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ABSTRACT: In this study, cellulose filter paper (CFP) was used
to create three-dimensional ZnO nanoflowers coated with three-
layered plasmonic metals (Ag@Au@Ag) by using an in situ
generated method. The substrate was created as a surface-enhanced
Raman scattering (SERS) paper chip with dual functions for quick
enrichment and ultrasensitive antibiotic detection. It was possible
to detect amoxicillin, ciprofloxacin, and tetracycline quantitatively
with good linear responses at low detection limits of 1, 10, and 10
nM, respectively, thanks to the characteristics of three-dimensional
nanostructures, the charge transfer effect of ZnO−plasmonic metal,
and electromagnetic coupling of Ag@Au@Ag. Even with a paper
chip and a mobile phone−Raman spectrometer integrated system,
it was possible to identify human urine antibiotics at ppb levels with high accuracy. Meanwhile, 10 min detection of the antibiotics
was accomplished by merely soaking them in their analyte solutions due to CFP wicking. With the help of PCA-LDA analysis, the
multiplexed SERS spectral data of the three antibiotics could be successfully separated. Additionally, the paper chip’s exceptional
mechanical endurance even against 30-fold and strong ultrasonication was made possible by the in situ growing method. The
bifunctional, affordable, and long-lasting SERS paper chip has a lot of potential for on-site and point-of-care drug detection.
KEYWORDS: surface-enhanced Raman scattering, flexible paper chip, three-layered plasmonic nanostructures, multiple detection,
antibiotics

■ INTRODUCTION
Antibiotics hold a broad spectrum of activities against several
Gram-negative and -positive bacteria.1 They are extensively
prescribed to treat bacterial infections and are available for oral
administration.2 However, antibiotics after metabolism in body
tissues are excreted mostly as the parent compound in urine.
Their overuse and abuse may link to multiple health hazards to
humans, such as bone marrow suppression, hepatotoxicity,
carcinogenic, and genotoxic.3,4 Generally, several antibiotics
are simultaneously taken for strong treatment activity, such as
amoxicillin (AMO), ciprofloxacin (CIP), and tetracycline
(TTC). Therefore, monitoring multiple antibiotics in urine
rapidly, efficiently, and simultaneously is critical for the
appropriate guidance to antibiotics usage and becomes one
major sticking point.5

Up to date, capillary electrophoresis and liquid chromatog-
raphy coupled to different detectors as conventional methods
have been often used for the detection of antibiotics, holding
high sensitivity and selectivity.6−8 However, their operation
procedures are complicated, time-consuming, and costly,
which hinder their on-site applications.9,10 In the past years,

some alternative methods for quantification have been
developed, such as electrochemistry,11 fluorescence,12 lumi-
nescence,13 and surface-enhanced Raman scattering
(SERS).14−16 Among these alternative methods, SERS is
considered a powerful analytic tool for chemical analysis,
providing abundant molecular information and high sensitiv-
ity.17 It is accepted that the strong enhancement signal can be
attributed to the electromagnetic (EM) and chemical enhance-
ment effects.18 Specifically, hybrids of plasmonic metals with
semiconductor oxides (such as ZnO) have received consid-
erable attention. Compared with individual plasmonic SERS
substrates, the introduction of semiconductor oxides improves
the SERS sensitivity from the charge transfer (CT) effect, as
well as the EM effect. Meanwhile, semiconductor oxides have a
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stronger ability to adsorb analytes than plasmonic metals.19−21

Moreover, since the nanogaps in SERS substrates can provide
abundant “hotspots,” multilayered nanostructures with control-
lable nanogaps can generate the coupling of mutual polariton
modes.22−24 Hao et al.22 reported that 5-fold-twinned Ag−
Au−Ag nanorods (NRs) had an enhancement factor (EF) of
9.0 × 105 for SERS detection of 2-naphthalenethiol. Zha et
al.23 synthesized a Ag-multilayer-Au film with a limit of
detection (LOD) of 10−13 M for rhodamine 6G (R6G)
detection. However, it is currently challenging to simply
synthesize multilayered plasmonic nanostructures.
Usually, most of the above hybrids are supported on rigid

supports, such as glass, silicon, and aluminum sheets. However,
tedious sample preparation steps are often required for
conventional rigid SERS substrates, which limits the
applications for routine laboratory and on-site analysis.25

