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quantitative detection method for this pathogenic bacterium is critical for the
diagnosis and management of this disease. Herein, based on the petal-like spherical
ZnO@ZIF-8 composite substrate, we built an innovative semiconductor surface-
enhanced Raman spectroscopic (SERS) platform specifically engineered for the
detection of P. gingivalis with high speed, sensitivity, and stability. The detection
of P. gingivalis on this SERS platform takes only 30 min. It also has excellent long-
term stability for over 60 days. This platform exhibits an extensive linear range
from 4 x 10> CFU/mL to 4 x 108 CFU/mL, while also owning a low limit of
detection (LOD) of 38 CFU/mL for P. gingivalis. The developed method provides
a novel pathway for precise diagnosis and efficient screening of periodontitis, and
explores new directions for detecting other disease-related biomolecules, including
proteins, small molecules, peptides, and miRNAs at the same time.
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1. Introduction

Periodontitis (CP), also known as destructive gum disease, is one of the six most common non-communicable
diseases worldwide [1-3]. Periodontitis is characterized by progressive destruction of periodontal tissues,
manifested primarily as loss of connective tissue attachment and alveolar bone resorption, which may ultimately
lead to increased tooth mobility or even tooth loss [4]. Severe periodontitis affects approximately 19% of the global
population aged 15 years and above [5], exhibiting high prevalence, particularly among elderly populations [6,7].
P. gingivalis is recognized as the primary pathogenic microorganism driving periodontitis. Traditional culture methods,
as well as the polymerase chain reaction (PCR) technique, are widely seen in the laboratory [8,9]. Nonetheless,
traditional culture methods are time-consuming and exhibit limited sensitivity, while PCR is prone to having high
costs and limiting its clinical applicability due to cumbersome operations [10—12].

In contrast, Surface-enhanced Raman spectroscopy (SERS) technology is regarded as a promising analytical
method that provides various molecules absorbed with their ample vibrational spectroscopic information [13—15].
This approach has been effectively utilized for the characterization and quantification of various substances,
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encompassing chemicals, metabolites, macromolecules, and microorganisms [16,17]. Additionally, over recent
years, the employment of semiconductor materials as SERS substrates has gained growing prevalence, due to not
only their notable stability, but also their biocompatibility and unique photometric characteristics [18,19].

Herein, based on the petal-like spherical ZnO@ZIF-8 semiconductor composite, we developed a SERS
platform for rapid, ultra-sensitive, and stable detection of periodontal pathogenic microorganisms. Additionally,
the para-nitrophenol (pNTP) molecule was employed to verify the electromagnetic enhancement of the SERS
substrate. After that, we built the SERS platform. 4-cyanobenzoic acid was introduced as a signal molecule, with
its characteristic fingerprint peak located in the “Raman biological silent zone” (18002800 cm™") [20,21], where
interference from proteins, ions, and other substances is negligible—enabling highly specific detection of low-
concentration P. gingivalis. This platform successfully achieved sensitive and rapid detection with a LOD of 38 CFU/mL
in approximately 30 min, and had a favorable stability for around 60 days. This work provides a promising novel
technology platform for the SERS assay in the detection of P. gingivalis.

2. Materials and Methods

2.1. Chemicals and Instruments

All chemical reagents we used were purchased from commercial reagent suppliers and were employed
directly without further purification. Detailed information regarding employed chemicals and instruments is
provided in the Supplementary Materials (Tables S1 and S2).

2.2. Synthesis of ZnO Nanoparticles

In brief, 0.01 mol of Zn(CH3COO),-2H,0 was first added to 100 mL of DEG in a glass flask. The mixture
was then heated to 160 °C slowly and kept at 160 °C under magnetic stirring for 1 h for the formation of a cloudy
colloidal suspension. Then, the colloidal suspension was cooled down to room temperature and centrifuged at
12,000 rpm for 5 min. The sediment was discarded, and the supernatant was used as a seed solution for further
reactions. In a separate glass flask, another 0.01 mol of Zn(CH3COO),-2H,0 was dissolved in 100 mL of DEG. The
temperature of the mixture solution was slowly raised to 130 °C, followed immediately by the addition of 0.3 mL of
seed solution. After that, the temperature was raised to 160 °C promptly. We then kept this mixture at the same
temperature under magnetic stirring for 1 h for the formation of spherical ZnO nanoparticles. ZnO nanoparticles
were then collected by centrifugation, followed by washing with distilled water and anhydrous ethanol several
times. Afterwards, ZnO nanoparticles were dried at 60 °C for 12 h in a vacuum drier before use.

