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a b s t r a c t

The dysbiosis of oral microbiota contributes to diseases such as periodontitis and certain cancers by trig-

gering the host inflammatory response. Developing methods for the immediate and sensitive identifica-

tion of oral microorganism is crucial for the rapid diagnosis and early interventions of associated diseases.

Traditional methods for microbial detection primarily include the plate culturing, polymerase chain reac-

tion and enzyme-linked immunosorbent assay, which are either time-consuming or laborious. Herein,

we reported a persistent luminescence-encoded multiple-channel optical sensing array and achieved the

rapid and accurate identification of oral-derived microorganisms. Our results demonstrate that electro-

static attractions and hydrophobic-hydrophobic interactions dominate the binding of the persistent lu-

minescent nanoprobes to oral microorganisms and the microbial identification process can be finished

within 30min. Specifically, a total of 7 oral-derived microorganisms demonstrate their own response pat-

terns and were differentiated by linear discriminant analysis (LDA) with the accuracy up to 100% both

in the solution and artificial saliva samples. Moreover, the persistent luminescence encoded array sensor

could also discern the microorganism mixtures with the accuracy up to 100%. The proposed persistent

luminescence encoding sensor arrays in this work might offer new ideas for rapid and accurate oral-

derived microorganism detection, and provide new ways for disease diagnosis associated with microbial

metabolism.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Periodontitis, as one of the most prevalent inflammatory dis-

eases of the oral cavity, not only compromises the integrity and

function of periodontal tissue but also impacts on the course and

pathogenesis of a number of systemic diseases, such as cardio-

vascular disease, Alzheimer, type-2 diabetes and certain cancers

[1–5]. Recently, it has been widely recognized that the dysbiosis of

oral microbiota contributes to periodontitis by triggering the host

inflammatory response [6,7]. To this end, having a dynamic and

accurate view of oral microbiota offers great potential in the dis-

ease early warning and provide auxiliary ways for the exploration

of disease mechanisms [8–10]. However, the oral biological sam-

ples are typically within various components which might bring

∗ Corresponding authors.

E-mail addresses: chenna0804@whu.edu.cn (N. Chen), yuanquan@whu.edu.cn (Q.

Yuan).
1 These authors contributed equally to this work.

about background signal, and the species and concentrations of

the oral microorganism are dynamically changing. It still remains a

grand challenge to discriminate and identify the evolving oral mi-

croorganisms in real-time with high signal to noise ratio and accu-

racy. Traditional methods for microbial detection primarily include

plate culturing, polymerase chain reaction and enzyme-linked im-

munosorbent assay, which are either time-consuming or laborious

[11–19]. Therefore, developing methods for the immediate and sen-

sitive identification of oral microorganism is crucial for the rapid

diagnosis and early interventions of periodontitis.

Optical sensors have garnered significant attention in the field

of point-of-care detection due to its high sensitivity, rapid response

and portability [20–27]. Long afterglow phosphorescent materi-

als which own the distinct persistent luminescent optical prop-

erty have drawn great attentions. By collecting the persistent lu-

minescence signals of long afterglow phosphorescent materials af-

ter removing the external excitation, the background fluorescence

https://doi.org/10.1016/j.cclet.2024.110223
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Scheme 1. Schematic illustration of the persistent luminescence encoded sensor ar-

ray based on Zn2GeO4:Mn nanorods for rapid and accurate oral bacteria identifica-

tion.

interference encountered in complex oral biological samples can

be effectively eliminated [28–31]. With this intrinsic optical prop-

erty, persistent luminescence sensors (PLNP) based optical sensors

are capable of achieving the rapid and sensitive detection of oral-

derived microorganism [32,33]. Sensor array, mimicking the mam-

malian olfactory and gustatory sensory systems, enable the iden-

tification of oral microorganisms through fingerprint recognition

[34–40]. Developing persistent luminescence encoding sensor ar-

rays offers excellent ideas for rapid and accurate oral-derived mi-

croorganism detection, and might pave the ways for disease diag-

nosis associated with microbial metabolism.

It has been widely validated that the microorganism can be ef-

ficiently and selectively identified by the fingerprint physicochem-

ical properties. Hence, by rational design of the persistent lumi-

nescent nanoprobes with different physicochemical properties, the

oral-derived microorganisms can be efficiently recognized and dif-

ferentiated. Herein, we report a persistent luminescence-encoded

multiple-channel optical sensing array and achieved the rapid and

accurate identification of oral-derived microorganisms (Scheme 1).

