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Flexible plasmonic Surface-enhanced Raman scattering (SERS) substrates were fabricated using cellulose
textile ﬁbers, in which the textile ﬁbers were recycled from waste paper in an eco-friendly way. The
Glycidyltrimethylammonium chloride (GTAC) with positive charges was grafted onto the surface of the
cellulose textile ﬁbers through cationization. Plasmonic silver nanoparticles (Ag NPs) with negative
charges were decorated onto the cellulose textile ﬁbers via electrostatic interactions. After cationization,
the variation range of the diameter of the cellulose textile ﬁbers was signiﬁcantly increased because part
of the cellulose was dissolved under alkaline condition, leading to more ‘hot spots’ for SERS during the
shrinking process. The cellulose textile ﬁber-Ag NPs nanocomposite was employed for monitoring
bisphenol A (BPA) in water and soft drink by SERS and the sensitivity of BPA detection achieved 50 ppb.
The recovery values of BPA in soda water samples were from 96% to 105%. These results illustrate that the
cellulose textile ﬁber-Ag NPs nanocomposite can be used as ﬂexible, high sensitivity SERS substrates for
detecting harmful ingredients in food or environment.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Surface-enhanced Raman scattering (SERS) spectroscopy is a
powerful analytical technique and has attracted considerable interests in recent decades [1]. SERS could gather molecule vibrational information of analyte at trace concentration even down to
the single-molecule level [2e4], which enables SERS to play signiﬁcant roles in many analytical applications, such as biosensing,
food safety, environment monitoring and forensic sciences [5e9].
The outstanding sensitivity of SERS is mainly associated with the
electromagnetic ﬁeld from localized surface plasmon resonance
(LSPR) and the charge transfer between the targets and metallic
substrate [10e12]. During the last two decades, developing efﬁcient
SERS substrates was one of the most important topics in SERS
techniques [13]. Numerous strategies have been proposed to prepare plasmonic substrates with good SERS enhancement, such as
silver nanocubes, silver nanowire ﬁlm, bimetallic nanoparticles and
2D materials with Ag nanoarrays [14e17]. Most of these prepared
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SERS substrates are rigid, which are usually fragile and inconvenient for detecting analytes on the surface of irregularly shaped
objects. Therefore, it is necessary to develop a ﬂexible substrate
with plasmonic nanomaterials for SERS sensing. Compared with
conventional rigid SERS substrates, ﬂexible substrates will emerge
as a new generation of sensing platforms which can be directly
applied in monitoring analytes from irregularly shaped surface and
more ‘hot spots’ for SERS could be formed due to the ﬂexible
feature.
Several kinds of ﬂexible substrates including polymer ﬁlms,
graphene oxide sheets, ﬁlter paper and cotton fabrics were
employed for ﬂexible SERS substrates [18e21]. Cellulose-based
SERS substrates have attained considerable interests of researchers, as their cost-effective, environmental friendly and
renewable [22]. Park. et al. decorated cellulose paper with bimetallic Au/Ag nanocomposites and used it as active ﬂexible SERS
substrate, which could provide picomolar detection limit of folic
acid [20]. Lin’s group have taken advantage of cellulose nanoﬁber as
ﬂexible support and deposited Au NPs through electrostatic interaction used as SERS substrates, which exhibited good performance
in food safety sensing [23,24]. The recycled cellulose fabric ﬁber
from waste paper or cardboard is a viable material in modern world
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was obtained from Innochem (Beijing, China). All the chemicals
were used as received in the experiment without any puriﬁcation.
The cellulose textile ﬁber recycling from waste paper through
IONCELL-F technology was supplied by Sixta’s Group at Aalto University, the detail of IONCELL-F technology was described in their

Scheme 1. Illustration of fabrication of ﬂexible plasmonic cellulose textile ﬁber for BPA
sensing.