2.3. Synthesis of ZnO@ZIF-8 Nanoparticles

A total of 0.0204 g of as-synthesized ZnO nanoparticles was first added to 16 mL of DMF/H,O (10:1 in
volume ratio) solution dissolved with 0.11 g of 2-methylimidazole. The mixture was ultrasonicated for 10 min to
disperse ZnO nanoparticles. After that, the mixture was transferred to an oil bath, which was preheated to 70 °C.
ZnO@ZIF-8 nanoparticles were formed after reacting at 70 °C for 3 h. They were collected by centrifugation and
washed with DMF and ethanol several times. After that, ZnO@ZIF-8 nanoparticles were dried at 60 °C for 12 h
in a vacuum drier before use.

2.4. pNTP Detection (Liquid Phase) on ZnO@ZIF-8 Nanoparticles

ZnO@ZIF-8 composite weighing 5 mg was dispersed in 5 mL of pNTP solution (ethanol) of a certain
concentration. The mixture was incubated for 2 h. ZnO@ZIF-8 nanoparticles were then collected by centrifuge
and transferred onto the stage of the Raman microscope for direct SERS measurement.

2.5. Synthesis of Amino-Modified ZnO@ZIF-8

An appropriate number of ZnO@ZIF-8 nanoparticles were added to 5 mL of ethanol solution containing 2 mL
of APTES and gently shaken for 6 h. After the reaction was completed, centrifuge with anhydrous ethanol, wash
2-3 times, and finally freeze-dry for 12 h.

2.6. Construction and Detection of the SERS Platform for P. gingivalis

First, dissolve 5 mg of amino-functionalized ZnO@ZIF-8 in 3 mL of ultrapure water, and while stirring, add
30 uL of the aptamer. Stir for 1 h to obtain solution A. Meanwhile, dissolve 10 mg of 4-cyano-benzoic acid in 3 mL
of ultrapure water, and while stirring, add 30 uL of cDNA. Stir for 1 h to get solution B. Mix solution A with
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solution B, and stir for 2 h to obtain solution C, washing with 0.01 M PBS solution. The SERS platform has been
successfully established. Add a sample of P. gingivalis. The cell concentration of the P. gingivalis culture was
evaluated by measuring the optical density at 600 nm (ODgn), and the measured value was 0.403. Based on the
reported concentration conversion standard for P. gingivalis (i.e., an ODgoo of 0.1 corresponds to approximately
1 x 10% CFU/mL), the viable cell concentration of the culture was calculated to be 4 x 108 CFU/mL. To establish a
series of concentration gradients, the aforementioned bacterial suspension was subjected to serial gradient dilution,
resulting in 6 groups of bacterial suspensions with 6 different concentrations (from 4 x 10* CFU/mL to 4 x 108 CFU/mL)
in decreasing order of concentration. All diluted bacterial suspensions were placed in a constant-temperature stirring
device and continuously stirred for 2 h.

2.7. Detection of the SERS Platform for P. gingivalis (in Artificial Saliva Solution)

A total of 3 mL of solution C from the aforementioned concentration gradient system was pipetted and mixed
thoroughly with 3 mL of artificial saliva. Add a sample of P. gingivalis. After uniform oscillation of the mixed
system, the optical density at 600 nm (ODso) was measured using a UV-visible spectrophotometer, yielding a
result of 0.367. To further establish a multi-concentration analysis model, the mixed solution was subjected to
systematic gradient dilution, sequentially preparing 6 groups of P. gingivalis suspensions with different
concentrations (from 4 x 10* CFU/mL to 4 x 108 CFU/mL), decreasing in order. All diluted bacterial suspensions
were placed in a constant-temperature stirring device and continuously stirred for 2 h.

