the surface would become

progressively more hydrophobic in order to prevent

the spreading of gold nanoparticle containing dro-

plets so that the gold nanoparticles are assembled in a

relatively small surface area to maximize the inten-

sity of the SERS signal. The number of crosslinks in

zein films increases with increasing glutaraldehyde

concentration in the range of 0–12% glutaraldehyde

with 12% giving the highest crosslink density [16].

Therefore, the nanofibers were crosslinked with glu-

taraldehyde at 12 wt% and heated at 140 �C for

10 min [17]. There were no visual differences

between the crosslinked and uncrosslinked or heated

and non-heated fiber mats. Also, there were no visi-

ble changes occurring in the sample morphology

with heat treatment (Fig. 9). No visible contraction or

collapse of the fibers was observed after heating the

samples.

The surface wettability properties of the nanofiber

mats, measured using the WCA, changed

significantly with both crosslinking and heat treat-

ment. Table 1 shows the water contact angles of

crosslinked and uncrosslinked zein nanofiber mats

with and without heat treatment at different times.

As expected, the lowest initial contact angles were

recorded for the uncrosslinked samples that were not

subjected to any heat treatment. The absorption of the

water droplet by the nanofiber mat was the fastest for

this sample; 10 s after the droplet was placed on the

nanofiber mat, the droplet was fully absorbed. 12%

crosslinking increased the initial (t = 0) contact angle

of the nanofiber mats; however, without extensive

crosslinking, after 10 s the water droplet was again

fully absorbed. The initial contact angle of the

uncrosslinked fiber mats increased to 1238, and the

absorption rate of the water droplet into the fiber

matrix significantly decreased because of heat treat-

ment at 140 �C. The slowest water droplet absorption

and the highest initial contact angle were seen in the

12% crosslinked nanofiber mat subjected to heat

treatment at 140 �C. The initial WCA rose to 134�, and
even after 50 s, the water droplet was not fully

absorbed caused by the combined effects of

crosslinking and heat treatment. Consistent with our

observations, previous studies have shown that

forming electrospun fibers from a material increases

its surface hydrophobicity, due to the increase in

surface roughness both at the micro- and nanolevels,

which is also known as the lotus effect [22–25]. In

addition, crosslinking zein films with 12% glu-

taraldehyde also increases their surface roughness

[16]. Additionally, heat treatment enhances chemical

crosslinking, contributing to the surface roughness,

and may help the evaporation of the bound hydro-

philic solvent trapped inside the nanofibers, further

increasing the surface hydrophobicity.

5 µm 1 µm

(a) (b)
Figure 8 Backscattered

electron images of 26 wt%

zein nanofibers decorated with

1 droplet (a), and 3 droplets

(b) of gold nanoparticle

colloid solution. Some of the

gold nanoparticle dense spots

are highlighted with red dots.
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The changing surface wettability, caused by the

combined effects of crosslinking and heat treatment,

had a significant effect on goldnanoparticle decoration

of the nanofibers (Fig. 10a, b). For the uncrosslinked

and non-heated nanofibers (Fig. 10a), the nanoparti-

cles deposited on the surface of the fibers were located

far apart from each other with the exception of a few

clusters. This is due to the fast spreading of water

through the gaps between fibers, which widened the

area that Au nanoparticles were deposited on. Also,

part of the gold nanoparticles are possibly dragged by

water to the bottomof the nanofibermats and lose their

effectiveness in Raman signal amplification. The

nanoparticles on the surface of the 12% crosslinked

and heated nanofibers (Fig. 10b) are more densely

populated. The increasing surface hydrophobicity

prevented the spreading of thewater carrying the gold

nanoparticles, which resulted in a higher concentra-

tion of nanoparticles. Backscattered electron images of

these nanofibers at lower magnifications show the

increasing concentration of gold nanoparticles with

crosslinking and heat treatment more clearly and

effectively (Fig. 10c–d). Since higher concentrations

and more clustering of the gold nanoparticles are

expected to enhance hot spot formation during the

SERSmeasurements, samples that are 12% crosslinked

and heat treated were used in SERS experiments.

Degradation in aqueous environment
and during storage in an average relative
humidity environment

SEM images of uncrosslinked and crosslinked zein

nanofibers before and after immersion in deionized

water are shown in Fig. 11. For uncrosslinked zein

nanofibers, even though there were a few fibrous

structures seen after the water immersion test, most

of the fiber morphology was lost. The swelling of zein

nanofibers with water caused merging and flattening

of the fibers, forming a film structure (Fig. 11c).