Thus, flexible SERS substrates have gained popularity in recent
years.26,27 Especially, paper or paper-like chips as SERS sensing
platforms have been extensively focused on.28−35 Besides the
merits of flexibility, portability, and cheapness, the porous
nature provides the feasibility of rapid enrichment and
concentration of analytes. Physical synthesis methods like
soaking,28 inkjet printing,29 screening printing,30 and filtra-
tion31 are generally used for the fabrication of paper chips. Yet,
only van der Waals binding to bound the nanomaterials onto
paper always suffers from aggregation and poor adhesion.33−35

Based on the above backgrounds, in situ hydrothermal
synthesis of three-dimensional (3D) ZnO nanoflowers (NFs)
on cellulose filter paper (CFP) was followed by sequential
deposition of Ag, Au, and Ag (Ag@Au@Ag, three-layered
structures) via subsequent chemical reduction. Such a
technique is particularly appealing for quick enrichment and
ultrasensitive SERS detection due to a number of character-
istics: (1) Since there are no surfactants used in the synthesis
process, there will be no chance of noise or signal interference.
(2) Due to cellulose’s ability to maintain (14)-linked D-glucose
units,36 which bind ZnO with chemical bonds, the flexible
SERS substrate demonstrates outstanding mechanical resil-
ience even when folded and subjected to ultrasonication. (3)
In light of the aforementioned contexts, three-dimensional
(3D) ZnO nanoflow. The 3D nanostructure of ZnO NFs, the
CT effect of ZnO−plasmonic metal, and EM coupling of three-
layered plasmonic metals (Ag@Au@Ag) are responsible for
the high SERS activity and stability, which is supported by
finite difference time domain (FDTD) simulation analysis.
When used in conjunction with the mobile phone−portable
Raman spectrometer integrated system, ppb-level antibiotics in
urine can be quickly identified without any prior treatment. (4)
By simply soaking in the analyte solution, cellulose capsule-

action wicking allows for the 10 min fast SERS detection of
three antibiotics (AMO, CIP, and TTC). The three antibiotics
in urine can be successfully identified using principal
component analysis (PCA) and linear discriminant analysis
(LDA), which are intended for health monitoring and
medication safety. Therefore, the high sensitivity, quick
enrichment, and robust durability of the SERS paper chip
are designed with practical applications for health monitoring
and medication safety in mind.

■ MATERIALS AND METHODS
Materials. Zinc acetate dehydrate (Zn(CH3COO)2·2H2O), zinc

nitrate hexahydrate (Zn(NO3)2·6H2O), and hexamethylenetetramine
(C6H12N4), silver nitrate (AgNO3), sodium citrate, rhodamine 6G
(R6G), and ascorbic acid (AA) were purchased from Sinopharm
Chemical Reagent Co., Ltd. AMO, CIP, and TTC were obtained from
the National Institute for Food and Drug Control. All reagents were
of analytical grade and used without further purification. Water used
in all experiments was purified by using a Millipore Q system.
Characterization. The nanostructures of the as-prepared

materials were analyzed by field emission scanning electron
microscopy (FE-SEM, JSM6701 F, JEOL Inc., Japan). High-
resolution transmission electron microscopy (HR-TEM) was
performed on a transmission electron microscope (TEM, Tecnai
G2 F30, FEI). X-ray powder diffraction (XRD) analysis was
performed on a Rigaku D/max-2400 (Cu Kα radiation, λ = 0.1541
nm) in a 2θ range from 10 to 90°. The UV−vis spectra were recorded
on a UV−vis spectrophotometer (UV-2600, Shimadzu). The crystal
surface composition was investigated by X-ray photoelectron
spectroscopy (XPS, Kratos-AXIS ULTRA DLD).
Synthesis Process. The synthesis scheme of CFP/ZnO/Ag@

Au@Ag is illustrated in the (1) process of Scheme 1.
First, the CFP/ZnO chip was synthesized in the following process:

A 2 × 2 cm2 piece of CFP was rinsed in ethanol and then dried with
nitrogen gas. To form a uniform seed layer, a ZnO seed solution was
prepared by dissolving 30 mM Zn(CH3COO)2 in 30 mL of ethanol at
60 °C. The CFP chip was coated with the seed solution drop by drop
at 110 °C and subsequently placed into a thermal oven at 150 °C for
5 h. To vertically grow ZnO NFs, a growth solution was prepared by
dissolving 25 mM Zn(NO3)2 and 25 mM C6H12N4 in 100 mL of
water at room temperature under stirring for 2 h. The seed-coated
CFP was immersed into the growth solution and transferred to a 100
mL Teflon-lined stainless steel autoclave and maintained at 150 °C
for 4 h. The ZnO NFs were in situ grown on the CFP, which was
named CFP/ZnO. Finally, the CFP/ZnO chip was removed from the
solution, washed with water, and dried in N2.
Second, Ag nanoparticles (NPs) were loaded on CFP/ZnO via

citrate reduction: 10 mL of AgNO3 (0.2 M) solution was mixed with
10 mL of sodium citrate (0.05 M) solution at 60 °C under stirring. A
few minutes later, one CFP/ZnO chip was put and reacted at 90 °C
for 1 h. Finally, the chip was taken out, washed with water, and dried
in N2. CFP/ZnO with Ag loading was named CFP/ZnO/Ag.

Scheme 1. Schematic of the Fabrication of CFP/ZnO/Ag@Au@Ag
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Third, three-layered plasmonic metal was synthesized as illustrated
in the (2) process of Scheme 1. CFP/ZnO/Ag was immersed in 2.0
mL of HAuCl4 (of 1 mM) for 10 min via the galvanic replacement
reaction: 3Ag(s) + AuCl4−(aq) → Au(s) + 3AgCl(s) + Cl−(aq). The
chip was taken out, washed with water, and dried in N2, which was
named CFP/ZnO/Ag@Au@AgCl. Then, 0.01 M ascorbic acid (AA)
was used for further reduction of AgCl for 10 min via the reduction
reaction: AgCl(s) + e− → Ag(s) + Cl−(aq). The chip loaded with
three-layered plasmonic metals was named CFP/ZnO/Ag@Au@Ag.
To obtain CFP/ZnO/Ag@Au, the CFP/ZnO/Ag@Au@AgCl
substrate was washed with 1 M NH3·H2O to remove AgCl.
In addition, ZnO/Ag@Au@Ag was deposited on the CFP by the

simple soaking method, where ZnO/Ag@Au@Ag heterostructures
were synthesized under the same procedure without the usage of
CFP. To monitor the change of the SPR band, the Ag@Au@Ag
heterostructures were synthesized according to the (2) process of
Scheme 1 without the usage of CFP and ZnO.
Numerical Simulations. The EM field distributions were

calculated using the finite difference time domain (FDTD) method.
The electric field with linear polarization was incident on the
nanosphere at the normal angle for calculation. The perfect matching
layers were used to avoid the boundary reflections around structures
under an incident power of 1 W and a work wavelength of 532 nm.
The number of cells is controlled at about 10 000, and the average cell
mass was 0.7622. The dielectric function of gold was taken from a
multicoefficient fitting model of experimental data.37 We considered
the surrounding medium as the water solution with the refraction
index n = 1.33 for all nanostructures.
SERS Detection. All Raman spectra were recorded on a Raman

system (Zolix Finder Vista-HiR) except for special notes: 532 nm
laser, 0.50 mW power, 1 μm diameter laser point, 100× L objective,
and 10 s acquisition time. For each measurement, optical focusing was
created. Three times repeated measurements were taken to record
each Raman spectrum.
For R6G detection, the CFP/ZnO/Ag@Au@Ag chips were dipped

in an aqueous R6G solution with different concentrations.
After folding for various lengths of time, paper chips adsorbed with

1.0 M R6G were found for the folding test. One folding time was
accounted for when the paper chip was wrapped into a cylinder and
then spread out. For the antidestruction test, the chips were subjected
to ultrasonication under a power output of 200 W for different times.
After that, the chips were adsorbed with 1.0 μM R6G for the SERS
measurement.
For quantitative detection, the concentrations of AMO, CIP, and