because it not only supports the man-made cellulosic fabrics but
also provides a new way for landﬁll recycling. Ma et al. used
advanced strategy named Ioncell-F method, which prepare cellulose fabrics from waste paper and cardboard by using ionic liquid as
solvent [25].
Endocrine-disrupting compounds (EDCs) are chemicals from
organic synthesis or nature, which are harmful for the health of
humans and animals through affecting the endocrine system. EDCs
are esteemed to be a critical factor of reproductivity and sexual
disorders in wildlife [26]. Several types EDCs are released into the
aquatic system of the environment. Even at low concentrations,
EDCs also could bring serious problems to the endocrinium of
humans and wildlife. BPA is subcategory molecule of EDCs which
can show estrogenic toxicity in contaminated water [27,28].
Various analytical technologies have been developed for the identiﬁcation of BPA, including gas-liquid chromatography, ﬂuorescence spectroscopy, high performance liquid chromatography and
electrochemical biosensor [29e32]. However, these technologies
are time-consuming, require skilled personnel and the extraction
or pretreatment processes of sample are indispensable. SERS
methods have been employed for BPA sensing. Feng et al. fabricated
gold nanoparticle-nanorod heteroassemblies and used for BPA
sensing, the limit of detection was down to 3.9 pg/mL [33]. Yang
et al. has successfully detected BPA from milk product by using
halides modiﬁed Au nanoparticles as the SERS substrates [34].
These SERS methods are reliable and sensitive for monitoring BPA,
but the surface modiﬁcation is indispensable.
In this study, we fabricated ﬂexible, low-cost, simple and efﬁcient fabric SERS substrates, in which the ﬂexible cellulose textile
ﬁbers were recycled from waste paper and used as the solid support. The Ag NPs are decorated on the surface of the ﬁbers via
electrostatic interaction. The ﬂexible feature of cellulose textile ﬁber could change the distance between Ag NPs dramatically and
more clusters of Ag NPs could be formed during the shrinking
process. This cellulose textile ﬁber-Ag NPs composite was
employed for identiﬁcation of BPA in aerated drinks. Several merits
of such SERS substrates make it suitable for in-situ monitoring and
identiﬁcation of harmful ingredients in the environment. First, the
cellulose textile ﬁber recycled from waste paper is eco-friendly and
cost effective. Second, more ‘hot spots’ for SERS could be formed
during the shrinking process. Third, the surface modiﬁcation of
ﬁber-Ag NPs is unnecessary as the pore of ﬁber could adsorb BPA
during the swelling process. The proof-of-concept measurement
exhibited that the textile ﬁber-Ag NPs composite could be applied
for monitoring water contamination.
2. Experimental
2.1. Materials and chemicals
Bisphenol A (BPA) and sodium hydroxide (NaOH) were obtained
from Sinopharm Chemical Reagent Co., Ltd (China). Glycidyltrimethylammonium chloride (GTAC), 4-mercaptobenzoicacid
(MBA), poly-diallyldimethylammonium chloride (PDDA), thiram,
silver nitrate (AgNO3) and trisodium citrate (Na3C6H5O7) was purchased from Aladdin (Shanghai, China), p-Aminothiophenol (PATP)

Fig. 1. UVevis spectrum(a), SEM(b) and TEM(c) images of Ag NPs.
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previous publications [25,35,36], in which the ionic liquid 1,5diazabicyclo[4.3.0]non-5-ene acetate ([DBNH][OAc]) was used for
dissolving cellulose. The water used through study was double
distilled (resistivity ~ 18.2 MU cm). The process of the experiment
was schematically presented in Scheme 1.
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2.2. Silver nanoparticles preparation
The Ag colloid were prepared according the typical method
proposed by Lee et al. with a minor modiﬁcation [37]. The trisodium citrate was used as capping and reducing agent. Brieﬂy, the
solid AgNO3 (0.035 g) were dissolved in 200 mL of ultrapure water
and the solution was heated to reﬂux under vigorous stirring. Then

Fig. 2. Photographic images of cellulose textile ﬁber (a),(b) and SEM images of cellulose textile ﬁber (c), (d) and after Ag NPs decoration (e), (f), the SERS spectra of MBA (10 ppm)
collected from ﬁve random spots of the ﬁber-Ag substrate (c) and the histogram results of the intensities at the 1584 cm1 peak (d).
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sodium citrate aqueous solution (3.8 mL of 1%) was added to the
system. The mixture solution was kept reﬂux for 1 h. After cool
down to room temperature the colloidal Ag NP suspension with
green appearance was obtained and kept in refrigerator for further
using. The glassware used in the study was ﬁrstly soaked with aqua
regia solution (HNO3/HCl, 1:3, v/v) and followed by washed thoroughly with ultrapure water.

