T.89, Ne 5 JKYPHAJI IPUKJIATHOW CIIEKTPOCKOIIUU CEHTSIBPb —OKTSIEPh 2022
V.89,N5 JOURNAL OF APPLIED SPECTROSCOPY SEPTEMBER — OCTOBER 2022

SURFACE-ENHANCED RAMAN SCATTERING SENSOR BASED ON SELF-ASSEMBLED
SILVER NANOPARTICLES FOR DETECTING ROTTEN EGGS™

Hangbin Tan !, Shangzhong Jin 2, Rui Xu'", Li Jiang 1, Yifan Li !,
Zizhen Yu !, Cailing Jiang!

' College of Optical and Electronic Technology at China Jiliang University,

Hangzhou, China; e-mail: ray@cjlu.edu.cn

2 Key Laboratory of Zhejiang Province Modern Measurement Technology and Instrument
at China Jiliang University, Hangzhou, China

Eggs are nutritious food that can decompose to emit hydrogen sulfide (H>S) gas when stored for a long
time. We designed a surface-enhanced Raman scattering (SERS) sensor based on self-assembled silver na-
noparticles (Ag NPs) to detect endogenous H»S generated in rotten eggs. The Ag NPs were prepared using
a reduction method to enhance the Raman signal of the probe molecule, 4-mercaptobenzoic acid. The pre-
pared Ag-NP substrate exhibited an excellent Raman strength enhancement effect, good uniformity,
and long-term stability. To explore the possibility of using a SERS platform in H>S gas detection, a quantita-
tive analysis with different H>S concentrations was performed. The results showed a good linear relationship
between the Raman intensity at 1073 emi ! and various H>S concentrations, and the H>S detection limit was
as low as 0.03 uM.

Keywords: surface-enhanced Raman scattering, silver nanoparticles, hydrogen sulfide, rotten-egg
detection, quantitative detection.
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2 Imaenas 1abopamopust co8pemMentbix usMepuUmenbHblx mexHon02uil u npubopos npoeunyuu Ioucoysan
Kumaiickozo ynueepcumema L3unuane, Xanuscoy, Kumatu

(Illocmynuna 17 aneapa 2022)

Jna obHapycerus 9HO02eHHO20 ceposodopoda H)S, obpaszyowecocs 6 ucnopuenHvix auyax, papabo-
man 0am4uK Ha OCHO8e NOBEPXHOCMHO-YCUNEHHO20 KOMOUHAYUOHHO20 paccesinust ceéema (SERS) camocobu-
paowumuca Hanovacmuyamu cepeopa (H4 Ag). H4 Ag comosunu ¢ ucnoas308anuem memood 80CCmaHo8-
nenus oas ycurenusi KP-cuenana monexynvi-30H0a 4-mepranmoben3otinot kuciomol. Ilpueomosnennas noo-
noocka H9 Ag oemoncmpupyem s¢hpexm ycunenus KOMOUHAYUOHHO20 PACCesHUsL, 0OHOPOOHOCHb U 0020~
8peMenHy0 cmabunvHocmy. [[na u3yueHus 803MOACHOCIU UCnoab3osanus niamgpopmer SERS ons obnapy-
aicenust H>S nposeden konuuecmeenuviti ananuz ¢ paziuunvimu Konyenmpayuamu HoS. I[loxkazana auneiinas
3A6UCUMOCHIL UHMEHCUSHOCTU KOMOUHAYUOHHO20 paccesnus npu 1073 cm™' om xonyenmpayuu HoS ¢ npe-
oenom oouapycenust H>S 0.03 mxM.

Knroueswie cnosa: nogepxnocmuo-ycunennoe KomMOUHayuonHoe paccesHue ceema, HaHOYacmuysl cepe-
opa, cepo8o0opo0, 0bHAPYIHCEHUE UCNOPYEHHBIX SUY, KOTUYeCMBEHHOe 0OHAPYICEHUe.

** Full text is published in JAS V. 89, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 89, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Eggs are an important and popular food in people’s daily diet because they are nutritious
and inexpensive [1]. According to the 2020-2021 China egg market’s annual report, China’s egg production
in 2020 was 18.9 million tons, with an annual growth of 1.48%. As the storage time increases, eggs gradual-
ly start to deteriorate. Rotten eggs have reduced nutritional value and cause physical and economic losses to
consumers [2]. Therefore, detecting rotten eggs during their processing, transportation, and sale can reduce
the processing cost and protect consumers’ rights. This will also promote the harmonious and stable devel-
opment of the egg market [3].