TTC from 10−4 to 10−9 M were adopted as the standard solutions.
The real urine samples were collected from a normal adult, followed
by dilution 100 times with water. A defined amount of AMO, CIP,

and TTC was added to the above urine samples to further calculate
the recovery and relative standard deviation (RSD).
To examine the effect of interference, a series of inorganic and

organic species (1 mM) were separately added to the aqueous
antibiotic solution (0.1 mM). The paper chip was immersed into the
solution spiked with interfering species for SERS measurements under
the same conditions.
For portable detection, a 3D printed holder was installed in the

Raman probe of the portable apparatus RMS1000 (Laser: 785 nm,
Shanghai Oceanhood Optoelectronics Technology Co., Ltd, China)
to fix the paper chip. Its aim was to find and fix the optimum focusing
position. Three antibiotics (AMO, CIP, and TTC) in urine samples
were tested on a common mobile phone with Test Program software.

■ RESULTS AND DISCUSSION
Characterization. The synthesis of CFP/ZnO/Ag@Au@

Ag includes two sections: hydrothermal synthesis of ZnO NFs
and deposition of a three-layered plasmonic metal on ZnO. A
framework of cellulosic fibers can be seen on the surface of
pristine CFP (Figure 1A). High-density ZnO NFs are
distributed on the surface, where the NFs are assembled
with many nanorods (Figure 1B). From the TEM image
(Figure S1A), it can be observed that the nanorod has a
diameter of ∼500 nm and a length of ∼3 μm. Clear lattice
fringes of 0.28 nm can be seen in the HR-TEM image (Figure
S1B), which corresponds to the ZnO(100) crystal plane of the
orthorhombic structure.38 The XRD pattern (Figure S1C)
further reveals the formation of ZnO. The detailed analysis can
be seen in the Supporting Information. Due to abundant
hydroxyl groups of cellulose to anchored zinc ions through Zn-
O bond chelation,39 uniform growth of ZnO NFs is observed.
Three-layered plasmonic (Ag@Au@Ag) NPs were depos-

ited on ZnO NFs via successive chemical reduction (the (2)
process of Scheme 1). Figure 1C shows the SEM image of
ZnO/Ag@Au@Ag, where numerous small NPs are uniformly
decorated on the ZnO NFs. The TEM image (Figure 1D)
shows that the NPs of roughly 40 nm in size are made up of a
solid middle layer, an inner core that is porous, and an outside
shell. The formation of the porous core is due to a typical
galvanic replacement reaction.40 The HR-TEM image (Figure
1E) further reveals a three-layered nanostructure. While the
Au(111) phase in the middle layer has about 10 nm, the lattice
spacing corresponding to the Ag (111) plane can be clearly

Figure 1. SEM images of pristine CFP (A), CFP/ZnO (B), and CFP/ZnO/Ag@Au@Ag (C). TEM (D) and HR-TEM (E) images of CFP/ZnO/
Ag@Au@Ag. (F) UV−vis spectra of Ag, Ag@Au, and Ag@Au@Ag synthesized as illustrated in the (2) process of Scheme 1.
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seen in both the inner core of about 30 nm and the outer layer
of about 3 nm. The EDX mapping (Figure S2) demonstrates
the dispersion of these elements (Zn, Ag, and Au), where the
Zn element spreads on the nanorod, while Ag and Au elements
are sparsely dispersed together.
Due to the interference of CFP in the UV−vis measurement,

we measured the UV−vis spectra of Ag, Ag@Au, and Ag@
Au@Ag colloids, which were synthesized using the same
procedures without the addition of CFP and ZnO. As depicted
in Figure 1F, the localized surface plasmon resonance (LSPR)
band is located at 424 nm for Ag colloids, representing the
LSPR of Ag. After the galvanic replacement, the LSPR
wavelength shifts to 556 nm, which belongs to the intrinsic
LSPR of Au. This proves that the Au layer is coated on the Ag
colloids. Via further reduction reaction with AA, the band
appears at 438 nm again, which confirms the formation of the
outer Ag layer. The UV−vis measurement proves the
formation of three-layered plasmonic nanostructures (Ag@
Au@Ag). We also investigated the UV−vis spectra of Zno@
Ag, Zno@Ag@Au, and Zno@Ag@Au@Ag colloids that were
synthesized using identical techniques but without the
inclusion of CFP due to the interference of CFP in the UV−
vis measurement (Figure S3).