2.3. Surface modiﬁcation of cellulose textile ﬁbers
The cellulose textile ﬁber was surface-modiﬁed with positive
charges for decorating Ag NPs. The process was according to the
method reported by Castellanos et al. with a minor modiﬁcation
[38]. Glycidyltrimethylammonium chloride (GTAC) has positive
charges due to their quaternary ammonium groups and was grafted
onto cellulose textile ﬁbers under alkaline conditions. NaOH (1.5 g)
was dissolved in 15 mL of ultra-pure water and 3 mL of GTAC were
added into the mixture. Cellulose textile ﬁbers (0.1 g) were added
into the mixture solution and immersing for 20 min, then the
textile ﬁbers were taking out by tweezers and rinsing with ultrapure water triply.

3. Results and discussion
3.1. Sample fabrication and characterization
The sodium citrate is one of typical reducing agents for preparing Ag colloid used for SERS application. The sodium citrate was
also used as stabilizer of the colloidal Ag NPs [39] and the negative
charges on the surface of Ag NPs could bound to the surface with
positive charges through electrostatic interaction. In this research,
the Ag NPs were synthesized by citrate reduction method. The
prepared Ag NPs exhibited obvious plasmonic features in the
UVeVis spectra at 414 nm as shown in Fig. 1(a). The morphological
information of the Ag NPs was determined by SEM and TEM images

2.4. Self-assembly of plasmonic Ag NPs on cellulose textile ﬁber
The plasmonic Ag NPs were decorated onto the surface of cellulose textile ﬁbers through electrostatic self-assembly process. The
GTAC modiﬁed cellulose textile ﬁber (10 mg) were immersed in
pure water for 5 min, and then transferred into Ag colloids (10 mL)
with original concentration. After 10 min the ﬁbers were taking out
by tweezers and washing thoroughly with ultra-pure water.

2.5. SERS sensing of the specimens

Fig. 3. XRD patterns of cellulose textile ﬁber, ﬁber-Ag composite materials and the
tape used for hold sample.

SERS performance of the cellulose textile ﬁbers coated with Ag
NPs (ﬁber-Ag) were investigated using aqueous solution of PATP, a
typical Raman probe molecule. The ﬁber-Ag substrate was dipped
in 1 mL of PATP aqueous solutions with different concentrations for
3 min and then dried in air. Same procedure was used for BPA SERS
sensing. In order to achieve convenient on-site detection, the
Raman measurements were carried out using portable Raman
spectrometer (BWS465 iRman; B&W Tek, USA) with an excitation
laser of 785 nm and with 5 cm1 resolution. The diameter of the
beam spot was 105 mm and a 1.5 m bifurcated ﬁber probe was used
to illuminate the sample and collect the Raman signals. Raman
spectra were recorded by the BWSPEC Software. The SERS spectra
were processed and plotted using Origin software (version 8.0).
Five spectra were collected from different spots of each ﬁber-Ag
substrate (N ¼ 5).

2.6. Other measurements
Scanning electron microscopy (SEM) images were acquired on
SU8010 ﬁeld emission scanning electron microscope (Hitachi,
Japan), transmission electron microscopy (TEM) analysis of Ag NPs
was developed using a JEM-2100F electron microscope (JEOL,
Japan). UVevis absorption spectra of Ag colloid were acquired on a
Lambda 900 UVeViseNIR spectrophotometer (PerkinElmer, USA)
using quartz cells of 10 mm optical path. X-ray diffraction analysis
of ﬁber samples were conducting on X-ray powder diffractometer
(PANalytical X’Pert PRO, Cu Ka1, 0.0262606 resolution, Malvern
Panalytical, UK). The ﬁbers and ﬁber-Ag samples were made to
suitable size pellets for the measurements.

Fig. 4. Microscopic images of cellulose textile ﬁbers (a), (b), and after grafting GTAC
with Ag NPs assembled ﬁber-Ag composite (c), (d) under dried or water conditions, (e)
and (f) depict the ﬂexibility of cellulose textile ﬁbers-Ag composite.
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Fig. 5. FDTD simulation of electric ﬁeld intensity (logarithmic |E/E0|2) at certain area under the excitation laser’s wavelength (785 nm) for Ag NPs on ﬁber under swelling (a) and
shrink condition(b).