3. Results and Discussion

3.1. Synthesis and Characterization of ZnO@ZIF-8

The ZnO@ZIF-8 nanoparticles were prepared by the in-situ synthesis method [22]. Firstly, it could be seen
from the scanning electron microscope (SEM) images (Supplementary Materials Figures S4 and S5) that the ZnO
nanoparticles were spherical, and the entire nano-chain structure was composed of countless nano-spheres with an
average diameter of 150200 nm; ZIF-8 was hexagonal, with a diameter estimated around 200-250 nm. As shown
in Figure 1A, ZnO@ZIF-8 nanoparticles were petal-shaped and spherical, with a diameter of approximately 450—
750 nm. The entire nano-flower structure was composed of spherical ZnO with hexagonal ZIF-8 polymerized on
the surface. Sharp edges representing ZIF-8 coated on the surfaces of ZnO@ZIF-8 nanoparticles enabled
ZnO@ZIF-8 composite to be distinguished from their original ZnO cores. As presented in Figure 1C, the high-
resolution TEM (HRTEM) image indicated that our ZnO@ZIF-8 nanoparticles synthesized in this work possessed
favorable crystalline properties. A lattice spacing of 0.246 nm was observed, which was consistent with the
nanostructures synthesized using a similar method in previous studies [22]. The energy dispersive spectrum (EDS)
diagram demonstrated (Figure 1D) that ZnO@ZIF-8 comprised the elements Zn, C, N, and O. Uniform distribution
was observed for carbon and nitrogen elements throughout the ZnO@ZIF-8 composite, while zinc as well as
oxygen elements mainly concentrated in the core area. In the XRD spectrum (Figure 1E), the different diffraction
peaks located at 7.48°, 10.52°, 12.86°, 14.84°, 16.58°, and 18.16° correspond respectively to the crystal planes
(001), (002), (112), (022), (013), and (222) representing ZIF-8. The ZnO@ZIF-8 composite material shows three
new peaks at 31.78°, 34.44°, and 36.34°, corresponding to the (100), (002), and (101) crystal planes of ZnO
compared with pure ZIF-8 [23]. As shown in Figure 1F, Raman spectroscopy was conducted on ZIF-8, ZnO, and
ZnO@ZIF-8. ZIF-8 exhibited distinct signal peaks at 686 cm™!, 1023 cm™!, 1147 cm ™}, 1189 cm ™!, 1462 cm ™! and
1508 cm™!. Compared with pure ZIF-8, a new peak was observed at 990 cm™! in the ZnO@ZIF-8 composite, and
the same peak position was also found on ZnO, which confirmed the effective combination of the two. Additionally,
in the FT-IR spectroscopy (Figure 1G), the main peaks representing ZnO and ZIF-8 were explicitly visible in the
ZnO@ZIF-8 composite. The characteristic peaks of ZIF-8 were at 758 cm™! and 1145 cm™!, while those of ZnO
were at 559 cm ™! and 3390 cm™!. The ZnO@ZIF-8 composite after combination had both the peak of ZnO at 559
cm ! and the peaks of ZIF-8 at 758 cm™! and 1145 cm™'. The strong absorption peak located in 3300-3500 cm™!
corresponded to the stretching vibration of the O-H group, and the strong FT-IR peak at 500-600 cm ™! was the
result of the stretching vibration of the Zn-O bond [24,25]. The analysis from X-ray diffraction (XRD) is consistent
with the results from scanning electron microscopy (SEM): both zinc oxide and ZIF-8 diffraction signals are
present in the ZnO@ZIF-8 nanoparticles, indicating that some zinc oxide has been partially converted to ZIF-8.
However, the X-ray photoelectron spectroscopy (XPS) spectrum only shows the characteristic signal of ZIF-8.
Also, as illustrated in Figure 1B, the TEM image of ZnO@ZIF-8 explicitly demonstrated that the ZIF-8 shell layer
has already covered the surface of the zinc oxide nanoparticles. Both suggested that the ZIF-8 shell has fully
covered the surface of the zinc oxide [19,26].
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Figure 1. (A) SEM image of ZnO@ZIF-8; (B) TEM image of ZnO@ZIF-8; (C) HRTEM image of ZnO@ZIF-8;
(D) EDS mapping of ZnO@ZIF-8; (E) XRD patterns; (F) Raman spectra; and (G) FTIR spectra of ZnO, ZIF-8,
and ZnO@ZIF-8; (H) Survey XPS spectra of ZnO@ZIF-8; (I)Zn 2p XPS spectra of ZnO@ZIF-8.