Recently, several methods have been applied to detect the freshness of eggs [4]. Dong et al. employed
a fiber probe to collect the near-infrared spectra of eggs in the equatorial region and established a prediction
model using partial least-squares regression to evaluate the freshness of eggs [5, 6]. The Raman technique
combined with a chemometrics method was used to monitor the freshness of eggs by scanning the eggshell [7].
A microwave spectrometric method based on a waveguide and network analyzer was developed for the non-
destructive prediction of the freshness of eggs [8—10]. Yao et al. used the hyperspectral imaging technology
to identify and grade the freshness of eggs nondestructively and rapidly [11-13]. Although these methods
can be used for the nondestructive testing of the freshness of eggs, impurities and microorganisms attached
to the shell can affect the accuracy of detection [14]. Moreover, in these methods, considerable effort is re-
quired to obtain sufficient samples and excellent algorithms for building prediction models. Therefore, the
development of an easy and reliable sensor for detecting rotten eggs is urgently required.

Surface-enhanced Raman scattering (SERS) is a powerful vibrational spectroscopic technique that can
provide rich analyte information with quantitative detection capabilities. Eggs decompose during the deterio-
ration process and produce specific gases, such as H>S [15]. Ahn et al. used Ag nanorods array SERS paper
to detect endogenous H»S in cancer cells [16]. SERS technology has attracted considerable attention in nu-
merous detection fields, including biomolecular detection and chemical detection, because of the unique op-
tical properties of metal nanoparticles and the molecular fingerprint information provided by Raman spec-
troscopy [17—19]. To the best of our knowledge, no report has been published on the screening of rotten eggs
by detecting their endogenous H»S using SERS technology.

We introduce a SERS method based on self-assembled Ag nanoparticles (NPs) to distinguish rotten
eggs from fresh eggs by detecting endogenous H»S in rotten eggs. The principle of this method is that Ag
NPs react with H,S to form Ag,S, which reduces the SERS activity of Ag NPs [20—22]. The concentration of
H>S and the freshness grade of eggs can be determined by detecting the change in the Raman signal of the
probe molecule 4-MBA [23-25]. The present report provides a novel strategy for the sensitive and quantita-
tive detection of rotten eggs.

Experimental. Fresh eggs (Haugh Unit = 79.4) with the same production date were bought from the lo-
cal supermarket (Hangzhou, China) and stored for different durations under the same storage conditions. Si
(111) wafers (boron-doped) were purchased from Kaihua Shunchen Electronic Technology Co., Ltd.
(Zhejiang province, China). Ultrapure water was obtained from a Milli-Q ultrapure (18.2 MQ cm) system.
All chemicals, including silver nitrate, ascorbic acid, trisodium citrate, citric acid, polyvinylpyrrolidone
(PVP), sodium hydroxide, dichloromethane, n-hexane, and sodium sulfide nonahydrate (Na,S - 9H,0), were
reagent grade and purchased from technology companies.

Scanning electron microscopy (SEM) images were obtained using Nova Nano 450. Ultraviolet
(UV)-Visible (vis) absorption spectra were collected using a UV-Vis spectrophotometer (TU-1901;
PERSEE, Beijing, China). Raman spectra were obtained using a Raman spectrometer with a 50x lens
(LabRAM HR Evolution, Horiba). All detections were performed under a holographic grating of 600 g/mm.
A He-Ne laser of 633 nm was used as the excited laser at room temperature. The integration time of the
SERS spectrum was 5 s, and three scans were taken per spectrum.

A SERS sensor was built using a previously reported self-assembly method [26, 27]. The SERS detec-
tion of H2S was performed according to Fig. 1 as follows. A solution of Na,S was prepared in 100-mM
phosphate-buffered saline (PBS, pH 7.4) as a H>S donor [15, 28]. The corresponding H>S concentration pro-
duced using this method was approximately one-third of the Na,S concentration [17, 18, 29]. The standard
solution (300 pL) at concentrations ranging from 0.1 to 30 pM was injected rapidly into 50-mL centrifuge
tubes. A piece of the Si substrate with Ag NPs was immediately stuck inside the centrifuge tube’s cover with
the Ag-covered side facing down toward the solution. The Na,S solution decomposed to produce H,S that
reacted with the Ag NPs to form Ag,S for 2 h. The Ag-NP substrate was then removed and soaked
in 4-MBA for 4 h. Subsequently, the substrate was dried at room temperature and characterized using Raman
spectroscopy.
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Fig. 1. Schematic of the SERS detection of H,S based on self-assembled Ag-NP SERS.

