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Experimental section

Chemical and materials.

All of the chemical reagents used in this experiment were of analytical grade and 

used without further purification. Copper chloride dihydrate (CuCl22H2O), ethanol, 

polyvinylpyrrolidone-K30 (PVP-K30), sodium hydroborate (NaBH4), acetic acid 

(CH3COOH) and hexane were acquired from Sinopharm Chemical Reagent Co., Ltd. 

L-ascorbic acid (AA), trisodium citrate dihydrate (TSC), sodium hydroxide (NaOH), 

crystal violet (CV), copper (II) phthalocyanine (CuPc) and silver nitrate (AgNO3) were 

purchased from Aladdin-Reagent Co., Ltd. Methylene blue (MB), amoxicillin (AMX), 

norfloxacin (NOR), enrofloxacin (ENR), ciprofloxacin (CIP), cefazolin (CZL), 

malachite green (MG) and doxycycline hydrochloride (DCH) were purchased from 

Shanghai Macklin Biochemical Co., Ltd. The Sylgard184 PDMS elastomer base and 

curing agent was obtained from Dow Corning Corporation (Michigan, USA). The milk 

sample was purchased from a local supermarket. Ultrapure water (18 MΩ cm, 

Millipore) was used to prepare all of aqueous solutions throughout the work.

Characterization of materials.

The crystal structure and phase of the samples were characterized by X-ray 

diffraction (XRD) patterns, which were performed from 10 ° to 80 ° (5 ° min−1) on 

Bruker Advanced D8 X-ray diffractometer using Cu Kα radiation source. The 

morphologies, microstructures and energy-dispersive analysis of X-ray (EDX) were 

recorded on Hitachi S4800 field-emission scanning electron microscopy (FESEM, 20 

kV) and JEM-1011 transmission electron microscope (TEM, 100 kV). X-ray 

photoelectron spectroscopy (XPS) was obtained to examine the compositions and 

chemical states of the samples on a PHI5000 Versa Probe spectrometer with an Al Kα 

as an X-ray source. The absorption spectrum was conducted with a UV−vis−NIR 

spectrometer (Shimadzu, UV-3600) in the range from 200 nm to 800 nm. The SERS 

spectra were recorded from the Reflex Confocal microRaman spectroscopy system 

(inVia, Renishaw, UK) with a 633 nm excitation wavelength and a 20× Nikon 

objective. The spectra of each sample were collected in the 600-1800 cm−1 range with 
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an exposure time of 10 s and a laser power of 1.7 mW. All the Raman spectra have been 

averaged over the signals collected at five points chosen at random.

Synthesis of the Cu2O templates.

A modified method was used to fabricate the octahedral-shaped Cu2O templates. 

1, 2 In a general procedure, 170.5 mg of CuCl22H2O and 5.0 mg of the PVP-K30 were 

added into 100 mL of water together at 55 °C with vigorous stirring. And then, NaOH 

solution (10.0 mL, 2.0 M) was mixed into the above solution drop by drop and stirred 

for 30 min. At last, AA solution (10.0 mL, 0.6 M) was added to the mixture, and the 

mixture was stirred for 3 h. To further purify the product, the precipitated material was 

separated by centrifugation, washed with deionised water and ethanol repeatedly, and 

then dried under vacuum at 60°C overnight for subsequent characterization and 

analysis.

Fabrication of the hollow Ag superstructures.

The hollow Ag superstructures were synthesized by hard‐templating method 1. 

First, 5.0 mg of the Cu2O templates were mixed with 100 mL of ultrapure water under 

ultrasonic vibration. Then, the growth solution for Ag shells was started by adding TSC 

solution (1.0 mL 0.03 M) and ice-cold NaBH4 aqueous solution (1.05 mL, 0.1 M) in 

the Cu2O dispersion solution sequentially with stirring for 10 min. Next, AgNO3 

aqueous solution (1.05 mL, 0.01M) was injected into the vigorously stirred solution. A 

bright yellow appearance of the solution indicates the formation of Ag nanoparticles. 

During the reaction over 60 min, the color of the mixture slowly changed to dark 

yellow, suggesting the generation of Cu2O@Ag. Subsequently, the Cu2O templates 

were etched using an aqueous solution of CH3COOH (1.7 mL, 1wt%) as a template 

remover. The reaction was continued for a further 120 minutes. The precipitated 

samples were recovered by centrifugation, washed repeatedly with distilled water and 

absolute ethanol, and finally redispersed in absolute ethanol for further analysis.