3.2. Mechanism of Raman Enhancement in ZnO@ZIF-8

Para-nitrophenol (pNTP) is a chosen probe molecule with a strong adsorption thiol group. It is able to undergo
chemical adsorption on the surface of ZnO, generating a chemical enhancement mechanism (CM) signal based on
charge transfer resonance. By comparing the signal differences between CM and electromagnetic enhancement
mechanism (EM), the contribution of EM can be clearly identified, making it perfect to study the mechanism of
the SERS enhancement for ZnO@ZIF-8 composite [27,28]. As illustrated in Figure 2A, SERS peaks of pNTP at
around 1326 cm™! are detectable on both ZnO and ZnO@ZIF-8 nanoparticles, but cannot be observed when mixed
with ZIF-8 nanoparticles, which demonstrates that the ZIF-8 shell does not possess SERS activity, while the SERS
activity of ZnO@ZIF-8 composite mainly originates from the internal ZnO core. Different from the regular pNTP
Raman peak shown at 1326 cm ™!, the peak witnessed on ZnO@ZIF-8 nanoparticles at 1339 ¢cm™!, representing
pTNP, has marginally shifted, suggesting the enhancement of the Raman signal stems from the pNTP molecules
and the ZnO core, considering the charge transfer resonance between them [29,30]. Based on this speculation, a
series of concentrations of pNTP molecules on ZnO@ZIF-8 composite was designed. As shown in Figure 2B,C,
the intensity of Raman peaks at 1326 cm™' increased rapidly, while peaks at 1339 cm ™! basically remained still.
Thus, it was supposed that the presence of a peak at 1326 cm™! was attributed to the EM caused by the pNTP
molecules, which were enriched on the ZIF-8 shell rather than directly attaching to the ZnO core. Figure 2D-F
explained the EM as a result of the unique structure of ZnO@ZIF-8 composite. Firstly, when pTNP concentrations
were relatively low, most pNTP molecules were capable of reaching the surface of ZnO core, generating a CM
enhancement peak at 1339 cm™!, while only a few of them were enriched on the ZIF-8 shell and generated weak
Raman signal at 1326 cm™!, which was formed by the affection of the ZnO core since its strong electromagnetic
field generating around. As illustrated in Figure 2E, at low pNTP concentrations, the CM peak is slightly stronger
than the EM peak. As the pNTP concentrations grew, the intensity of both EM and CM peaks rose until the pNTP
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molecules were able to form a monolayer at the surface of the ZnO core. Subsequently, even if the pNTP
concentrations continuously increased, the signal of the CM pNTP peak remained almost unchanged because the
ZnO surface was not able to accommodate more pNTP molecules. In contrast, the intensity of the EM pNTP peak
grew increasingly because the ZIF-8 shell still had space holding more pNTP molecules. Eventually, it led to the
intensity of the electromagnetic enhancement peak being stronger than that of its chemical enhancement peak,
indicating that above the monolayer coverage concentration, the number of pNTP molecules captured by the ZIF-
8 shell might exceed those adsorbed on the ZnO core (Figure 2F).
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Figure 2. (A) Raman spectra of pNTP molecules (green) on ZIF-8 (black), ZnO (red), and ZnO@ZIF-8 (blue)
nanoparticles used as SERS substrates; (B) SERS spectra of pNTP with a series of concentration acquired by using
ZnO@ZIF-8 nanoparticles as enhancing materials; (C) Enlargement of the 1300-1370 cm ™! area illustrated in (B);
(D) Figure of a single ZnO@ZIF-8 nanoparticle; (E,F) Figure of pPNTP Raman detection at (E) below monolayer
coverage and (F) over monolayer coverage concentrations. The EM (CM) enhanced pNTP peak is painted in orange
(yellow); (G) UV-vis spectra of ZnO, ZIF-8, and ZnO@ZIF-8. Inset: Graph for the determination of band gap of
ZnO@ZIF-8 (Ahv)? plotted against hv; (H) The energy level diagram illustrates the relative relationship between
4-cyanobenzoic acid and ZnO@ZIF-8; (I) Raman spectra of 4-cyanobenzoic acid molecules on ZIF-8, ZnO, and
ZnO@ZIF-8.

