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a b s t r a c t

Listeria monocytogenes (LM) is a dangerous foodborne pathogen for humans. One emerging and vali-

dated method of indirectly assessing LM in food is detecting 3-hydroxy-2-butanone (3H2B) gas. In this

study, the synthesis of 3-(2-aminoethylamino) propyltrimethoxysilane (AAPTMS) functionalized hierar-

chical hollow TiO2 nanospheres was achieved via precise controlling of solvothermal reaction tempera-

ture and post-grafting route. The sensors based on as-prepared materials exhibited excellent sensitivity

(480 Hz@50ppm), low detection limit (100 ppb), and outstanding selectivity. Moreover, the evaluation of

LM with high sensitivity and specificity was achieved using the sensors. Such stable three-dimensional

spheres, whose distinctive hierarchical and hollow nanostructure simultaneously improved both sensitiv-

ity and response/recovery speed dramatically, were spontaneously assembled by nanosheets. Meanwhile,

the moderate loadings of AAPTMS significantly improved the selectivity of sensors. Then, the gas-sensing

mechanism was explored by utilizing thermodynamic investigation, Gaussian 16 software, and in situ dif-

fuse reflectance infrared transform spectroscopy, illustrating the weak chemisorption between the -NH-

group and 3H2B molecules. These portable sensors are promising for real-time assessment of LM at room

temperature, which will make a magnificent contribution to food safety.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Listeriosis, caused by the bacterium Listeria monocytogenes (LM),

is a highly severe foodborne illness worldwide [1]. Its clinical en-

compass diarrhea, septicemia, miscarriage, and meningitis [2], with

a fatality rate typically ranging from 20%−30% [3]. Currently, the

most commonly used method regarding the detection of LM is

still the traditional and less efficient culture-based identification

method. Diagnostic techniques based on molecular biology [4], and

immunology offer faster response time [5]. However, they may oc-

casionally yield false positive results or be susceptible to interfer-

ence from matrix backgrounds [6]. Therefore, it is of utmost practi-

cal significance to establish a rapid, convenient, ultrasensitive, and
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highly selective detection method for controlling LM infection and

contamination.

Microorganisms are known to generate microbial volatile or-

ganic compounds (MVOCs) during metabolism that are considered

to be biomarkers [7]. When LM multiplies in foods, it produces

a large amount of exhaled gas, in which 3-hydroxy-2-butanone

(3H2B) is the characteristic biomarker with an abundance of more

than 32.18% [8,9]. Nowadays, there has been a growing interest in

methods to indirectly assess microbial contamination by detect-

ing MVOCs in real time through noninvasive and rapid operations.

Cheng et al. used E-nose and GC–MS to identify flavor substances,

such as 3H2B, in Tibetan pork from different cooking methods [10].

Tian et al. prepared urchin-like mesoporous WO3 and identified

3H2B at 240 °C [11]. However, the disadvantages of these methods

are expensive to operate, require highly skilled analysts and time-

consuming techniques, which cannot be used for real-time moni-
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toring of 3H2B at room temperature. In this regard, the advantages

of the quartz crystal microbalance (QCM), such as low power con-

sumption, miniaturization, cost-effectiveness [12,13], and high sen-

sitivity [14], make it capable of effectively detecting 3H2B [15].

Since the bare QCM electrode’s weak response to target gas

molecules, modifying sensitive materials on the electrode can im-

prove the gas sensing performance. In previous studies, various

sensitive materials have been explored, including semiconductor

metal oxides, polymer, and mesoporous carbon [16-18]. As a type

of semiconductor metal oxide, titanium dioxide (TiO2) has favor-

able chemical stability and is suitable for sensing layers [19-21].

Nevertheless, the selectivity and sensitivity of most pristine TiO2

gas sensors are still not very satisfactory. To address the limited re-

sponse capability of gas sensing materials especially pristine TiO2

towards target gases, morphological control and structural modifi-

cation of the sensitive materials is a very effective strategy [22-25].