Preparation of close-packed hollow Ag superstructures.

A densely packed Ag superstructures were formed via self-assembly at the 

water/hexane surface driven by interfacial tension 3, 4. Typically, 6.0 mL of distilled 



S-6

water and 2.0 mL of hexane were mixed in a 10.0 ml beaker to form the water/oil 

interface. Then, 2.0 mL of the Ag superstructures ethanol solution was added to the 

mixed solution drop by drop. The Ag superstructures then moved and stayed at the 

boundary region between the two phases, aggregating to produce a densely packed film. 

After removing most of this hexane with an aspirator, it was easy to transfer the film 

onto PDMS. A piece of PDMS was immersed into the solution with a small angle and 

pulled out slowly. After the natural evaporation of the hexane, the close-packed hollow 

Ag superstructures film was successfully transferred to the PDMS substrate. Thus, a 

flexible SERS chip modified with hollow Ag superstructures film was fabricated. For 

later use, the prepared SERS chip was stored in a desiccator and vacuum bags.

SERS measurement of the probes on substrates.

Molecules such as CV, MB, MG, and CuPc were used to evaluate the SRES 

behaviors of different substrates. Then 10 μL of Raman molecule solution was added 

to the fabricated substrate and dried at 60 °C for 30 min before the Raman 

measurements.

Synthesis of the Ag nanoparticles.

The classic citric acid reduction method was adapted to synthesise the Ag 

nanoparticles with some modification. 1mL of TSC solution (2 wt%) was dropped into 

49 mL of boiled AgNO3 solution (1 mM) with stirring for 30 min. As the solution turned 

dark yellow, the Ag nanospheres were generated.

The calculations of enhancement factor (EF).

The enhancement factor (EF) was calculated to estimate the potentiation of the 

proposed substrate according to the following equations 5, 6:

 (1)
𝐸𝐹 =

𝐼𝑆𝐸𝑅𝑆

𝐼𝑏𝑢𝑙𝑘
×

𝑁𝑏𝑢𝑙𝑘

𝑁𝑆𝐸𝑅𝑆

Where ISERS and Ibulk represent the peak intensities of SERS and the normal Raman at 

1622 cm−1. Simultaneously, NSERS and Nbulk ars the valid molecule number on the self-

assembled hollow Ag octahedron substrate and the practical number of probe molecules 

in the Raman detection view.
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The number of probe molecules (Nbulk) in standard Raman detection can be calculated 

in the following equation:

 (2)
𝑁𝑏𝑢𝑙𝑘 =

𝜌ℎ𝑆𝑅𝑎𝑚𝑎𝑛𝑁𝐴

𝑀

2 (3)
𝑆𝑅𝑎𝑚𝑎𝑛 = 𝜋(

𝑑𝑙𝑎𝑠𝑒𝑟

2
)

 (4)
𝑑𝑙𝑎𝑠𝑒𝑟 =

1.22𝜆
𝑁.𝐴.

 (5)
ℎ =

3.28𝜂𝑑𝑙𝑎𝑠𝑒𝑟

𝑁.𝐴.

Where SRaman is the laser radiation area, M is the molecular weight (373.9 g mol–1) and 

NA is the Avogadro constant. In equation (4), dlaser is the diameter of the laser, and it 

could be inferred from equation (4). In equation (4), λ is the wavelength of the laser 

(633 nm) and N.A. represents the numerical aperture of 20× objective (N.A. = 0.4). As 

for the laser radiation depth, η is the refractive index of water (1.33). Is the density of 

bulk MB (1.0 g cm–3) and h is the laser radiation depth, which could be calculated in 

equation (5) to be 21 m. The peak intensities of the MB (1 × 10 −2 M, aqueous solution) 

directly dropped on bare glass were detected as Raman data. At last six points were 

randomly selected for continuous testing and averaged to reduce measurement error. 