Then, the UV-Vis spectroscopy was employed to characterize the light absorption properties of the
synthesized ZnO@ZIF-8 materials. As demonstrated in Figure 2G, absorption peaks were observed at 230 nm for
ZIF-8, ZnO, and ZnO@ZIF-8. In comparison with the single ZIF-8, the ZnO@ZIF-8 composite material presented
a new absorption peak at 370 nm, and the characteristic peaks observed in the 300—400 nm range were due to the
vibration of the metal-oxygen bond Zn=0 of ZnO. Through the analysis of the Dow spectra obtained using the
UV data (Figure 2G inset), the band gap of ZnO@ZIF-8 was calculated to be approximately 3.17 eV. It is
universally known that SERS enhancement based on chemical mechanisms mainly depends on the energy level
matching effect between the signal molecule and the substrate. However, in the ZnO@ZIF-8/4-cyanobenzoic acid
system, since the LUMO value of 4-cyanobenzoic acid is higher than the CB of ZnO@ZIF-8 composite, the CT
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process cannot occur (Figure 2H). Therefore, the chemical Raman enhancement of 4-cyanobenzoic acid on
ZnO@ZIF-8 can be neglected. Next, the SERS performance of the ZnO@ZIF-8 composite material was tested
using 4-cyanobenzoic acid as the probe molecule under the excitation of a 532 nm laser. As shown in Figure 21,
under 532 nm laser excitation, only when the 4-cyanobenzoic acid molecule is adsorbed on ZnO@ZIF-8 can a
clear Raman signal be detected, while the Raman enhancement signal cannot be observed on the individual ZnO
and ZIF-8 substrates.

Aiming to quantitatively evaluate the Raman signal enhancement effect of 4-cyanobenzoic acid on the
ZnO@ZIF-8 composite material, we calculated its Raman intensity at 2232 cm™! (the peak of -CN stretching
vibration). The value of its enhancement factor (EF) was calculated to be approximately 5.3 x 10 [31,32]. The
calculation results show that the ZnO@ZIF-8 substrate has a significant Raman signal enhancement effect on the
4-cyanobenzoic acid signal molecule, with an enhancement factor of up to 5.3 x 10, proving that this composite
material has good SERS activity (for calculation details, refer to S18).

3.3. SERS Detection for P. gingivalis

In this project, we developed a well-performed SERS detection by making use of a DNA aptamer, which is
composed of a specific sequence of DNA, and 4-cyanobenzoic acid as the signal molecule, in order to achieve the
ultra-sensitive and selective detection of P. gingivalis. Compared with antibodies, aptamers exhibited superior stability
over a wider range of temperature range and afforded more available binding sites [33]. As illustrated in Figure 3A,
the ZnO@ZIF-8 composite was first experienced amination by 3-aminopropyltriethoxysilane (APTES), owing to
its contribution of an amine functional group. Subsequently, the DNA aptamer of P. gingivalis with a carboxyl
group at the 5’ end was added. Through the chemical reaction between the amino and the carboxyl group,
generating an amide bond, the DNA aptamer was stably fixed on ZnO@ZIF-8 substrates. Then, the amino-
modified complementary DNA (cDNA) loaded with a signaling molecule was stably bound to the surface of
ZnO@ZIF-8 substrates through the reaction of DNA hybridization. Upon adding P. gingivalis, attributable to the
great affinity between the aptamer and P. gingivalis, the cDNA conjugated with 4-cyanobenzoic acid split away
from the surface of ZnO@ZIF-8 substrates. Thus, a distinct fall would be seen in the corresponding SERS signal.
Therefore, highly selective and sensitive detection of P. gingivalis is achievable by using the SERS detection platform
supported by ZnO@ZIF-8 substrates (for the build details of the SERS platform, refer to S11).