Until now, hierarchical and hollow oxide nanostructures have been

very reliable gas sensor materials because of their high surface

area and well-aligned nanoporous structures. Specifically, owing to

the greater dimensions and high dispersion, three-dimensional hi-

erarchical structures are relatively robust, therefore enhancing the

stability of gas sensing [26]. Meanwhile, the hollow nanostructure

can enhance gas sensing performance via increasing the number

of active sites available for gas adsorption and improving the tar-

get gas diffusion process [27]. Besides, surface functionalization

of gas-sensitive materials also profits to effectively enhance the

selectivity of gas sensors. For instance, Chen et al. noticed that

the hydrophobic Cu(I)-Cys nanocomposite based QCM sensor ex-

hibits good sensitivity and selectivity to hexanal and 1-octen-3-ol

[28]. Cao et al. designed urea-functionalized SBA-15 for dimethyl

methylphosphonate detection with rapid response and high selec-

tivity [29]. According to previous research, 3-(2-aminoethylamino)

propyltrimethoxysilane (AAPTMS) can conveniently and effectively

functionalize sensing materials by providing active amino groups,

which is believed to have unique weak chemisorption with 3H2B

molecules [30]. Thus, the study of hierarchical hollow nanomate-

rials with amine functionalization holds significant importance in

enabling real-time analysis of trace 3H2B levels at room tempera-

ture.

In this paper, a simple synthesis was reported that the

hierarchical hollow TiO2 nanospheres (HHS-TiO2-200) were self-

organized from ultrathin anatase TiO2 nanosheets. Subsequently,

AAPTMS was modified onto the surface of nanospheres by the

post-grafting method. Finally, the QCM gas sensor was constructed

based on these sensing materials (Scheme 1). To verify the op-

timal loadings of AAPTMS, the sensing performance of pristine

HHS-TiO2-200 and different amino loadings of HHS-TiO2-200

(NH2-1@HHS-TiO2-200, NH2-2@HHS-TiO2-200, and NH2-3@HHS-

TiO2-200) were investigated. Among them, NH2-2@HHS-TiO2-200

has the most desirable properties for detecting 3H2B, because

appropriate amino loadings significantly enhanced the sensi-

tivity (480 Hz@50ppm) and selectivity of the sensors towards

3H2B, and reduced the response/recovery time (6/7 s@50ppm).

These remarkable gas-sensing properties are ascribed to weak

chemisorption occurring between the –NH– functional group of

AAPTMS and 3H2B molecules.

The controllable construction of uniformly dispersed TiO2

nanospheres with different morphologies was achieved via tuning

the reaction temperature. Morphology and structural characteris-

tics of all pristine TiO2 nanospheres (Fig. S1 in Supporting infor-

mation) were investigated by SEM. When the heating temperature

was 160 °C, spherical particles with a diameter of approximately

38nm piled up into TiO2-160 nanospheres (Figs. S1a-c). With

the increase of heating temperature (200 °C), the pellets grad-

ually stretched and thinned, forming layered ultrathin anatase

HHS-TiO2-200 without any signs of aggregation (Figs. S1d-f). HHS-

Scheme 1. Diagrammatic sketch of the synthesis and application process of

NH2@HHS-TiO2-200.

Fig. 1. (a) SEM (in which the inset showed the hollow structure of a cracked

sphere), (b) TEM and (c) HRTEM images (in which the inset showed FFT-ED graph-

ics of the marked zone) of HHS-TiO2-200. (d) TEM, (e) HRTEM and SAED images of

NH2-2@HHS-TiO2-200. (f–i) STEM-EDS elemental mapping images of NH2-2@HHS-

TiO2-200.

TiO2-200 showed a hollow structure, as indicated by the presence

of cracked nanospheres (Fig. S1d and the insert in Fig. 1a), re-

sulting in a large specific surface area and excellent gas-sensing

performance (details described below). It was revealed that the

constituent nanosheets were clearly visible and exhibited random

orientations, as observed in Figs. 1a and b. Fig. 1c presented a

piece of single nanosheet with visible lattice fringe spacings of

0.35nm, corresponding to the anatase (101) plane of TiO2 [31]. The

TEM analysis results were confirmed by the fast Fourier transform

electron diffraction (FFT-ED) graphic of the same region (the inset

of Fig. 1c), which represented good crystallinity of HHS-TiO2-200.