(Fig. 1 b and c). The prepared Ag NPs have spherical or round
morphology and the diameters were between 40-60 nm, several
nanorods were observed. In order to evaluate the uniformity of Ag
NPs, SERS spectra at ﬁve randomly spots of glass-Ag are presented
in Fig. S1a. The ﬁve SERS spectra of MBA display nearly at similar
intensities Fig. S1b, which mean the Ag NPs using for SERS sensing
is acceptable.
The appearance of the colloidal Ag used in the experiment was
yellowish-green (Fig. S2). The appearance of the cellulose textile
ﬁber and after Ag NPs decorating was shown in Fig. 2(a) and (b).
The color of original cellulose textile ﬁber was white which is
similar to cotton fabrics. After decorating Ag NPs onto the surface of
cellulose textile ﬁbers, the color of textile ﬁber becomes grey due to
the surface plasmon resonance effects of Ag NPs. SEM images
elaborates the features of textile ﬁber’s surface. Fig. 2 (c) illustrates
several cellulose textile ﬁbers, which shows a ﬁbrillary structure
with diameter of 18 mm. Fig. 2(d) provides the speciﬁc topographical surface of the cellulose textile ﬁbers, that is very clean before
the bonding of Ag NPs. When the Ag NPs were assembled onto the
surface of cellulose textile ﬁbers via electrostatic interaction as
shown in Fig. 2(e), the surface of cellulose textile ﬁbers becomes
roughened but the ﬁber diameters remains unchanged. The Ag
presence on the surface of ﬁber-Ag sample was also investigated by
the energy dispersive X-ray (EDX) analysis under SEM as provided
in Fig. S3, in which distinctive peaks of Ag were observed. Fig. 2 (f)
shows that the Ag NPs are randomly deposited on the whole surface of the cellulose textile ﬁber. The clusters of Ag NPs on the ﬁber
surface are signiﬁcantly beneﬁcial to SERS enhancement. The image
and diameter distribution of the ﬁbers (20 ﬁbers) were shown in
Fig. S4 (20 ﬁbers were measured as only 22 ﬁbers within the ﬁeld of
view). The average value of the diameter is 15.2 mm with the
standard deviation at 1.3 mm. The uniformity of SERS signals across
the ﬁber-Ag substrate are shown in Fig. 2 and the relative standard
deviation (RSD) of ﬁve spots from the ﬁber-Ag is 5.8%, which
indicated the ﬁber-Ag composite are suitable for use in SERS
sensing. The variation of SERS enhancement from ﬁber with
different diameters is negligible.
In order to further verify the decoration of Ag NPs on the textile
ﬁber’s surface and their phase and crystallinity, XRD spectra were
collected. The XRD spectra collected from cellulose textile ﬁber,
ﬁber-Ag composites and the blank tape (used as substrate for
holding sample) are shown in Fig. 3. In the case of blank cellulose
textile ﬁber, a small bump at 2q values of 12.5 and an intense peak
at 2q ¼ 20.5 were observed. These two peaks are assigned to the
(110) and (200) planes of cellulose II. After the AgNPs decorating
onto the surface of textile ﬁber, the ﬁber-Ag composite exhibited

