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Abstract: In recent years, flexible SERS substrates based on cellulosic materials have been
widely investigated. In this study, paper was dissolved and dispersed in an alkaline solution,
and Ag NPs were synthesised in situ on cleaned paper scraps, which were dried to form a
complete paper SERS substrate. The whole preparation process is simple, the preparation
time is short, and the Ag NPs are uniformly distributed inside and outside the paper, which
can be arbitrarily cut and extracted by wiping the analyte surface, which is convenient for
liquid sample detection. Most importantly, the substrate overcomes the problem of paper
dissolution and damage due to immersion. The detection of 10" M R6G was achieved with
enhancement factor of 1.95 x 10°. The Raman activity was still present after 60 days of
refrigerated storage. The reproducibility was good (RSD = 9.5 %). And now the substrate
has been successfully used for the detection of ciprofloxacin in water, with the detection
limits of 2.2 <10 M.

1. Introduction

Surface enhanced Raman spectroscopy (SERS), a vibrational spectroscopic technique, can be
used to identify a wide range of molecules on a trace level in a stable, fast and non-destructive
manner[1,2]. Therefore, it has been widely applied in the fields of food safety[3,4],
environment[5,6], pharmaceuticals[7,8] and medicine[9,10]. However, it is difficult to find a
suitable SERS substrate because of the low reproducibility and the high variation of the SERS
signal, which is affected by the conformation of the metal nanoparticles. To overcome these
drawbacks of SERS, various methods have been developed to prepare suitable nanostructures, such
as the construction of SERS substrates by electrochemical deposition[11], vapour deposition[12], e-
beam lithography[13] and colloidal lithography[14] on conventional solid supports such as
glass[15], silicon[16],zinc oxide (Zn0O)[17,18],polymers[19,20],carbon nanotubes
(CNTs)[21],anodic aluminium oxide (AAO)[22] and polydimethylsiloxane (PDMS)[23,24]. The
substrates produced by these methods are rigid and have a high degree of reproducibility and
sensitivity. However, the fabrication process of these substrates is extremely complicated, the cost
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of mass production is too high, environmental pollution may be caused during the fabrication
process, and the rigid substrates are not suitable for direct SERS detection of samples with irregular
morphology, so the substrates have their own practical limitations. Therefore, there is a need for the
development of SERS substrates which are low cost, simple and easy to fabricate[25-27].

In recent years, flexible SERS substrates on the basis of cellulose materials have been widely
investigated, and paper has been the material of choice for the majority of substrate preparation
studies. Paper, with its flexible morphology and geometry that can be adapted to specific needs, is
an inexpensive, portable and widely available material. It offers the advantages of being
inexpensive, eco-friendly, biodegradable and commercially available[26]. Furthermore, paper based
SERS substrates are more conducive to forming “hot spots” due to the porous structure of the paper
surface, which enhances the intensity of Raman signals. Currently, drip-coating, impregnation, in-
situ synthesis, in-kjet printing, spraying and writing are the main methods used to fabricate paper
based SERS substrates. However, using paper as a substrate is also limited by the following:
Impregnation takes a long time to prepare and can cause paper to swell and deteriorate[28];
nanoparticles tend to oxidise during inkjet printing, and printing costs can be prohibitive (Table 1).
Thus, simple, homogeneous and stable paper SERS substrates need to be developed.

Table 1: Preparation of paper-based SERS substrates.

Methods of

. The advantages The disadvantages Citations
synthesis
Drip coating Uniformity is difficult to control [25.29]
- Easy to operate. — - - 75.30]
Impregnation Long preparation time, cellulose paper base is easily swollen :
Controlled [31,32]

In-situ synthesis uniformity. -

Nanoparticles tend to oxidise, requiring the nanoparticle

Ag NPs can be evenly solution in the cartridge to be replaced, and the replacement

distributed on the

Ink-jet printing aper and the sianal is]  Process is cumbersome, nanoparticles can easily clog the [26:33]
Pap ver stableg printer's printhead, causing damage to the machine, The costs
y stabie. are high.

Low cost, simple
Spraying operation and short
preparation time.