XPS measurements were carried out to analyze the
composition of CFP/ZnO/Ag@Au@Ag. In the survey
spectrum (Figure S4A), Zn, O, Ag, and Au can be observed.
High-resolution XPS spectra of the corresponding elements
(Zn 2p, O 1s, Ag 3d, and Au 4f) can be seen in Figure S4B−E.
The detailed analysis can be referred to in the Supporting
Information. Its crystal structure was analyzed by XRD. In
Figure S5, the ZnO diffraction peaks can be distinctly found,
which presents the orthorhombic structure of ZnO (JCPDS
Card No. 36-1451). Additionally, three diffraction peaks of
Ag−Au are shown, corresponding to face-centered cubic (fcc)
lattices. It is noted that each face has a single peak, since Au
and Ag have similar lattice parameters of 4.0782 and 4.0862 Å,
respectively.41

SERS Mechanism Study. The above characterization
confirms special three-layered nanostructures decorated on
ZnO NFs, so an enhanced SERS response is expected. R6G
was selected as the probe molecule to evaluate the SERS
activity. Figure 2A shows the SERS spectra of R6G adsorbed
on CFP/ZnO, CFP/ZnO/Ag, CFP/ZnO/Ag@Au, and CFP/
ZnO/Ag@Au@Ag. For pristine CFP/ZnO, there is nearly no
Raman signal of R6G, indicating the SERS inertness of CFP/
ZnO. After decorating Ag NPs on ZnO, characteristic peaks of

Figure 2. (A) SERS spectra of R6G (0.1 μM) adsorbed on CFP/ZnO, CFP/ZnO/Ag, CFP/ZnO/Ag@Au, and CFP/ZnO/Ag@Au@Ag and (B)
the corresponding peak intensities at 613 cm−1. (C) The peak intensity at 1127(Ik(CT)) and 1166(I0(SPR)) cm−1 and the PCT value (right) with
different substrates. (D) Schematic diagram for the CT process between ZnO, Ag@Au@Ag, and the probe molecules (4-MBA as the example). (E)
Electric field distribution based on FDTD simulations for Ag, Ag@Au, and Ag@Au@Ag.
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R6G can be clearly found on CFP/ZnO/Ag, which is similar to
our previous work of ZnO/Ag nanorods as a prominent SERS
substrate.19 The enhanced Raman signal of R6G can be
attributed to both the synergistic CT effect of ZnO−metal and
the EM effect of Ag.
To understand the CT enhancement mechanism, the PCT

index is introduced, which is an important index to
quantitatively evaluate the CT effect. 4-MBA was selected as
the probe molecule due to its individual molecular bands
reflecting the CT resonance. The SERS spectra of 4-MBA
adsorbed on different substrates are shown in Figure S6. The
PCT calculation process is detailed in the Supporting
Information. The specific calculation process is listed in
Table S1. In view of the target peak intensity (Figure 2C), the
Raman intensity of CFP/ZnO/Ag@Au@Ag is almost twice
that of CFP/Ag@Au@Ag. Similarly, the Raman characteristic
peak intensity of CFP/ZnO/Ag is also twice that of CFP/Ag.
Importantly, the PCT values of metals supported on ZnO are
still higher than those of pristine metals (Figure 2C). These
fully demonstrate that the ZnO support not only has the ability
to disperse metal nanoparticles but also can bring a strong CT
enhancement through the ZnO−metal−molecule system. The
CT enhancement mechanism can be described in Figure 2D.
The introduction of ZnO promotes electrons congregated at
the surface of ZnO to inject into the Fermi level (Ef) of the
metal, which leads to the balance charges at the junction of the
metal and ZnO, thus forming an elevated Ef of the metal.

42

The photogenerated electrons can be more easily transferred
from the new Ef of the metal to the lowest unoccupied
molecular orbital (LUMO) level of the 4-MBA molecule.
Accordingly, a stronger SERS response is obtained after the
introduction of ZnO.