Given that the molecules were distributed in a monolayer on the substrate, and the valid 

probe number on the self-assembed hollow Ag octahedron substrate in the SERS 

detection can be calculated using the following equation:

 (6)
𝑁𝑆𝐸𝑅𝑆 = 𝑛𝑁𝐴

𝑆𝑆𝐸𝑅𝑆

𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
= 𝐶𝑉𝑁𝐴

𝑆𝑆𝐸𝑅𝑆

𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

Where, n is the the molar quantity of MB, C is the molar concentration of the analyte 

solution, V is the volume of the droplet, NA is the Avogadro constant, SSERS is the area 

of laser radiation in SERS detection, similar to SRaman in the same conditions. Ssubstrate is 

the area of the substrate (0.25 cm2).

The calculation of limit of detection (LOD) and relative standard deviation (RSD)

https://www.youdao.com/w/numerical%20aperture/#keyfrom=E2Ctranslation
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According to the formula LOD = 3σ⁄S, where σ and S represent the standard 

deviation of the blank samples and the slope of the line (at least 3 times), respectively.

For the calculation of relative standard deviation (RSD) spot-to-spot on the SERS 

chip, the SERS chip was tested for sensing 10−6 MB and 30 spectra were randomly 

collected from each sample and the average values were used for the RSD calculation.

Adsorption capacity.

To investigate the adsorption capacity (q) of the substrates, 1 mg of Ag 

nanoparticles and hollow Ag octahedrons were immersed in an MB solution (2 mL, 

10−5 M) for 1 h in the dark. Then the liquid supernatant was isolated to evaluate the 

loading capacity. The amount of absorbed MB was confirmed by UV–vis 

spectrophotometer. 

 (7)
 𝑞 =

(𝐶0 ‒ 𝐶𝑡)𝑉

𝑚

where C0 is the initial concentration of MB, Ct is the absorbance concentration 

after 1 h, V is the volume of MB and m is the weight of Ag samples.

SERS detection of CIP, AMX and CZL in different water samples.

The wastewater from Xianlin water treatment plant (Nanjing) and tap water 

samples were first filtered through a 0.22 mm filter before use and subsequently used 

as dispersing agents to obtain antibiotic solutions with a certain concentration.

SERS detection of ENR in milk.

To eliminate the interference of other substances with the signal, the obtained milk 

was pretreated according to previous reports. First, the milk was centrifuged at 11000 

rpm for 15 min under 5°C. Then, 5.0 mL of supernatum was mixed with 4.5 mL of 

trichloroacetic acid (3%), and the liquid was shaken for 200 s. Next, the mixture was 

centrifuged under 9500 rpm for 10 min, and the supernatant was collected. The final 

pH of the supernatant was adjusted to ~7 using NaOH solution and the solution was 

subsequently filtered using a 0.22 μm filter. The filtrate was diluted to 10 mL for 

subsequent ENR detection.
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Fig. S1 The magnified TEM image of the hollow Ag octahedron.

Fig. S2 The EDX mapping of hollow Ag octahedron.

Fig. S3 The UV-vis spectrum of hollow Ag octahedron.
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Fig. S4 The (a) SEM image and (b) photo of a self-assembled hollow Ag octahedron.

The SEM image and picture in Fig. S4 demonstrated the self-assembled hollow Ag 

octahedron. this mode allows the formation of additional hot spots, further enhancing 

the Raman signal.

Fig. S5 The Raman spectrum and chemical formula of MB.
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Fig. S6 The Raman spectra of MB (10−5 M) absorbed on the Cu2O, Cu2O@Ag and 

hollow Ag octahedron. (b) The intensity of characteristic peak at 1622 cm−1 in (a). The 

numbers 1, 2 and 3 represent Cu2O, Cu2O@Ag and hollow Ag octahedron, respectively.

As depicted in Fig. S6, noticeable differences in the SERS performance were 

observed among these samples. the hollow Ag octahedron exhibited the most 

significant Raman enhancement performance compared to pure Cu2O and Cu2O @Ag. 

such a considerable enhancement derives from loading more Raman molecules and the 

multiple scattering of light due to the unique structure.

Fig. S7 The TEM image of Ag nanoparticles.
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Fig. S8 The Raman spectra and the corresponding intensity of fingerprint peak of (a, b) 

MG (10−5 M), (c, d) MB (10−5 M), (e, f) CV (10−5 M) and (g, h) CuPc (10−5 M) on the 

Ag nanoparticles (black line), hollow Ag octahedron (red line) and the self-assembled 

hollow Ag octahedron (blue line).