The crosslinked zein nanofibers maintained their

fibrous structures against swelling much better than

the uncrosslinked zein nanofibers. However, partial

film formation due to swelling and merging was also

seen in crosslinked zein nanofibers (Fig. 11d). This

higher stability of crosslinked zein nanofibers in an

aqueous environment is due to the stronger structure

of zein created by tighter junctions during chemical

crosslinking with glutaraldehyde [16].

However, the most relevant storage experiment are

those that are conducted in an average relative

humidity environment. We have stored crosslinked

zein nanofibers in the relative humidity environment

of our laboratory for 8 months. The results are shown

in Fig. 11e. As can be seen from the figure, fibers

(a) (b)

40 µm 40 µm

Figure 9 SEM images of

12% crosslinked zein fiber

mats without (a) and with

(b) 140 �C heat treatment for

10 min.

Table 1 Water contact angles of crosslinked and uncrosslinked zein nanofibers with and without heat treatment (each time period was

statistically compared within itself, and different letters show significant difference, p\ 0.05)

WCA 0% GLA non-heated (8) 12% GLA non-heated (8) 0% GLA heated at 140 �C (8) 12% GLA heated at 140 �C (8)

t = 0 s 57.34 ± 12.07d 86.25 ± 4.76c 123.19 ± 4.68b 134.40 ± 3.25a

t = 5 s 12.39 ± 3.30c 16.81 ± 1.61c 71.77 ± 6.64b 115.20 ± 4.09a

t = 10 s 0 0 17.78 ± 6.55b 87.60 ± 18.20a

t = 50 s 0 0 0 59.99 ± 18.59
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(a) (b)

1 µm1 µm

5 µm 10 µm

(c) (d)

Figure 10 Combined effects

of crosslinking and heat

treatment on nanoparticle

decoration. SEM images of

uncrosslinked non-heated

(a) and 12% crosslinked and

heated (b) zein nanofibers

decorated with 20-nm Au

nanoparticles. BSE images of

uncrosslinked non-heated

(c) and 12% crosslinked and

heated (d) zein nanofibers

decorated with 20-nm Au

nanoparticles. Some of the

gold nanoparticle dense spots

are highlighted with red dots.

Figure 11 SEM images of uncrosslinked (a, c) and 12% crosslinked (b, d) zein nanofibers before (a, b) and after (c, d) water immersion

for 30 min. Morphology of 12% crosslinked zein nanofibers after 8 months of storage in an uncontrolled relative humidity (e).
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maintained their integrity and have almost unap-

preciable distortion and degradation. This is a good

indicator of how these laboratory results when

translated to a real manufacturing and storage envi-

ronment would behave and the results are

encouraging.

Atomic force microscopy

Nanofiber morphology can be clearly seen on the

topography (uppermost layer) of fiber mats of both

uncrosslinked and crosslinked fibers (Fig. 12a–b).

The individual fiber contours are very visible and

discernible on each AFM micrograph. In order to

make them clear and observable, contours have been

drawn around individual fibers. In the uncrosslinked

fiber mats, it is possible to visually observe that the

fibers are more rounded and less densely packed; for

the crosslinked zein fiber mats the individual fibers

stand taller and are more densely packed which may

be the outcome of the crosslinking of zein. At a sur-

face area of 10 lm 9 10 lm, the average surface

roughness of the uncrosslinked nanofiber mats was

calculated as 316.5 nm. The surface roughness is

clearly linked to the contours of the fibers. At the

same surface area, crosslinked zein nanofiber mats

had a significantly higher surface roughness of

449.1 nm (p\ 0.05) consistent with the observation

Figure 12 3D AFM images of zein nanofiber mats;

a uncrosslinked zein nanofibers (10 lm 9 10 lm),

b crosslinked zein nanofibers (10 lm 9 10 lm), c surface of

single uncrosslinked zein nanofiber (300 nm 9 300 nm),

d surface of single crosslinked zein nanofiber

(300 nm 9 300 nm), e: surface of Au nanoparticle-decorated

crosslinked zein nanofiber (300 nm 9 300 nm). Red contours

show single fibers in the mat.
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that the fibers stand taller and are more densely

packed.