To be specific, Zn2GeO4:Mn (ZGO:Mn) as a kind of persistent lumi-

nescence nanomaterials was selected as the research model. Differ-

ent nanoprobes with distinct charges and hydrophilicity were pre-

pared by modifying different organic ligands on the surface of per-

sistent luminescence nanoparticles (PLNPs) ZGO:Mn. Our results

indicate that electrostatic attractions and hydrophobic-hydrophobic

interactions dominate the binding of the nanoprobes to oral mi-

croorganisms. Seven oral-derived or oral diseased associated mi-

croorganisms demonstrate their own response patterns and can

be differentiated by linear discriminant analysis (LDA) with ac-

curacy up to 100% both in the solution and the complex artifi-

cial saliva samples. Moreover, the persistent luminescence encoded

sensor array could also discern the microorganism mixtures both

in the solution and artificial saliva samples with the accuracy up

to 100%. It is worth mentioning that the microbial identification

process can be finished within 30min, much faster than the tra-

ditional methods for microbial detection including plate culturing

(2–7 days) and polymerase chain reaction (6–8h) [19,41]. Overall,

the proposed persistent luminescence encoded sensor array strat-

egy shows great potential for fast and accurate point-of-care test

for microbial identification.

Persistent luminescent sensors have attracted numerous atten-

tions owing to the intrinsic advantages including background-free

detection and high signal-to-noise ratio [42–44]. As a proof of con-

cept, herein we adopt the ZGO:Mn nanorods as persistent lumi-

nescent sensor model to explore the viability in oral bacterial de-

tection. Specifically, ZGO:Mn nanorods were firstly prepared ac-

Fig. 1. (a) Schematic illustration of the synthesis of ZGO:Mn PLNPs. (b) TEM image

of the prepared ZGO:Mn PLNPs (Inset: the size distribution of the ZGO:Mn PLNPs).

(c) XRD pattern of the prepared ZGO:Mn PLNPs. (d) Phosphorescence spectrum of

the ZGO:Mn PLNPs. (e) Transient decay curve of the ZGO:Mn PLNPs. (f) Response

(−lg(I/I0)) patterns of ZGO:Mn PLNPs in the presence of different microorganisms

(OD600 =0.1) (responses are an average of six measurements and the error bars are

the standard deviation).

cording to the previous reported hydrothermal method (Fig. 1a)

[26,30]. The size and crystal structure of the ZGO:Mn nanorods

were studied using transmission electron microscopy (TEM) and

X-ray powder diffraction (XRD). TEM image in Fig. 1b shows that

the ZGO:Mn nanorods are well-dispersed with uniform shape and

size. As the inset figure demonstrates, the length of the ZGO:Mn

nanorods is about 60nm. XRD results in Fig. 1c indicate that the

ZGO:Mn nanorods are highly crystalline with rhombohedral struc-

ture (ICPDS file number 11–0687) [45]. By collecting the persistent

luminescence signal of ZGO:Mn nanorods, the auto-fluorescence

interference from samples can be efficiently eliminated, thus en-

abling high sensitivity and signal-to-noise ratio (Figs. S1 and S2

in Supporting information). Subsequently, the persistent lumines-

cence in ZGO:Mn nanorods was further investigated. As Fig. 1d

shows, it can be observed that the persistent luminescence emis-

sion of the ZGO:Mn nanorods peaks at around 535nm, which orig-

inates from the 4T1(G)−6A1(S) transition of Mn2+ luminescence

center (Fig. S3 in Supporting information) [32]. Additionally, ac-
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Fig. 2. (a) Optical images showing the contact angles and (b) Zeta potentials of

the ZGO:Mn, ZGO:Mn-CTAB, ZGO:Mn-PAA, ZGO:Mn-PEG and ZGO:Mn-PEI droplets

with a glass slide. (c) Phosphorescence spectrum and (d) XRD patterns of the

ZGO:Mn, ZGO:Mn-CTAB, ZGO:Mn-PAA, ZGO:Mn-PEG and ZGO:Mn-PEI PLNPs. (e)

Response (−lg(I/I0)) patterns of ZGO:Mn, ZGO:Mn-CTAB, ZGO:Mn-PAA, ZGO:Mn-

PEG and ZGO:Mn-PEI PLNPs in the presence of different oral microorganisms

(OD600 =0.1) (responses are an average of six measurements and the error bars are

the standard deviation).

cording to the transient decay curve (Fig. 1e), the photogenerated

electron lifetime of the prepared ZGO:Mn nanorods was calculated

to be 5.3ms, clearly showing the existence of long-lived electrons

in persistent luminescent ZGO:Mn nanorods. The results indicate

that the ZGO:Mn PLNPs with persistent luminescence have been

successfully prepared. After incubation with different bacteria, it

can be seen that the persistent luminescence intensity varied dif-

ferently (Fig. 1f). This can be owing to the distinguishing physical

properties of the bacteria. The results suggest that ZGO:Mn PLNPs

are applicable in bacteria differentiation.