When compared to Ag nanoparticles and hollow Ag octahedrons, the signal 

strength of the characteristic peak of MB was 4.6 and 2.9 times higher, that of MG 8.4 

and 2.7 times higher, that of CV 4.8 and 2.6 times higher, and that of CuPc 22.3 and 

4.6 times higher on the proposed SERS chips, respectively.
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Fig. S9 (a) The photograph of MB solution (1 × 10−5 M) after absorbed by different 
Ag samples for 1 h in dark and (b) the absorption capacity (q) of the Ag samples.

The photograph in Fig. S9 demonstrate that hollow Ag octahedrons have higher 

adsorption capacity than Ag nanoparticles, indicating its strong enrichment ability for 

molecules.

Fig. S10 SERS mapping of MB (1Х10−6 M) at the characteristic peak 1622 cm−1 
absorbed on self-assembed hollow Ag octahedron substrates.
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Fig. S11 (a) SERS spectra of MB (10−6 M) on the self-assembled hollow Ag octahedron 

from 30 randomly selected spots and (b) the corresponding histogram of peak intensity 

at 1622 cm−1. (c) SERS spectra of MB (10−6 M) on four batches (No. 1-10: 1st batch, 

No. 11-20: 2nd batch, No. 21-30: 3rd batch, No. 31-40: 4th batch) of the self-assembled 

hollow Ag octahedron from randomly selected spots and (d) the corresponding 

histogram of peak intensity at 1622 cm−1. 
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Fig. S12 (a) SERS signals of MB on the SERS chip exposure to air condition during 40 

days and (b) the corresponding histogram of peak intensity at 1622 cm−1. (c) SERS 

signals of MB on the SERS chip placed in a desiccator condition for 40 days and (d) 

the corresponding histogram of peak intensity at 1622 cm−1. (e) SERS signals of MB 

on the SERS chip preserved in vacuum bags for 40 days and (f) the corresponding 

histogram of peak intensity at 1622 cm−1.

Fig. S13 The photograph of substrates preserved in vacuum packaging.
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Fig. S14 SERS spectra of antibiotics and the corresponding scatter plot with calibration 

curve (inset) at different concentrations based on closely packed hollow silver 

octahedron and. (a and b) CIP solution with various concentrations from 10−4 to 10−10 

M, (c and d) NOR solution with various concentrations from 10−4 to 10−9 M, (e and f) 

ENR solution with multiple concentrations from 10−4 to 10−10 M, (g and h) AMX 

solution with various concentrations from 10−4 to 10−10 M, (i and j) CZL solution with 

various concentrations from 10−4 to 10−9 M, (k and l) DCH solution with various 

concentrations from 10−4 to 10−10 M.

As shown in Fig. S14, the Raman signal intensity of the applied amplified 

gradually with the increase in concentration (from line a to f/g). Whatever the type of 

antibiotic molecule, sensitive detection was obtained over wide ranges.
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Table S1 Comparisons of the limit of detection (LOD) for MB and EF among different 

SERS substrates

No. SERS substrate Raman probe EF LOD (M) Ref.

1 Ag/TiO2 MB 1.4×108 1.0×10−8 7

2 MoS2@ZnO1:4 MB 1.1×106 1.0×10−12 8

3 Ag NCs/ chitosan MB 1.4×106 1.0×10−9 9

4 MoS2 MB 3.56×105 1.0×10−7 10

5 Closed –packed 

hollow Ag 

octrahadron

MB 3.6×107 3.4 ×10−13 This work
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Table S2 Comparisons of the LOD for MB with different methods

Method Linear range (M) LOD (M) Ref.

Electrochemistry 1.0×10−8-5.0×10−5 2.1×10−10 11

Electrochemistry 1.0×10−7-1.0×10−3 4.7×10−9 12

SERS 1.0×10−7-1.0×10−3 1.0×10−7 13

SERS 1.0×10−12-1.0×10−6 3.4×10−13 This work
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Table S3 Comparisons of the storage time with Ag-related SERS substrates.

Substrate name Storage time (day) Ref.