In addition, the three-layered nanostructure has the ability to
cause the EM coupling effect, which results in a considerably
enhanced electric field and a stronger SERS signal.24 Using 613
cm−1 as the calibration (Figure 2B), the peak intensity of CFP/
ZnO/Ag@Au@Ag is about 3.0 times that of CFP/ZnO/Ag;
CFP/ZnO/Ag@Au has a stronger Raman intensity than CFP/
ZnO/Ag. For a better understanding of the special
nanostructure on the SERS performance, we calculated the
EM field when the Gaussian beam is incident normally using
the FDTD method. The EM field distributions on the x−y
plane for the three structures at 532 nm excitation are shown
in Figure 2E. Compared to other structures, the EM field
surrounding Ag@Au@Ag is stronger. This can be attributed to
the shift in the LSPR band caused by the EM coupling in the
three-layered nanostructure. Ag@Au@Ag’s falling edge of the
absorption spectrum is where the excitation wavelength of 532
nm is located; therefore, excited SERS signals are not
reabsorbed by strong LSPR resonance.
Basic SERS Performance and Mechanical Durability.

Based on the above optimized conditions, basic SERS
performances of CFP/ZnO/Ag@Au@Ag including sensitivity,
stability, and reproducibility were tested by reusing R6G as the
probe molecule. Figure 3A shows the SERS spectra of R6G in
the concentration range from 10−6 to 10−13 M. It is noted that
the characteristic Raman signal at 10−13 M can be identified.
The LOD is calculated to be 10−13 M for R6G detection from
the inset of Figure 3A. Additionally, the EF was calculated to
be 5.68 × 108 using the 613 cm−1 peak as the calibration. The
detailed calculation process is described in the Supporting
Information and Figure S8.
The SERS uniformity was also accessed by using Raman

mapping. The Raman mapping measurement is described in
detail, as shown in the Supporting Information. The intensity

Figure 3. (A) SERS spectra of R6G with different concentrations. Raman mapping (B) and batch-to batch (C) uniformity. (D) SERS stability
during a one month period. Effects of folding times (E) and ultrasonication time (F) on the peak intensity@ 613 cm−1. Error bars indicate the
standard deviation for the five measurements.
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distribution of R6G @613 cm−1 in a 12 × 12 μm2 area is
shown in Figure S7. The corresponding histogram of peak
intensities is displayed in Figure 3B, where the RSD is 13.98%.
The uniform growth of ZnO/Ag@Au@Ag on CFP and the
resulting formation of a large number of uniform and effective
hotspots is responsible for the good SERS uniformity.43

To examine the reproducibility, five different production
batches were determined. The corresponding SERS spectra are
shown in Figure S9A. The RSD is 5.1% from the peak
intensities at 613 cm−1 (Figure 3C). The stability test is
necessary for Ag-based SERS substrates. The chip adsorbed
with 1 μM R6G was stored in air and measured every 3 days
under the same conditions. The corresponding SERS spectra
are displayed in Figure S9B. The peak intensities at 613 cm−1

decrease to a certain degree. Nonetheless, the peak intensity
still has 67% of the initial intensity after 30 days (Figure 3D).
On the contrary, pure Ag colloids had only 40% of the initial
intensity after 30 days in air.22 The above tests on sensitivity,
uniformity, reproducibility, and stability demonstrate that the
SERS paper chip exhibits great potential in practical
applications.
Mechanical durability is another significant factor in

practical applications. Hand folding and ultrasonication are
powerfully damaging forces, particularly for paper chips. The
paper chip’s SERS activity for the treatment of hand folding
remains constant even after 30 folds (Figures 3E and S10A in
the Supporting Information). As for powerful ultrasonication,
the CFP/ZnO/Ag@Au@Ag chip still maintains 71% SERS
intensity of the initial after 180 min of ultrasonication (Figure
3F). The original SERS spectra are presented in Figure S10B.
By contrast, when the CFP was physically modified with ZnO/
Ag@Au@Ag via soaking, the SERS signal almost disappeared

after 60 min of ultrasonication (Figure S11). The study shows
that ZnO can attach to CFP by means of a chemical
connection with Zn−O.44 So, the in situ synthesis strategy is
the most significant factor to obtain strong mechanical
durability for SERS applications.
SERS Detection of Antibiotics. Quantitative SERS