Results and discussion. Characterization of the Ag-NP substrate. The self-assembled Ag-NP mono-
layer film coated onto a Si wafer was used as the Ag-NP substrate for detecting H,S gas. The morphology
and structure of the Ag NPs were characterized using field emission scanning electron microscopy (SEM)
and ultraviolet and visible (UV) spectroscopy. Figure 2a presents the SEM image of the Ag-NP monolayer
film on a Si wafer. The distribution of Ag NPs was observed to be uniform, with a mean diameter of ~35-45 nm.
According to previous reports, the uniform spacing between the NPs on the substrate promotes outstanding
uniformity [30-33]. Figure 2b presents the UV-Vis absorption spectrum of the Ag-NP solution. The absorp-
tion peak was observed at 402 nm, and the half-peak width was 63 nm, indicating a slight difference in parti-
cle size among the Ag NPs. The results of characterization were consistent with another study regarding the
synthesis of Ag NPs, indicating that the Ag NPs were synthesized successfully [34].
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Fig. 2. (a) SEM image of Ag NPs on a Si wafer. (b) Ultraviolet-visible absorption spectrum of Ag NPs.

H>S detection strategy. A validation experiment was performed to determine if H>S gas could react with
Ag NPs to form Ag,S. Na,S was used as the donor of H,S in the experiment because it is difficult to store
and transport H.S gas. A control group was set up with the same amount of ultrapure water instead of the
Na,S solution, with the other experimental conditions unchanged [35]. Figure 3a shows the SERS spectrum
of the 4-MBA (10* M) probe molecule adsorbed on the Ag NPs without the reaction that generates HyS gas.
The SERS spectrum displayed the characteristic peaks of Ag NPs. The peak at 1073 cm™! was assigned to
the C-S stretching vibration. The peak at 1582 cm ! was attributed to the breathing mode of the aromatic
ring. Figure 3b shows the SERS spectrum of the 4-MBA (10~ M) probe molecule adsorbed on the Ag NPs
after the reaction generating H»,S gas. The Raman intensity of the spectrum presented in Fig. 3b was lower
than that shown in Fig. 3a. This shows that the H>S gas generated from the Na,S solution reacted with the
Ag NPs, thereby reducing the SERS activity. Therefore, the qualitative experiment suggests that the SERS
substrate based on self-assembled Ag NPs might be suitable for detecting H,S gas.
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Fig. 3. SERS spectra of the 4-MBA (10~ M) probe molecule adsorbed on Ag NPs (a) before
and (b) after the reaction generating H,S gas.

The uniformity and reproducibility of the SERS signals were evaluated by applying a point-by-point
scanning method to a randomly selected large area (2020 pum) using 4-MBA as a probe molecule with a
step size of 1 um of Ag-NP substrate [36]. As shown in Fig. 4a, the obtained three-dimensional Raman spec-
trogram exhibited characteristic peaks of 4-MBA similar to those presented in Fig. 2, and the peak intensities
were consistent. A statistical result was obtained by producing a relative SERS intensity map comprising 400
spectra of a randomly selected area on the Ag-NP substrate at 1073 cm™!, as shown in Fig. 4b. Figure 4c pre-
sents the corresponding histograms for the SERS peak intensity. The results show that each point has a high
ability to enhance the Raman signal of 4-MBA molecules and the Raman intensity of the peak was homoge-
neous. The calculated relative standard deviation (RSD) of the Raman intensity at 1073 cm ' was 11.6%,
suggesting that the prepared Ag-NP substrate might have good uniformity over a large area and may be a
promising substrate for high-sensitivity and uniform SERS detection [3 7].
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Fig. 4. (a) Three-dimensional SERS spectra of Ag NPs. (b) Relative SERS intensity map of a randomly
selected 20x20 um area on Ag-NP substrate at 1073 cm ™. (c) Corresponding histograms for the SERS peak
intensity at 1073 cm™! in the abovementioned mapping region.