Ciprofloxacin (CIP) is a fluoroquinolone antibiotic of the third generation[36]. It is highly potent
and has a broad spectrum of antibacterial activity, which makes it widely used in both human and
veterinary medicine. Currently, the misuse of antibiotics is significant and can be a major source of
contamination of soil and natural waters[37]. High levels of antibiotics in ecological systems can
lead to the development of antibiotic resistance, and it is important to monitor CIP levels in
ecological systems as it is one of the most efficient antibiotics in the treatment of bacterial
infections[38]. CIP can be quantified by high-performance liquid chromatography (HPLC) and thin-
layer chromatography (TLC), according to pharmacopoeias and the pharmaceutical industry[39].
However, both methods are time-consuming and destructive to the sample, and the reagents are
expensive and time-consuming. Therefore, there is a need for analytical methods such as SERS.
These methods are fast and do not require complex sample pretreatment [39,40].

In the present study, the paper was dissolved and distributed in alkaline solution, and Ag NPs
synthesized in situ on the cleaned paper shreds, dried to form a complete paper SERS substrate. The
whole preparation process is simple, the preparation time is short, and the Ag NPs are uniformly
distributed inside and outside the paper, which can be cut as desired and extracted by wiping the
surface with the analyte, facilitating the detection of liquid samples. In particular, it overcomes the
problem of paper swell and damage caused by immersion. The substrate has now been successfully
used to detect ciprofloxacin in water.

Several coats are required to achieve the desired effect and the| 3435
paper must be surface modified.
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2. Manuscript Preparation
2.1.Chemicals and Equipment

All chemicals were in analytical grade.Urea (CH4N20, 99 %), Sodium hydroxide (NaOH, 96 %),
Acetic acid (C2H402, 99 %), silver nitrate (AgNOs, 99.8 %), hydroxylamine hydrochloride (NH2
OH HCI, 99.0 %) were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China);
Rhodamine 6G (R6G, 99.9 %) was obtained from Aladdin;and ciprofloxacin (CIP) was purchased
from Zhejiang countries the state pharmaceutical co. (zhejiang, China); Ultrapure water was
purified by ELGA Flex 2.

The scanning electron microscope (SEM) images were recorded on a SU8010 Hitachi instrument.
All SERS spectra were acquired directly by Renishaw inVia-Reflex.

2.2.Preparation of paper—Ag NPs SERS substrate

The paper-AgNPs SERS substrate is the result of a combination of N. Leopold[41] and Lina
Zhang [42]. In detail, The Mixed solution of NaOH/CH4 N20/H20 (7: 12: 81 by mass) was first
prepared and cooled to -20 °C. Tissue paper was added to this mixture and stirred vigorously for 30
min. Place 8 g of paper glue in a 50 mL centrifuge tube, add 30 mL of dilute acetic acid, shake and

rinse several times with ultrapure water. Then, add 30 mL AgNOs (1.11 % 103 M), shake for 30
minutes, centrifuge for 5 minutes, discard the supernatant, add AgNOs (1.11 x 10 M) and

hydroxylamine hydrochloride/sodium hydroxide (1.5 <102 M/3 x 102 M) in sequence, shake for

30 minutes, centrifuge for 5 minutes, discard the supernatant and transfer the paper base to a 60 mm
Petri dish. After thawing at room temperature, the supernatant was discarded and dried at 60 °C.

2.3.SERS detection

Preparation of different concentrations (1 <10 °> M -- 1 x10 8 M) of R6G solution, basal area of
0.5 x 0.5 cm? addition of 100 uL R6G, SERS signals were collected after 20 min. Laser
wavelength 785 nm, laser power 5 mW, integration time 10 s, cumulative frequency 1 times,
magnification 50 % 20.

By dissolving 0.5 g of the sample powder in hydrochloric acid solution (0.12 M, 25 mL) and
diluting, different concentrations of CIP solutions (4.75 %102 -- 4.75 x10° M, 2.2 x10* M) were
prepared. The SERS detection like R6G.

3. Results and discussion
3.1. Optimization and Characterization of the paper-Ag NPs

As can be seen in figure 1a, the prepared substrate does not have any obvious Raman peaks in
the range of 500-2000 cm 2, so that Raman peaks in this range can be detected and identified with a
low level of background interference. The in-situ synthesis of Ag NPs was performed on a smaller
area of the paper, such that the entire paper substrate had Ag NPs (both inside and outside) (Fig.
1c,d). And the whole preparation process was simple, took a short time and solved the problem of
paper dissolution damage caused by immersion.
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Figure 1: The Raman spectra and SEM of paper substrate with and without Ag NPs (a,c,d). (b) The
Raman spectra of R6G (10-6 M) on the paper-AgNPs.