Sensor arrays, called “electronic tongues”, provide an alterna-

tive to time-consuming detection approaches [46]. Typically, sen-

sor array-based detection of bacteria covers a variety of recog-

nition mechanisms including the differences in physicochemical

properties of bacteria such as charge and hydrophilicity. Based

on the persistent luminescent ZGO:Mn nanorods, sensor arrays

were further developed. Specifically, by modifying organic lig-

ands with different charge and hydrophilicity properties including

cetyl trimethyl ammonium bromide (CTAB), polyacrylic acid (PAA),

polyethylene glycol (PEG) and polyethyleneimine (PEI) on the sur-

face of ZGO:Mn nanorods, the arrayed one-component multichan-

nel sensor was then obtained (Figs. S4 and S5 in Supporting in-

formation). As domenstrated in Fig. S6 (Supporting information),

it can be observed that all the modified ZGO:Mn nanorods main-

tain the persistent luminescence. The contact angel images in Fig.

2a shows that the persistent luminescent nanoprobes have varied

contact angel values ranging from 53° to 63°, suggesting the dif-

ferent hydrophilicities of the persistent luminescent nanoprobes

(Fig. S7 in Supporting information). The zeta potential of the

persistent luminescent nanoprobes in Fig. 2b demonstrate that

the ZGO:Mn (−30.0mV), ZGO:Mn-PAA (−10.0mV) and ZGO:Mn-

PEG (−19.9mV) are negatively charged, while the ZGO:Mn-CTAB

(8.2mV) and ZGO:Mn-PEI (33.8mV) are positively charged, indi-

cating the different surface charges of theses persistent lumines-

cent nanoprobes. In addition, it can be observed that the persis-

tent luminescent nanoprobes have different persistent luminescent

intensities as demonstrated in Fig. 2c. It can be observed that the

phosphorescence intensity was shown as follows: ZGC:Mn-PEI >

ZGC:Mn-PAA > ZGC:Mn > ZGC:Mn-CTAB > ZGC:Mn-PEG (Fig. S8

in Supporting information). The differing intensities might be ow-

ing to the reason that surface functional groups have influence on

geometrical and electronic structures of ZGO:Mn, including the en-

ergy levels, energy gaps and the charge distribution [47]. The XRD

results in Fig. 2d demonstrate that the structures are maintained

after the surface modification. Accordingly, the persistent lumines-

cent intensity variation can be ascribed to the surface modifica-

tion. Subsequently, the feasibility of the obtained optical sensor

array based on persistent luminescence was further explored. Af-

ter the addition of bacteria, the persistent luminescent intensities

were recorded. Taken the four bacteria including S. aureus, E. coli, P.

gingivalis, F. nucleatum as examples, it can be seen that persistent

luminescent intensities of each channel were significantly changed

(Fig. 2e), potentially due to the non-specific interaction between

the nanoprobes and the bacteria (Figs. S9 and S10 in Supporting

information). Thus, we believe that the constructed sensor array

based on persistent luminescence enables the efficient differentia-

tion of oral bacterial strains.

To investigate the performance of the constructed sensor ar-

ray based on persistent luminescence in identifying oral bacteria,

7 common strains were selected for testing as demonstrate in Ta-

ble S1 (Supporting information) (Fig. 3a) [48,49]. After incubation

with different bacteria at a concentration of OD600 =0.1, the per-

sistent luminescence intensities were recorded respectively. As the

heat map in Fig. 3b shows, each channel in the sensor array exhib-

ited distinctive response to the oral bacteria. In nature, bacteria are

always existed as mixed cultures. Hence, we further test the ability

of the constructed sensor array in discriminating and identifying

bacterial mixtures. Herein, E. coli and P. gingivalis were used as the

research model. A variety of E. coli and P. gingivalis ratios (100:0,

85:15, 50:50, 15:85 and 0:100) with the OD600 of 0.1 were incu-

bated with the sensor array respectively. Similarly, after incuba-

tion, the persistent luminescence intensities were recorded. It can

be seen that the persistent luminescence encoded sensor array also

demonstrated differential phosphorescence responses to the ratios

of mixed bacteria (Fig. 3c).