Ag nanoparticles/ Bacterial Nanocellulose 20 14

Ag nanoparticles/carbon aerogels 28 15

TiO2-Ag-GO 20 16

Closed –packed hollow Ag octrahadron 40 This work

The SERS chip that we have designed has an improved time stability in 

comparison to other SERS substrates that are Ag-related.
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Table S4 The linear equations, R2 and LOD of different antibiotics

Analyte Linear equation R2 LOD (nM)

CIP y=(9908±630)+(3439±354) logCCIP 0.960 0.60

NOR y=(18382±1051)+( 6001±590) logCNOR 0.962 0.21

ENR y=(38675±1798)+(8648±549) logCENR 0.981 0.058

AMX y=(58760±3328)+(16740±1488) logCAMX 0.961 0.063

CZL y=(10922±391)+(3747±219) logCCZL 0.986 0.72

DCH y=(59691±2397)+(15579±1072 logCDCH 0.977 0.057

We then plotted the intensities at the characteristic peaks against the logarithm of 

the concentration to get the fitted line profile. The linearity between Raman intensity 

and log concentration was excellent for CIP from 10−4 to 10−9 M, for NOR from 10−4 

to 10−9 M, for ENR from 10−4 to 10−10 M, for AMX from 10−4 to 10−10 M, for CZL from 

10−4 to 10−9 M, for DCH 10−4 to 10−10 M, respectively. The detailed correlation 

equations, as well as R2 and LOD, are listed in Table S3. The LODs are calculated to 

be 0.6 nM for CIP, 0.21 nM for NOR, 0.058 nM for ENR, 0.063 nM for AMX, 0.72 

nM for CZL, and 0.057 nM for DCH. 
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Table S5 Comparisons with previous methods for different antibiotics

Target Method Linear range (M) LOD (M) Ref.

Fluorescence 1.0×10−6-1.0×10−4 6.0×10−6 17

Fluorescence 0-1.2×10−4 6.0×10−7 18

Electrochemistry 7.5×10−8-1.0×10−5 4.0×10−8 19

Electrochemistry 2.0×10−8-1.2×10−4 2.0×10−8 20
CIP

SERS 1.0×10−9-1.0×10−4 6.0×10−10 This work

Electrochemistry 4.6×10−10-9.7×10−4 4.6×10−10 21

Fluorescence 3.1×10−9-3.1×10−7 1.1×10−9 22

Colorimetry 1.2×10−6-8.0×10−6 2.0×10−7 23

SERS 9.4×10−9-1.6×10−6 2.5×10−9 24
NOR

SERS 1.0×10−9-1.0×10−4 2.1×10−10 This work

Chemiluminescence 9.7×10−10-2.7×10−6 8.4×10−11 25

Fluorescence 5.0×10−9-2.5×10−7 3.7×10−8 26

Electrochemistry 2.7×10−9-2.7×10−6 5.6×10−10 27
ENR

SERS 1.0×10−10-1.0×10−4 5.8×10−11 This work

SERS 1.0×10−9-1.0×10−4 1.0×10−9 28

Fluorescence 5.0×10−6-1.0×10−4 3.4×10−11 29

Electrochemistry 3.0×10−7-5.0×10−4 3.0×10−7 30
AMX

SERS 1.0×10−10-1.0×10−4 6.3×10−11 This work

Chemiluminescence 4.4×10−8-4.4×10−6 1.0×10−8 31

Chemiluminescence 2.5×10−8-3.0×10−7 9.6×10−9 32

Fluorescence 1.7×10−9-2.6×10−8 1.2×10−9 33
CZL

SERS 1.0×10−9-1.0×10−4 7.2×10−10 This work

Fluorescence 1.0×10−8-5.0×10−6 6.5×10−10 34

Fluorescence 5.0×10−8-1.4×10−5 6.4×10−9 35

Colorimetry 1.0×10−6-7.3×10−5 5.0×10−9 36
DCH

SERS 1.0×10−10-1.0×10−4 5.7×10−11 This work
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Table S6 Determination of ENR in milk by standard addition method

Sample Spiked (M) Detected (M) Recovery (n=3, %) RSD ( n=3, %)

1 0.01 0.0106 106 3.7727

2 0.1 0.0982 98.2 3.3488

3 1 1.0474 104.74 4.2016

As one of the most nutritious foods available, ensuring the quality and safety of 

milk is of utmost importance. Antibiotics are crucial in preventing and treating diseases 

when used as feed additives. However, human health and the environment are 

threatened by the overuse of antibiotics, as the drugs accumulate in animals and 

subsequently enter the human body and the ecosystem. Accordingly, residues of 

antibiotics in milk represent a pressing concern that warrants thorough discussion.
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