one broad band at 2q ¼ 20.5 and ﬁve new obvious peaks at 2q
values of 38.3 , 44.5 , 64.7, 77.6 , and 81.7 were observed, the ﬁve
new peaks are assigned to Ag crystals because they correspond to
the diffraction planes of (111), (200), (220) (311) and (311) of metal
silver, (JCPDS card Ag: No. 04e0783). The tiny peaks labeled with
asterisk marks are results from the tape substrate, which have no
interference to the measurement. This further proved that the
metallic crystalline Ag NPs that are decorated on the surface of
textile ﬁber successfully, which are in agreement with the bird-eye
and SEM images.
It is noteworthy that the textile ﬁber not only has outstanding
mechanical ﬂexibility but also exhibits the excellent stretching
feature of diameter. The Microscopic images in Fig. 4 shown the
stretching feature of textile ﬁber under dry and water condition.
The average diameter of cellulose textile ﬁber is around 16 mm
under dry condition as shown in Fig. 4 (a). When dropping water
onto the cellulose textile ﬁber, the diameter increased to nearly 25
mm (Fig. 4 b). This increment was attributed to the water molecule
penetrated into the amorphous area of cellulose textile ﬁber. After
cationized with GTAC under strong alkaline condition, the Ag NPs
were decorated onto the surface of cationized cellulose textile ﬁber
and the diameter of ﬁber-Ag almost no difference compared with
cellulose textile ﬁber as shown in Fig. 4(c). When the textile ﬁberAg encountered with water, the diameter increased to nearly 32
mm. The signiﬁcant increase in the diameter of the textile ﬁber-Ag
was induced by much more amount of water penetrating into the
free space of textile ﬁber-Ag composite. Because the cellulose matrix in textile ﬁbers were partly dissolved under the strongly
alkaline condition for ﬁber cationizing and more free space was
created on the textile ﬁber. During the shrinking process of textile
ﬁber-Ag, the distance between Ag NPs was decreased and more
“hotspots” for SERS would be formed [40]. Furthermore, the target
molecules were adsorbed onto the surface of ﬁber during the
shrinking process, which could enrich analytes near the plasmonic
Ag NPs. The ﬁber-Ag shown better SERS performance at shrink
condition than that at swelling condition (Fig. S5). The textile ﬁberAg composites possessed excellent ﬂexibility as shown in Fig. 4(e)
and (f), these nanocomposites could be folded into any shapes
randomly, that feature enable ﬁber-Ag SERS substrate has potential
to detect analyte from the curved surface.
3.2. Electromagnetic ﬁeld simulation
Finite-difference time-domain (FDTD) theoretical simulations
were developed to evaluate the local electromagnetic ﬁelds at
certain area (140 nm  140 nm) under the excitation laser’s
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cluster consisting of two coupled Ag nanoparticles (shrink under
dry condition). The simulations results prove that more ‘hot spots’
for SERS could formed during the shrinking process of the cellulose
textile ﬁbers-Ag substrate.
3.3. SERS measurement

Fig. 6. SERS spectra of cellulose textile ﬁber-Ag composite dipped out from different
concentrations of PATP solutions.

wavelength (785 nm) for Ag NPs with different distance, the polarization of light is along x-axis. In order to run the simulation
closer to the real situation, the gap distances of Ag NPs on the ﬁber
were set as 4 nm, 10 nm, 16 nm and 20 nm in swelling condition
(Fig. 5(a)) and 2 nm, 5 nm, 8 nm and 10 nm in dry condition
(Fig. 5(b)). The electric ﬁeld distribution (|E/E0|) (here E is local
electric ﬁeld of the Ag nanostructure and E0 is the amplitude of the
incident light) of Ag nanostructures were shown in Fig. 5. The
average intensity value of the electric ﬁeld (logarithmic |E/E0|2) at
the certain area is 12 and 22.3 corresponding to swelling and dry
condition of ﬁber-Ag respectively. The signiﬁcant increment of
electric ﬁeld was result from the highly concentrated electromagnetic ﬁelds associated with LSPR at interstitial sites (hot spots) in

In order to evaluate the SERS performance of cellulose textile
ﬁbers-Ag composite, a common Raman reporter molecule PATP
was employed as analyte. The textile ﬁbers-Ag composite was
immersed in aqueous solution of PATP at various concentration and
the Raman signals were collected as shown in Fig. 6. The SERS peaks
of 4,4 0 -dimercaptoazobenzene (DMAB) were observed. When the
laser illuminated onto the surface of silver with PATP assembled
during the process of SERS measurement, the photocatalytic
coupling reactions happened and yield a new species of DMAB
[41,42]. DMAB possess higher Raman cross section than that from
PATP and gives four intense Raman peaks at 1141, 1391, 1436 and
1576 cm1. The peak at 1141 cm1 is assigned to the b(CH) mode.
The 1391 and 1436 cm1 peaks are assigned to the N¼N stretching
mode and 1576 cm1 is assigned to benzene ring of DMAB [11,43].
As shown in Fig. 6, the feature peaks of the DMAB present a
monotonous decrease in intensity as the concentration decrease.
Distinct Raman peaks are still observed even down to the 10-ppb
level. The gold nanoparticles also could be assembled on the surface of textile ﬁber and show SERS activity. As the cost of gold is
higher than silver and the Ag NPs show higher SERS efﬁciency than
Au NPs, we chose Ag NPs in this study for further applications.
As a kind of chemical compound, BPA is usually used as additive
to manufacture plastics and resins. The BPA is positively related to
cardiovascular disease and bring the problem of reproductive capacity of adults. The Commission Regulation of EU has strengthening the migration limit for BPA from 0.6 ppm to 0.05 ppm in food
contact plastics [44]. Herein, the cellulose textile ﬁber-Ag