To assess the detection accuracy of P. gingivalis with the built SERS platform, we have prepared a series of
groups containing various concentrations of P. gingivalis. As illustrated in Figure 3B,C, the signal levels at
approximately 2232 cm™!, which corresponds to 4-cyanobenzoic acid molecules, decreased with the increase in
the concentration of P. gingivalis. The signal peak at 1455 cm™ corresponding to ZnO@ZIF-8, by contrast,
remained basically unchanged and consequently, was able to act as a reference signal to enhance reliability and
veracity of the detection. Over a wide concentration range from 4 x 10° to 4 x 10¥ CFU/mL, the SERS intensity
ratio of I23/1145s demonstrated a great linear correlation (R? = 0.9971), attaining a limit of detection (LOD) as low
as 38 CFU/mL (S19). The LOD based on this platform was lower than all the other common detection methods
(Supplementary Materials Table S1). Moreover, the selectivity of the SERS detection platform was assessed under
the conditions of all kinds of interfering compounds, containing P. gingivalis, Fusarium oxysporum, Treponema
scaling, Actinobacterium actinomycetes, Pseudomonas aeruginosa, IL-1 B, IL-6, TNF-q, IL-17, MMP-8, MMP-9,
LDH, AST, S100A8, CD9, CD81, TNF-B, CRP, citrullinated protein, gingival protease antibody BSA, DOPAC,
UA, AA, CC, ADP, VA, ATP, His, Glu, and NE (Figure 3D). The intensity ratio of I»32/114s5 for these interfering
compounds remained constant as expected, since the combination of DNA aptamer and P. gingivalis did not
interfere with other substances. In contrast, a notable decrease in the SERS intensity ratio of 1223,/I1455 was witness
as a result of the presence of P. gingivalis. Furthermore, the ratiometric intensity ratio of the SERS signal (I2232/11455)
exhibited an intensity decline of more than 70% and reached its stable figure within 30 min, which revealed the
ultrafast response of this detection platform (Figure 3E). Also, the platform presented a satisfactory long-term
stability for 60 days (Figure 3F) with RSD = 8.532% (for calculation details, refer to S20), and an ideal repeatability
(Figure 3G) with RSD = 1.476% (for calculation details, refer to S20), providing more possibility for the application
in the detection of P. gingivalis in authentic clinical samples. Furthermore, as the environmental temperature and pH
change, the signal intensity ratio (Ix232/114s55) will fluctuate accordingly. However, the accuracy of the detection will
not be affected under normal testing temperature and pH conditions (illustrated in S21 and S22).
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Figure 3. (A) Build based on ZnO@ZIF-8. The SERS platform is used for highly sensitive detection of P. gingivalis
(Reprinted with permission from Ref. [34]. Copyright 2025, copyright Jian Ren et. al.); (B) Raman spectra of SERS
platform at concentrations of (a) 4 x 108, (b) 4 x 107, (c) 4 x 105, (d) 4 x 10°, (e) 4 x 10*, and (f) 4 x 10* CFU/mL
of P. gingivalis; (C) The relationship between SERS intensity ratio 12232/11455 and P. gingivalis concentration; (D)
SERS monitoring of P. gingivalis for selective testing of other potential interferents (1-20, respectively: P.
gingivalis, Fusarium oxysporum, Treponema scaling, Actinobacterium actinomycetes, Pseudomonas aeruginosa,
IL-1 B, IL-6, TNF-a, IL-17, MMP-8, MMP-9, LDH, AST, S100A8, CD9, CD81, TNF-f, CRP, citrullinated protein,
gingival protease antibody); (E) Response time of the SERS platform.

3.4. SERS Detection for P. gingivalis in Artificial Saliva

We further monitored the selectivity concerning P. gingivalis in simulated saliva of the SERS platform aimed
to validate the applicability and suitability of it as a clinical diagnostic tool.