Quantitative detection of H»S. The previous section proved that the Ag-NP substrate could be used for
the qualitative detection of H,S gas. Nevertheless, the quantitative detection of H»S is more important for
evaluating the freshness of eggs in practical applications. The content of H,S gas was determined quantita-
tively by filling eight 500-uL centrifuge tubes with the Na,S solutions of different concentrations (0.1, 1, 5,
10, 15, 20, 25, and 30 pM). According to the previous theoretical calculation, the corresponding content of
H;S produced was 0.03, 0.3, 1.67, 3.3, 5, 6.7, 8.3, and 10 puM, respectively. The method described above was
applied to the SERS measurement. Figure 5a shows the corresponding Raman spectra with different HoS
concentrations. The Raman signal decreased with increasing H,S concentration. The change was analyzed
further by plotting the Raman intensity at 1073 cm™ as a function of the concentration of HS (Fig. 5b). The
results show that the Raman intensity of 4-MBA decreased with increasing H>S concentration. However, the
rate of change of the Raman strength decreased when the H»S concentration was greater than 3.3 pM. This
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result may be related to the saturation of H»S in the Ag-NP substrate. The Raman intensity at 1073 cm ' was
plotted as a function of the H,S concentration within the range 0.03-3.3 uM (Fig. 5¢) and 3.3-10 pM
(Fig. 5d). The calibration curves show a good linear relationship between the Raman intensity at 1073 cm™!
and various H>S concentrations, and the detection limit was as low as 0.03 pM. The linear relationship coef-
ficient was 0.99992 within the range 0.03—3.3 pM and 0.98895 within the range 3.3—10 uM. The linear vari-
ation indicates that the proposed SERS sensor is suitable for quantitatively detecting the H>S-gas content.
In particular, the substrate of this sensing platform is a dense monolayer film, which provides numerous “hot
spots” for signal enhancement and results in high sensitivity. In addition, the proposed Ag-NP substrate
is easy to store and carry and exhibits excellent performance in practical applications.

1, 10%a. u. a 1, 10%a. u. b
1.2}
6L }
09 }
wu“‘——f\—"—‘L ?
4 [
.__\_’g__J\_.A__f\_—L 0.6
2t 5 A j\_ 03}
6 ————a
3 0 [ T
0 800 1200 1600 vg, cm™! 0 2 4 6 8 10 Cu,s, pm
1,10%a. u. c 1, 10%a. u. d
1.5
y=2700x +10088 y=149x +1574
R*=10.99992 R?=0.98895
1.0+ 1.0}
05+ 05t
0 | L | | 0 1 ! 1

0 1 2 3 4 Cus,ym 4 6 8 10 Cis, pm

Fig. 5. (a) Enhanced Raman signals of 4-MBA molecule for Ag NPs reacting with different concentrations

of HoS: (1) 0.03, (2)0.3, (3)1.67,(4)3.3, (5)5,(6)6.7, (7) 8.3,and (8) 10 uM. (b) Spectral intensity

of the Raman spectrum of 4-MBA at 1073 cm™! with H,S concentrations ranging from 0.03 to 10 pM.

(c) Linear fitting within the H>S concentration range 0.03—3.3 puM. (d) Linear fitting within the H»S
concentration range 3.3—10 uM.

Repeatability and stability. The repeatability and stability of the substrate are crucial to maintain its
sensing properties. The repeatability of the Ag-NP SERS substrate preparation was evaluated by preparing
five samples of Ag-NP substrates under different periods with the same preparation conditions. Figure 6a
shows the Raman spectra of 4-MBA for the five samples prepared under different periods. Typical Raman
bands were observed in the spectra. Figure 6b shows a histogram of the Raman intensity of the samples at
1073 cm™'. The Raman intensity was similar in all five SERS samples, indicating that the prepared Ag-NP
substrate has high repeatability. The SERS spectra of newly prepared Ag NPs and those stored in a dark en-
vironment at 4°C for 7 and 14 days were compared to determine the stability of the Ag-NP substrate. As
shown in Fig. 6¢, the intensity of the SERS spectra of the samples stored for different durations did not
change drastically (97 and 96% of the initial response at 1073 cm™' for 7 and 14 days, respectively), suggest-
ing that the proposed Ag-NP substrate has reliable stability [19]. Figure 6d presents a histogram of the Ra-
man intensity of 4-MBA at 1073 cm™'. The Raman intensity of 4-MBA decreased marginally with increasing
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storage time. Ag NPs tend to agglomerate with time and decrease the SERS activity. The stability of the pre-
pared Ag-NP substrate was attributed to the effective encapsulation of Ag NPs by PVP.
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Fig. 6. (a) SERS spectra of 4-MBA under different preparation periods.
(b) Histogram of Raman intensity of 4-MBA at 1073 cm™; (c) SERS spectra
of 4-MBA for the newly prepared substrates and the substrates stored for 7 and 14 days;
(d) Histogram of the Raman intensity of 4-MBA at 1073 cm ™.