Fig. 7. SERS spectra of cellulose textile ﬁber-Ag composite dipped out from aqueous solution (a) and Soda water (c) with different concentrations of BPA and the intensities of
Raman peaks at 827 cm1 as a function of logarithm of BPA concentrations from Soda water (d), (b) SERS spectra of 1 ppm of thiram and BPA and their mixture sample (1 ppm of BPA
and 1 ppm of thiram, equal volume, the triangle-labeled peaks are assigned to thiram and the asterisk-labeled peaks are assigned to BPA).
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composite was employed for BPA SERS sensing. Fig. 7(a) shows the
Raman spectra collected by dipped cellulose textile ﬁber-Ag composite into various concentrations of BPA aqueous solution. The
Raman peaks around 642, 827, 1103 and 1177 cm1 were observed
clearly, that are in accordance with the reported work [45]. The
Raman intensity decreased with the decreasing concentrations of
BPA (100 ppm to 0.01 ppm). To evaluate the advantage of the textile
ﬁber-Ag substrate, another rigid SERS substrate was fabricated by
assembling Ag NPs on glass slides and used for BPA sensing. Fig. S6
shows that at a concentration of 0.1 ppm nearly no SERS signal of
BPA was observed using the glass substrate. The predominant SERS
performance of ﬂexible ﬁber-Ag was due to more ‘hot spot’ and
more BPA molecule captured during the shrink process of textile
ﬁber. In order to investigate the interference from other molecules,
we added other EDCs(thiram) into the BPA solution and measured
the SERS spectra of the mixed sample. Since the Raman peaks of
Thiram(triangle-labeled) and BPA (asterisk-labeled) have no overlap, both of these two compounds can be detected with featured
Raman spectra shown in Fig. 7(b). This SERS substrate was also used
for sensing BPA from Soda water as shown in Fig. 7(c). When the
concentration down to limitation of EU (0.05 ppm), obvious Raman
signals of BPA are still observed. The sensitivity is comparable with
other systems [34] and the surface functionalization was not
necessary here as the BPA could be captured by the swelling process of cellulose ﬁber. Fig. 7(d) presents the quantitative relation
between the concentration of BPA and the intensity of feature
Raman peak at 827 cm1, which present a good linear relationship
between the peak intensity and the concentration of the BPA from
soda water. The recovery values of BPA in soda water samples were
from 96% to 105% (see Electronic Supplementary Material Table S1),
these results validate that this proposed method can be used for
monitoring BPA from soda water. This study would facilitate the
development of ﬂexible SERS substrates base on cellulose fabrics.
4. Conclusion
In summary, ﬂexible and high sensitivity SERS substrates were
fabricated through assembling Ag nanoparticles onto cellulose
textile ﬁbers. The textile ﬁbers were eco-friendly as they were
recycled from waste paper by IONCELL-F technology. The cellulose
textile ﬁbers play a critical role in such SERS substrates because
they not only provide solid support for high density Ag NPs, but also
offer shrinking and swelling process to reduce the gaps between Ag
NPs. The LSPR couplings at the junction of Ag NPs make it possible
for the signiﬁcant enhancement of the electric ﬁeld for SERS, which
offer more hot spots. Proof of concept SERS application of such
ﬂexible plasmonic substrates was veriﬁed by detecting BPA in DI
water and aerated water. This cellulose textile ﬁber-Ag nanocomposite is promising for quantitative detection of BPA from
drinks.
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