Firstly, we conducted the spike recovery experiment (S23), which excluded the influence of the artificial
saliva solution on the detection of P. gingivalis using this SERS platform. After that, we utilized artificial saliva
to simulate actual samples. A series of gradient dilutions based on the previous standard solution of P. gingivalis
was conducted and used as the experimental group. The control group, on the other hand, replaced the solvent with
artificial saliva to simulate the actual oral environment of the human body. Subsequently, both the experimental
group and the control group were detected using the previously established ZnO@ZIF-8 SERS platform. The
experimental results revealed that in artificial saliva, the concentration of P. gingivalis still could exhibit a similar
figure as the experimental group within an error of 5% as shown in Figure 4B. These findings demonstrate that the
designed SERS platform has favorable biological applicability for the determination of P. gingivalis content in the
oral cavity.
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Figure 4. (A) The detection process regarding P. gingivalis in artificial saliva (Reprinted with permission from Ref.
[34]. Copyright 2025, copyright Jian Ren et. al.); (B) Comparison of the stability for the built SERS platform
between artificial saliva and the standard group.

4. Conclusions

To summarize, our work has developed a fast, ultrasensitive, and stable SERS platform for the detection of
the main pathogenic microorganism for periodontitis, P. gingivalis, in saliva. Firstly, the petal-shaped spherical
ZnO@ZIF-8 composite materials were prepared as the SERS platform substrates by in-situ synthesis. Then, based
on the EM, it was calculated that the EF value of ZnO@ZIF-8 for the 4-cyanobenzoic acid signal molecule was
up to 5.3 x 10% After that, the aptamer of P. gingivalis was assembled on the surface of the ZnO@ZIF-8 composite
through amide bond formation, whereas the cDNA equipped with 4-cyanobenzoic acid was immobilized via the
hybridization reaction. The SERS platform with high speed, excellent selectivity, and sensitivity, designed for the
determination of P. gingivalis, was eventually fabricated. This platform, which has a quick detection speed in 30 min
and a favourable stability for 60 days, demonstrated a wide linear range from 4 x 10> CFU/mL to 4 x 108 CFU/mL.
Additionally, the LOD of this platform was calculated to be 38 CFU/mL, lower than other common detection
methods for P. gingivalis. Furthermore, compared with standard samples in artificial saliva, this SERS platform
revealed a superior stability for P. gingivalis detection. In summary, this rapid, sensitive, and stable SERS
detection platform of P. gingivalis in saliva could make significant contributions to the improvement in preventive
monitoring for periodontal disease. Also, in terms of the practical application aspects, this SERS platform has the
advantages of a relatively simple preparation process, low cost of the synthesis of SERS substrates and the
detection of P. gingivalis, and high scalability due to the substitutability of the aptamer and microorganisms.
Therefore, this SERS platform has significant value and a promising application prospect. Overall, the SERS
method developed in this work not only opens up a new research path for precise diagnosis and efficient screening
of periodontal diseases, but also explores new directions for the detection of other disease-related proteins, small
molecules, peptides, and miRNAs.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/25111214
49098477/NENP-25090136-Supplementary-Materials-FC-done.pdf. Figure S1: The Infrared spectra of ZnO@ZIF-
8 and amino-modified ZnO@ZIF-8. Figure S2: The UV-Vis absorption spectra of (i) amino-modified ZnO@ZIF-8
complex with DNA aptamer and (ii) amino-modified ZnO@ZIF-8. Figure S3: The UV-Vis absorption spectra of (i)
4-cyanobenzoic acid complex with cDNA and (ii) 4-cyanobenzoic acid. Figure S4: The UV-Vis absorption spectra
of (i) amino functionalized ZnO@ZIF-8 complex with DNA aptamer; (ii) complex with 4-cyanobenzoic acid and
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c¢DNA; and (iii) SERS platform. Figure S5: SEM image of ZnO. Figure S6: SEM image of ZIF-8. Figure S7: The
stability of the platform varies with temperature. Figure S8: The stability of the platform varies with pH. Table S1:
Comparison of the common methods for P. gingivalis detection. Table S2: Comparison of the EF & LOD values for
ZnO as different SERS substrates. References [35—43] are cited in the supplementary materials.
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