Labeling experiment of real samples. The possibility of using the prepared Ag-NP substrate for practi-
cal application was assessed using eggs as real samples because eggs decompose and produce H>S gas when
stored for a long time. A labeling experiment was performed to eliminate interference factors in eggs during
the experiment. A fresh egg albumen and yolk mixture (500 pL) was added into 300 uL of the standard Na,S
solution in 1-mL centrifuge tubes as an experimental set. A control set was prepared by mixing 500 uL of ul-
trapure water with 300 pL of the standard Na,S solution. Two concentrations of the standard Na,S solution
(5 and 15 pM, corresponding to the HaS concentrations of 1.67 and 5 uM, respectively) were prepared to
prevent the contingency of the experimental results. Subsequently, SERS substrate was stuck inside the cen-
trifuge tube’s cover and the tube was sealed. After the reaction at room temperature for 2 h, the Ag-NP sub-
strate was soaked in a 4-MBA solution (10 M) for 4 h and dried naturally at room temperature. SERS anal-
ysis was performed, and the results are shown in Fig. 7. The Raman intensity of the spectra at low H,S con-
centration was considerably higher than that at high H>S concentration. However, the Raman intensity of the
spectra was similar in the experimental and control sets at the same H»S concentration. In addition, the Ra-
man peak positions did not shift. This indicates that the substances in eggs have no influence on H,S detec-
tion, and the SERS sensor platform established in this work has the potential to detect rotten eggs.
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Fig. 7. (a) SERS spectra of 4-MBA of (1) fresh egg and H,S (1.67 puM), (2) ultrapure water and H,S
(1.67 uM), (3) fresh egg and H,S (5 uM), and (4) ultrapure water and H,S (5 pM). (b) Histogram
of the relative Raman intensity at Raman displacement (1073 cm™).
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Fig. 8. (a) SERS spectra of 4-MBA of (1) fresh eggs and the eggs stored for (2) 7, (3) 21, (4) 28, (5) 35,
(6) 42, (7) 49, and (8) 60 days. (b) Histogram of Raman intensity at Raman displacement (1073 cm™).

Detection of rotten eggs. To further verify the feasibility and functionality of the SERS sensor platform,
fresh and rotten eggs with different H,S concentrations were tested. The mixture of the fresh eggs and eggs
stored for 7, 21, 28, 35, 42, 49, and 60 days were added to 50-mL centrifuge tubes. The centrifuge tubes
were then sealed with SERS substrate stuck inside the centrifuge tube’s cover, and the H»S gas produced by
the rotten eggs started to react with the Ag NPs for 2 h. Subsequently, the Ag-NP substrates were soaked in
a 4-MBA solution for 4 h and dried naturally at room temperature. Finally, SERS analysis was performed.
Figure 8a shows the SERS spectra of 4-MBA of fresh eggs and the eggs stored for 7, 21, 28, 35, 42, 49, and
60 days. The Raman peak positions of all the samples were the same, indicating that the conditions for Ra-
man detection are appropriate. The amount of H,S gas released to react with the Ag NPs increased with in-
creasing egg storage time, weakening the Raman intensity. Figure 8b shows the Raman intensity and H,S
concentration as a function of egg storage time. Two sets of points could be fitted linearly with a regression
coefficient of ~0.94. The storage time of eggs could be estimated easily by measuring the Raman intensity at
1073 ¢cm™'. Hence, the proposed Ag-NP substrate based on self-assembled Ag NPs has a good ability to
evaluate the freshness of eggs quantitatively in practical applications.

Conclusions. A SERS sensor based on self-assembled Ag NPs was designed to detect endogenous H,S
in rotten eggs. The proposed Ag-NP SERS substrate showed good uniformity, repeatability, and stability.
The calculated RSD of the Raman intensity of 4-MBA molecules at 1073 cm™! over a large area was 11.6%.
Because HoS gas reacts with Ag NPs, the SERS activity is reduced; qualitative and quantitative analyses
were conducted to verify the feasibility of the experiment. The results showed a good linear relationship be-
tween the Raman intensity at 1073 cm' and the H»S concentrations. The linear relationship coefficient was
0.99992 within the range 0.03—-3.3 uM and 0.98895 within the range 3.3—10 uM. Real eggs were chosen
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as experimental samples for demonstrating practical applications of the Ag-NP substrate because rotten eggs
decompose and produce H,S gas. A labeling experiment was performed to eliminate interference factors
in eggs during the experiment. The experiment showed a linear relationship between the Raman peak inten-
sity and the storage time of eggs. The freshness of eggs could be estimated by measuring the Raman intensi-
ty at 1073 cm!. Preliminary experiments demonstrated the potential of the Ag-NP SERS sensor for detect-
ing rotten eggs in practical applications.
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