When single fiber surfaces are studied, the rough-

ness values were much lower. Uncrosslinked nano-

fibers had an average roughness value of 333.9 pm,

and 12% crosslinked nanofibers had a roughness of

233.3 pm (Fig. 12c, d). The higher picometer-scale

roughness on the uncrosslinked fibers may be a

reflection of the higher porosity which results in

rapid water absorption. The decrease in surface

roughness with crosslinking on fiber surfaces may be

the outcome of loss of porosity generated by the

chemical crosslinking process. This results in a fiber

unable to absorb water as rapidly as uncrosslinked

zein fibers. The net relevant outcome is a higher

degree of hydrophobicity to prevent the spreading of

the water droplet, therefore concentrating gold

nanoparticles to a much smaller area (Table 1). In

addition, it is apparent from the micrographs that the

micron-size roughness values increased with

crosslinking, consistent with the changing surface

wettability of the nanofiber mats. The micron-size

roughness is larger for crosslinked zein fiber mats

compared to the uncrosslinked fiber mats increasing

the hydrophobicity of the surface by generating an

effect similar to the lotus leaf effect. With gold

nanoparticle-decorated crosslinked fibers, gold

nanoparticles can also be clearly seen on the deco-

rated nanofiber surface either as single nanoparticles

or clustered nanoparticles (Fig. 12e). Gold nanopar-

ticle decoration increased the average surface

roughness of the crosslinked nanofibers to 712.7 pm.

Testing the zein nanofiber SERS platform

To test the effectiveness of the zein nanofiber plat-

form, SERS experiments were conducted using Rho-

damine 6G (R6G) as the Raman active molecule.

Initially, different concentrations of R6G were tested

on the zein nanofiber platforms, to determine the

lowest concentration of R6G that can be used in the

SERS experiments without any loss of peak infor-

mation. All the operating parameters were kept

constant while the effect of R6G concentration was

studied. The concentrations tested were 1 mM,

100 lM, 10 lM and 1 lM (Fig. 13). The R6G signa-

ture peaks at 616 cm-1 (C–C–C ring in plane bend-

ing), 776 cm-1 (C–C–C ring, out-of-plane bending),

1186 cm-1 (C–C stretching vibrations), 1365 cm-1,

1513 cm-1 and 1654 cm-1 (aromatic) bands were

compared [26]. The spectra with 1 mM R6G had the

most prominent peaks among all concentrations, as

expected. These peaks are also present at 100 lM
concentration, but as expected they have lower

intensities than 1-mM peaks. 10-lM concentration

spectra barely show any peaks, and almost no peaks

were seen at 1 lM R6G concentration. Based on these

results, 100 lM was chosen as the R6G concentration

to be used in testing for the Raman enhancement.

To study the total SERS enhancement obtained

with the crosslinked and uncrosslinked zein electro-

spun nanofiber platforms (with combined effects of

Au nanoparticles and surface structure), the spectra

of R6G on glass slide, on Au NP-decorated glass slide

and on zein nanofiber sensor platform were com-

pared (Fig. 14). For the measurement of R6G on glass

slide, 100 mM R6G concentration was used, since

lower concentrations of R6G did not show measur-

able peaks compared to the peaks obtained from the

sensor platform. For R6G on Au NP-decorated glass

slide and the zein-based sensor platforms, 100 lM
R6G was used. To increase the surface density of Au

nanoparticle decoration on the surface of the fibers,

crosslinked and uncrosslinked zein fiber mats were

decorated with 3 Au colloid droplets. To clearly

illustrate the SERS enhancement, the glass slide was

also decorated with 3 droplets of Au NPs (see section

‘‘In-solution method’’ above).

0.1 M R6G on plain glass slide had the lowest

Raman intensity, despite its much higher concentra-

tion, as expected based on prior studies since there

are no gold nanoparticles present to enhance the

signal [7]. When the glass slide was decorated with 3

consecutive Au nanoparticle droplets, a higher

Raman signal was obtained from a lower R6G con-

centration (100 lM). The Raman signal of R6G on

uncrosslinked zein nanofiber platforms was slightly

lower than R6G on Au nanoparticle-decorated glass

slide. This is the result of the outward diffusion of

gold nanoparticles to a wider area on the nanofiber

mat due to its high hydrophilicity (Table 1). R6G on

crosslinked zein nanofiber mats gave significantly

higher Raman signals compared to uncrosslinked

zein nanofiber mats because the increasing surface

hydrophobicity resulting from crosslinking pre-

vented spreading of Au nanoparticles to a wider area

and increased the surface density AuNP and of hot

spots.
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For the calculation of total SERS enhancement,

Eq. 1 is used and the intensities of R6G are compared

based on the 1365-cm-1 peak [7].