detection of AMO was performed on the paper chips, where
the adsorption time was 10 min. Figure 4A shows the SERS
spectra of AMO with a series of concentrations. The intensities
of the characteristic Raman peaks are expected to decrease
with a decrease in its concentration. Selecting the peaks at
1353 cm−1 (AMO) as the calibration (Figure 4B), a linear
curve between the peak intensity and the logarithm of the
concentration is obtained, where the linear range is from 0.01
to 100 μM. Meanwhile, the LOD reaches up to 1 nM for AMO
detection. Compared with previous detection methods such as
electrochemistry,45 colorimetry,46,47 and SERS,48−51 our SERS
detection method holds wider linear ranges and lower LODs in
the detection of AMO (Table 1). Furthermore, the selectivity
was determined by adding various inorganic salts (NaCl,
Na2CO3, MgSO4, KCl, FeCl2, CaCl2) and organic compounds
(Lys (lysine), His (histidine), L-Cys (L-cystine), urea, and
glucose) with 1 mM into aqueous AMO solutions (0.1 mM).
As compared to the control solution, there are only 15%
fluctuations of the individual characteristic peak intensity for
the addition of the interfering species (Figure 4C).
The AMO detection in real samples was performed by the

standard addition method. The known concentrations were
spiked into human urine samples, and then the calculated
concentrations were obtained using the above linear equations.
The detection results are listed in Table S4. The recoveries for

Figure 4. (A) SERS spectra of AMO with different concentrations on CFP/ZnO/Ag@Au@Ag. (B) The relationship is linear plots between the
peak intensities of AMO and the logarithm of their concentrations. (C) The SERS intensities of AMO (0.1 mM) in the presence of the interfering
reagents were 1 mM for each. The corresponding peak intensities at 613 cm−1 of AMO (D).
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AMO detection are limited from 90 to 106%, and all of the
RSDs are limited to around 10%.
Furthermore, the capillary-action wicking of CFP and the

strong adsorption ability of ZnO give a chance for rapid
enrichment of the analytes, possibly achieving rapid SERS
detection. The CFP-based substrate was first cut into small
paper strips with 0.5 × 0.5 cm2. Then, the paper strips were
separately immersed into the AMO solutions for different
times. The effect of the adsorption time of the analyte was
studied. The SERS spectra are displayed in Figure S12. Using
the individual characteristic peak (1353 cm−1), one can see
from Figure 4D that the peak intensities increase with the
adsorption time. It is found that the peak intensity of 10 min
adsorption is almost equal to the intensity overnight (>96%).
The adsorption equilibrium can be achieved within 10 min for
AMO. Li et al. reported SERS detection of antibiotics within

10 min under the electrophoretic preconcentration.52 The
extraction of TTC in milk was done in 20 min by using a
potentiostat to apply a fixed potential to accelerate the
enrichment process. By contrast, our operation was simple,
where the paper chip was soaked into the analyte solution for
10 min and dried in air for SERS detection.53

Similarly, the other two antibiotics (CIP and TTC) could be
detected sensitively, selectively, and rapidly based on CFP/
ZnO/Ag@Au@Ag. The detailed analysis processes can be seen
in Figures S13 and S14in the Supporting Information. For CIP
and TTC, the linear equations are given in Table S2. Both
linear ranges are from 0.05 to 100 μM, along with both LODs
of 10 nM. Good selectivity is also achieved against inorganic
salts and organic compounds for the detection of the two
antibiotics. Importantly, rapid SERS detection was also done
within 10 min adsorption for CIP and TTC.
Portable Detection and Identification by PCA-LDA

Analysis. Portable SERS analysis is one of the most efficient
routes to achieving on-site detection. It is significant for the
operators to easily and conveniently complete the operation,
especially outdoors. In this study, a portable Raman
spectrometer (laser wavelength of 785 nm) was linked to a
common mobile phone for portable detection (Figure 5A).
The paper chip was fixed using a 3D printed holder on the
device probe to find and fix the optimum focusing position
(inset of Figure 5A). Once fixing the position, the operators
only inserted a new paper chip into the holder for the next
measurement.
Figure S15A−C shows the SERS spectra of the antibiotics