After initial optimisation, the substrate was optimised by varying these two conditions, as it was
found that the pH of the reducing agent and the number of layers of Ag NPs had a significant effect
on reducing the detection limit and increasing the enhancement factor. However, the volume of the
centrifuge tube was different from the volume measured with the measuring cylinder and varied
significantly. However, both can achieve similar enhancement effects. The only differences are in
the operating procedures.

The figure 1b shows the Raman spectra of R6G on the fabricated substrates. Typical Raman
peaks for rhodamine 6G are seen at 613, 772, 1185, 1311, 1362, 1510 and 1650 cm™. Each peak can
be assigned as follows: 613 cm™* for the in-plane bending mode of the C-C ring, 772 and 1185 cm
for the out-of-plane bending and in-plane bending modes of the C-H ring, and 1311, 1360, 1510
and 1650 cm™* for the tensile modes of the aromatic ring (Table 2)[2,43,44]. The peaks of R6G at
1510 cm™ were selected to assess the performance of the substrate. The enhancement was
quantified using equation (1).

lrC
SERS ~Normal (1)

C
Normal ~SERS
where Isers is the SERS intensity of R6G on the plasmonic paper, Csers is the concentration of
R6G on the plasmonic paper, Iraman IS the Raman intensity of R6G on the paper without Ag NPs,
and Craman IS the concentration of R6G on the paper without Ag NPs.

AEF =

Table 2: Main Raman characteristic peaks and band assignments of R6G[2,43,44]

SERS (cm™) Band assignment

613 in-plane bending mode of the C—C ring
772 out-of-plane bending modes of the C—H ring
1185 in-plane bending modes of the C—H ring
1311 tensile modes of the aromatic ring
1362 tensile modes of the aromatic ring
1510 tensile modes of the aromatic ring
1650 tensile modes of the aromatic ring

3.1.1. Preparation of paper-Ag NPs in centrifuge tubes
The Ag NPs were synthesised in situ on waste paper using hydroxylamine hydrochloride/sodium
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hydroxide solution (1.5 %10 M/3 <102 M) at pH = 7 and AgNOs (1.11 x 10 M). The reaction
was performed in centrifuge tubes and then dried to obtain paper-Ag NPs. The SERS performance
was measured with R6G. The detection limit of 10° M R6G was obtained and the enhancement
factor of 2.63 x10°for the SERS substrate at 1510 cm™ (Fig. 2a). Increasing the number of Ag NPs,
which is increasing the number of reactions, finally reduced the detection limit to 10 M, reaching
the enhancement factor of 1.75 < 10° with four layers of particles (Fig. 2b,c). pH is another factor
affecting the SERS enhancement, and the figure 2d shows that with increasing pH, the enhancement
was greatest at pH = 10 and one layer of particles, with the enhancement factor of 3.57 % 10* and
the detection limit of 107" M (Fig. 3). Figure 4 shows The SEM of paper-Ag NPs with different
number of Ag NPs with pH = 7, the layer of 1-5 and pH = 10, 1 layer. In the fifth layer, the
increasing number of Ag NP causes the particles to aggregate and the Raman intensity to weaken.

3.1.2. Preparation of paper-Ag NPs with 9: 1

When the volume ratio of AgNOs solution and hydroxylamine hydrochloride/sodium hydroxide
solution was 9: 1, the enhancement diminished with increasing pH (Fig. 5a). The graph shows that
the enhancement was greatest at pH = 7 and a quantity of 120 mL of Ag NPs, with the enhancement
factor of 1.95 % 10° and the detection limit of 10® M (Fig. 5). Furthermore, as the number of Ag
NPs increases, aggregation of the nanoparticles occurs during stirring, resulting in a weakening of
the SERS enhancement at 160 mL and 200 mL particle number (Fig. 6d, e).
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Figure 2: The SERS spectra of paper-Ag NPs were prepared in centrifuge tubes with R6G,
hydroxylamine hydrochloride/sodium hydroxide solution pH = 7. (a) 1 layer of Ag NPs. (b, c)
Relationship of Raman signal with increasing number of nanoparticle layers (1--5). (d)Relationship
of Raman signal with pH (7--12).
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As we all know, the size, shape, curvature and number of the nanoparticles, the size or
morphology of the gaps between the nanoparticles and the angle of formation can be altered by
changing the reaction conditions, which will affect the SERS intensity[45]. During the optimisation
process, we changed the amount of reductant and oxidant added, the pH of the reductant and the
concentration of the oxidant AgNOs by controlling the variables. Finally, we found some of the
above results. However, the detection limit of the substrate for R6G is as low as 107" M. From the

Figure 7, we can see that increasing the concentration of AgNOsz to 10-2 M reduces the detection

limit of R6G to 10° M, but the characteristic peaks are all shifted left by about 100 cm™ (Fig. 7).
Due to our lack of knowledge of Raman spectroscopy, we do not have an explanation for this
phenomenon at present, but we are hopeful that those who are interested will be able to explain it.
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Figure 3: The SERS spectra of paper-Ag NPs were prepared in centrifuge tubes with R6G,
hydroxylamine hydrochloride/sodium hydroxide solution pH = 10.