Enhancement Factor ¼ ISERS �NNormal

INormal �NSERS

ð1Þ

where ISERS and INormal are the intensities obtained

from SERS and non-SERS (normal) Raman experi-

ments, while NSERS and NNormal are the number of

R6G molecules contributing to these signals [27, 28].

To calculate the surface area covered with R6G on the

glass slide was considered a flat circle

(d = 2.28 ± 0.13 mm), while for the surface area cre-

ated by the zein nanofibers, the result of a prior study

on electrospun zein nanofibers was adopted (8.17

m2 g-1) [11].

The total enhancement obtained from crosslinked

AuNP decorated zein nanofiber sensor platform is

calculated to be 1.06 9 106. The enhancement factor

of uncrosslinked zein nanofiber mats, on the other

hand, is 4.3 9 104. These enhancements are obtained

by depositing 2.8 9 10-7 g of Au nanoparticles on the

surface on zein nanofiber platform. This new strategy

appears to be an improvement over our previous

strategies using soft lithography where the surface of

the zein platform with nanophotonic structures was

covered by a gold layer with a thickness of 200 nm

and the reported enhancement factor was 1.3 9 104

[7]. The enhancement obtained with crosslinked

electrospun zein nanofiber platform in this study is

almost 100 times higher than zein film-based sub-

strate while the amount of gold used is approxi-

mately 803 times less (the calculations are done on

weight basis). In addition, the SERS enhancement

factor obtained in this study is comparable to some of

1654 cm-1

1513 cm-1
1365 cm-1

1186 cm-1 776 cm-1 616 cm-1

Figure 13 Raman spectra of Rhodamine 6G on zein nanofiber mats at different R6G concentrations; 1 lM (red), 10 lM (green), 100 lM
(yellow) and 1 mM (blue).

Figure 14 SERS enhancement of fabricated zein nanofiber

platform. Red: spectrum of R6G on crosslinked zein nanofiber

sensor platform (100 lM R6G), magenta: spectrum of R6G on

uncrosslinked zein nanofiber sensor platform (100 lM R6G),

blue: spectrum of R6G on Au nanoparticle-decorated glass slide

(100 lM R6G), green: spectrum of R6G on glass slide (100 mM

R6G).
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the non-biodegradable disposable SERS sensor plat-

forms in the literature [29, 30]. There are also higher

SERS enhancement factors achieved with different

SERS sensor platform designs, such as Au nanopar-

ticle monolayer with ultrasmall nanogaps [31] or g-

C3N4-intercalated graphene oxide membranes [32] in

the literature; however, the biodegradable protein

sensor platform fabricated in this study offers better

sustainability.

The sensor platform fabricated in this study uses a

significantly less amount of gold while increasing the

SERS enhancement due to its higher the surface area.

Less use of gold is also more advantageous from the

biodegradability point of view. In addition, the elec-

trospinning technique is easy to operate and is more

rapid compared to soft lithography, which includes

curing of PDMS and drying of zein films for days [7].

Also in the technique developed in this study, there is

no requirement for a master mold preparation

through etching, which requires a considerable

amount of time, is challenging and can be expensive.

Therefore, the zein nanofiber-based SERS sensor

platform serves an excellent green alternative from

the production and the biodegradability point of

view.

Conclusions

This paper summarizes the development and opti-

mization of a novel biodegradable zein (corn pro-

tein)-based SERS sensor platform. To obtain a good

SERS intensity and enhancement factor, the zein-

based sensor platform was formed from zein nano-

fibers using electrospinning, which provides a very

high surface area and surface roughness, the two key

elements in increasing SERS intensity. Acetic acid

was chosen as the better solvent relative to 70%

ethanol for forming zein nanofibers, and the opti-

mum zein concentration was found as 26 wt%, which

yielded an average nanofiber diameter of 289 nm.

Among the two gold nanoparticle decoration tech-

niques, drop deposition technique gave a better sur-

face coverage, with the limitation that it caused a

slight fiber swelling (305 nm). 12% glutaraldehyde

crosslinking prevented the swelling of zein nanofi-

bers and increased the surface wettability, which also

prevented the spreading diffusion of the gold

nanoparticles through the fiber mat and increased hot

spot formation. SERS measurements of Rhodamine

6G, a marker molecule, gave an enhancement factor

of 1.06 9 106, which is 100 times higher than the

reported enhancement factor of a previously devel-

oped zein-based SERS sensor, by using 803 times less

gold (by weight) [7]. The enhancement factor

obtained is comparable if not somewhat superior to

the plastic-based SERS sensor platforms while offer-

ing a largely eco-friendly, green alternative.
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