(AMO, CIP, and TTC) at different concentrations from 10

Table 1. Comparison of the LODs for AMO Detection
between this SERS Assay and Those from Previous Studies

material method LOD ref

CuBi2O4 electrochemistry 0.2 mM [45]
Qt Ag NPs colorimetry 4.46 μM [46]
Cu−GO nanocomposites colorimetry 1.71 mM [47]
Ag colloids SERS 50 mM [48]
silver-coated polymeric
microbeads

SERS 10 nM [49]

microfluidic SERS SERS 2.7 nM [50]
Ag NCs SERS 0.41 mM [51]
CFP/ZnO/Ag@Au@Ag SERS 1 nM this work

Figure 5. (A) Photograph of the portable detection apparatus with a 3D printed holder to fix the paper chip. (B) SERS spectra of parts per billion
level AMO, CIP, and TTC obtained by the portable detection apparatus. (C) SERS spectra of multiple components of three antibiotics (AMO,
CIP, and TTC). (D) LDA plot of LD1 versus LD2 computed from the SERS spectra of the three antibiotics. Integration time: 10 s; laser power: 10
mW; laser wavelength: 785 nm.
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ppm to 10 ppb, which were measured on the portable Raman
spectrometer. As shown in Figure 5B, the detectable
concentrations of AMO, CIP, and TTC are 0.01, 0.1, and
0.1 ppm, respectively. The detection ability can serve the needs
of the maximum residue limit (MRL, 100 ppb) of antibiotics in
food products by the Food and Drug Administration (FDA) of
the European Union and other countries.54,55 It is expected
that the paper chip decorated with 3D ZnO NFs and three-
layered plasmonic nanostructures possesses great potential for
point-of-care (POC) detection in the field analysis of various
hazardous materials in the near future.
SERS is considered a powerful analytical tool to provide a

unique vibrational fingerprint and exhibit molecularly narrow
band spectra. So, it has been popular and promising to detect
multiple components in a matrix for the past few years.16,56

Herein, three kinds of antibiotics (AMO, CIP, and TTC) were
mixed in a solution. The integrated SERS spectrum is shown in
Figure 5C. The characteristic bands of AMO (1353 cm−1),
CIP (748, 789, and 1391 cm−1), and TTC (460 and 1282
cm−1) could be markedly distinguished. Nevertheless, it is
laborious to artificially identify the three antibiotics from their
SERS spectra. Rapid identification of three antibiotics is
necessary by combining this with PCA-LDA analysis. PCA is
one of the most widely used multivariate statistical techniques
in reducing the dimensionality of correlated multivariate
data.28,55 We performed PCA analysis of the SERS spectra
(initial dimension = 1625) to reduce the dimensionality
(Figure S16). The first 29 principal components are used as
input to LDA for classification, and the results are shown in
Figure 5D. The SERS spectra of AMO, CIP, and TTC can be
categorized into three individual and noninterfering clusters.
The discrimination accuracy is close to 100%. Distinctly, the
components of the three antibiotics could be rapidly and
efficiently identified from the SERS spectra with the aid of
PCA-LDA analysis.

■ CONCLUSIONS
A SERS paper chip was developed for rapid, sensitive, and
portable detection of the three antibiotics (AMO, CIP, and
TTC) in urine samples. 3D ZnO NFs were in situ grown on
the CFP, and then three-layered plasmonic nanostructures
(Ag@Au@Ag) were deposited on the ZnO NFs via successive
chemical reduction with any surfactants. The in situ synthesis
strategy improved the mechanical durability. FDTD analysis
confirmed that the three-layer plasmonic nanostructures
significantly enhanced the electrical field intensity. High
sensitivity was realized with LODs of 1, 10, and 10 nM for
the SERS detection of AMO, CIP, and TTC, respectively.
Owing to the capillary-action wicking of CFP and the strong
adsorption ability of ZnO, 10 min SERS detection of the
antibiotics was achieved. Aiming at the on-site detection of
paper chips, ppb-level antibiotics were successfully detected
without any pretreatment using the portable Raman
spectrophotometer−mobile phone integrated system. The
three antibiotics with similar SERS signals could be efficiently
identified with PCA-LDA analysis. The bifunctional paper chip
with rapid enrichment and high sensitivity is expected to have
great potential for the POC detection and discrimination of
multiple components with similar molecular structures.
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