(c)

(a,,c,d,e) pH =7, the layer of 1--5. (f) pH = 10, 1 layer.

Figure 4: The SEM of paper-Ag NPs were prepared in centrifuge tubes, hydroxylamine
hydrochloride/sodium hydroxide solution pH = 7 or 10 and different layer of AgNPs.
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Figure 7: The SERS spectra of R6G (10, 10, 10° M) measured on substrates paper-Ag NPs
prepared with different concentrations of AgNO3 (1.11 %107 M and 102 M).
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3.2. Stability and reproducibility

The SERS performance (stability and reproducibility) with the use of paper-Ag NPs was
systematically investigated using the probe molecule R6G (10 M). The Figure 8a shows that the
R6G (10° M) can still be detected after 60 days of storage in a refrigerator at 4 °C with good
stability.

The SERS signals of 10 randomly selected paper Ag NPs were documented (Fig. 8b, c) to assess
the reproducibility of the fabrication approach. The SERS intensities at 1510 cm™ and 1362 cm™* of
the different paper Ag NPs showed an RSD value of 9.5 % and 11.0 %, respectively, indicating that
the paper-based substrate is homogeneous. The excellent repeatability and reproducibility of this
substrate indicates its potential as a useful analytical tool in real applications.
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(a) Stability test of paper-Ag NPs substrates. (b) The SERS spectra of R6G collected from 10
different paper-Ag NPs substrate. (c) The corresponding SERS intensity variations of the peaks at
1362 and 1510 cm! on different substrates and RSD.

Figure 8: SERS spectra of R6G (10 M) measured on paper-Ag NPs substrate.

3.3. Application

The paper-Ag NPs can be cut as required and facilitating the detection of liquid samples. With
the highest enhancement factor was used to explore its practical application (experimental
conditions of pH =7, 120 mL particle number). The Figure 9a is derived from Raman spectroscopy
of a solid sample of ciprofloxacin on silicon wafers and the peaks are assigned as shown in Table
3[39,45,46]. The aromatic ring stretching mode at 1389 cm™ is coupled to O—-C-O, which can be
used to characterise CIP. The Figure 9b shows the Raman spectrum of ciprofloxacin in 0.12 M HCI
solution with a detection limit of 2.2 % 10* M. and demonstrated a simple linear increase with a
logarithmic concentration of CIP from 4.75 %107 to 4.75 x10* M (y = 1553.0840X — 8990.324,
R2 = 0.9998) (Fig. 9¢)

Table 3: Main Raman characteristic peaks and band assignments of CIP[39,45,46].

SER% (cm Band assignment

635 — 695 out-of-plane vibrations of the ring
745 represents the methylene rocking g
1022 C--H oscillation and pyrazine ring mixed vibrations
1389 symmetrical stretching vibration of the -COO-
1458 asymmetric stretching vibration of the benzene ring
1534 stretching vibration of the quinolone ring system
1626 asymmetric stretching e/_ikgation of aromatic ring
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Figure 9: (a) SERS spectra of CIP solids measured Si. (b) Concentration-dependent SERS detection
of CIP from 4.5 <102 to 4.5 x10° M. (c) The linear correlation of Raman intensity at 1389 cm™
with the concentration changing from 102 to 10 M.

4. Conclusions

In summary, a simple, time-efficient and economical preparation method was developed for the
preparation of plasma paper substrates with good flexibility, adsorption properties and SERS
activity. The paper substrate was prepared using in situ growth of Ag NPs, and the Ag NPs were
uniformly distributed inside and outside the paper, allowing random cutting and surface wiping
extraction of the analyte, facilitating the detection of liquid samples. Most importantly, the substrate
is a solution to the problem of paper swelling damage due to immersion. With an enhancement
factor of 1.95 %105, detection of the R6G molecule 10® M can be achieved. A detection level of 2.2
%10 M can be achieved for ciprofloxacin.
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