Consequently, a multivariate statistical analysis (linear discrimi-

nant analysis (LDA)) was performed. The canonical score LDA plots

in Figs. 3d and e show that both the individual bacteria with the

same species and the mixed bacteria with the same ratios were

clearly classified into their corresponding categories by hierarchical

clustering analysis. The above results demonstrate that oral bacte-

ria could be well classified with the discrimination accuracy up to

100%, much higher than the accuracy by adopting three or four

types of ZGO:Mn as demonstrated in Figs. S11 and S12 (Supporting

information). Collectively, it can be concluded that this constructed

sensor array based on persistent luminescent nanoprobes enables

the efficient and precise differentiation of both the oral bacteria

and the bacterial ratio mixture.

To further explore the practical clinical applications, the perfor-

mance in discrimination of bacteria in artificial saliva samples are

tested. According to the literature, the body fluid sample is typi-

cally identified positive when it contains > 105 cfu/mL (OD600 >

0.001) of bacteria. Herein, 7 oral bacteria with a concentration of

OD600 =0.1 was incubated with the above constructed sensor array

in artificial saliva solution. Furthermore, a variety of E. coli and P.

gingivalis ratios (100:0, 85:15, 50:50, 15:85 and 0:100) with OD600

of 0.1 were incubated with the sensor array respectively in artificial

saliva solution. The persistent luminescence intensities were then

recorded. As show in Figs. 4a and b, it can be observed that the
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Fig. 3. (a) Schematic illustration for the oral microorganism identification with the

persistent luminescence encoded array sensor. Heat map of the phosphorescence

response of (b) oral microorganism and (c) the bacterial mixtures of E. coli and

P. gingivalis with different ratios (normalized relative phosphorescence intensity

change, OD600 =0.1) in PBS solution. Six replicates are shown for each bacterium.

(d) Canonical score plot for the response patterns as obtained from LDA. (e) LDA

plot for the bacterial mixtures of E. coli and P. gingivalis with different ratios.

Fig. 4. Heat map of the phosphorescence response of (a) oral-derived microorgan-

ism and (b) the bacterial mixtures of E. coli and P. gingivalis with different ra-

tios (normalized relative phosphorescence intensity change, OD600 =0.1) in artifi-

cial saliva solution. Six replicates are shown for each bacterium. (c) Canonical score

plot for the response patterns in artificial saliva solution as obtained from LDA. (d)

LDA plot for the bacterial mixtures of E. coli and P. gingivalis with different ratios in

artificial saliva solution.

persistent luminescence encoded sensor array both showed dif-

ferential phosphorescence responses to the different oral bacteria

species and the different ratios of mixed bacteria (Figs. S13 and

S14 in Supporting information). As the canonical score LDA plots

demonstrate in Figs. 4c and d, the oral bacteria with the same

species and the mixed bacteria with the same ratios can be clas-

sified into their corresponding categories by hierarchical clustering

analysis, indicating that the bacteria can be well classified with the

constructed persistent luminescence encoded sensor array.

In summary, this paper presents a persistent luminescence-

encoded multiple-channel optical sensing array which enables

the rapid and accurate identification of oral-derived microorgan-

isms within 30min. Different persistent luminescent nanoprobes

based on ZGO:Mn PLNPs including ZGO:Mn-CTAB, ZGO:Mn-PAA,

ZGO:Mn-PEG and ZGO:Mn-PEI with distinct charges and hy-

drophilicity were prepared to construct the sensor array. With

the constructed persistent luminescence-encoded optical sensor ar-

ray, the microorganism was efficiently identified with the accu-

racy up to 100% both in PBS solution and artificial saliva sam-

ples. Furthermore, the persistent luminescence-encoded multiple-

channel optical sensing array allows the detection of mixed bac-

teria with different ratio at low concentration (OD600 =0.1) both

in PBS solution and artificial saliva samples. The proposed sen-

sor array in this work offers ideas for rapid and accurate oral-

derived microorganism detection. In the future, we will continue to

improve the persistent luminescence-encoded sensor array perfor-

mance and develop point-of-care detection devices. By integrating

with the smartphone, this work is expected to provide new ways

for disease diagnosis associated with microbial metabolism, pro-

viding technical support for the development of smart healthcare.
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