Besides, compared with TiO2-160 in Figs. S1a-c, the diameter of
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Fig. 2. (a) XRD patterns, (b) FT-IR spectra of HHS-TiO2-200, NH2-1@HHS-TiO2-200,

NH2-2@HHS-TiO2-200, and NH2-3@HHS-TiO2-200. (c) XPS full spectrum of HHS-

TiO2-200, NH2-2@HHS- TiO2-200. High-resolution XPS spectrums of (d) Ti 2p and

(e) O 1s of HHS-TiO2-200 and NH2-2@HHS-TiO2-200, and (f) N 1s of NH2-2@HHS-

TiO2-200.

HHS-TiO2-200 in Figs. S1d-f was increased to 1.4 μm, and the thick-

ness of nanosheets was about 22nm. After further increasing the

heating temperature to 240 °C, the interior of TiO2-240 consisted

of cross-homogeneous nanorods, whose width was at 28nm, with

reducing nanospheres particle size to 600nm (Figs. S1g-i).

The specific morphology, structural and composition character-

izations NH2-2@HHS-TiO2-200 were shown in Figs. 1d-i. As exhib-

ited in Figs. 1d and e, the three-dimensional hierarchical spheri-

cal structure and the maintenance of lattice fringe spacings were

observed from NH2-2@HHS-TiO2-200. Obviously, the samples af-

ter amine functionalization treatment still had high stability. The

selected area electron diffraction (SAED) pattern (the inset in

Fig. 1e) of NH2-2@HHS-TiO2-200 verified the polycrystalline na-

ture of the sample. Each diffraction ring easily pointed to anatase

TiO2, confirming the XRD results [32]. The elemental mapping

images of NH2-2@HHS-TiO2-200 were depicted in Figs. 1f-i. Evi-

dently, AAPTMS were uniformly dispersed on the surface of TiO2

nanospheres.

The crystalline phase structures and the purity of the pris-

tine TiO2 nanospheres and NH2@HHS-TiO2-200 were investigated

by XRD. All detected diffraction peaks were precisely consistent

with anatase TiO2 (JCPDS No. 21-1272), as presented in Fig. 2a

and Fig. S2 (Supporting information) [33]. No other impurity peaks

were observed, confirming the high purity of all TiO2 products. Fol-

lowing the amine functionalization procedure, there was no shift

in the peak positions of NH2@HHS-TiO2-200, suggesting a high de-

gree of material stability. However, the diffraction peak intensity

was slightly reduced owing to the doping of AAPTMS, indicating

a reduction in the crystallinity of the mesoporous material rather

than a collapse of the pore structure [34].

FT-IR spectroscopy was utilized to investigate the presence

of amine functional groups on NH2@HHS-TiO2-200. Fig. 2b dis-

played the FT-IR spectrum of as-prepared samples. At low fre-

quencies, a descending band was determined in all samples in the

range of 512–878 cm−1, matching the Ti–O–Ti bond [35], indicat-

ing the formation of TiO2. All the spectra of NH2-1@HHS-TiO2-

200, NH2-2@HHS-TiO2-200 and NH2-3@HHS-TiO2-200 had peaks

around 1106 cm−1, corresponding to the stretching vibrations of

Si–O–Si groups [36]. The organosilane’s C–H stretching produced

peaks that ranged from 2888 cm−1 to 2970 cm−1. Besides, there

were peaks at 1561 and 1472 cm−1, which corresponded to stretch-

ing and deformation frequencies of –NH– and –NH3
+, respectively.

It was demonstrated that the amine-functionalized material has

been successfully obtained [34].

XPS was performed to further examine the valence states and

chemical composition of HHS-TiO2-200 and NH2-2@HHS-TiO2-200.

The full survey spectrum (Fig. 2c) showed that all samples con-

tained Ti, O, and C elements. Furthermore, a peak at 399.08 eV was

assigned to the binding energy of N 1s, verifying the existence of

amino groups. As shown in Fig. 2d, the peaks of Ti 2p1/2 (463.91

and 463.36 eV) and Ti 2p3/2 (458.19 and 457.69 eV) indicated that

the Ti element was almost unaffected by AAPTMS doping [37]. The

O1s peaks at 531.79, 530.29, and 529.42 eV belonged to adsorbed

oxygen (Oads), defect oxygen (Odef), and lattice oxygen (Olat), re-

spectively (Fig. 2e). In HHS-TiO2-200, the proportion of Oads and

Odef were 10.3% and 15.5%, respectively. After being decorated by

AAPTMS, their proportions increased to 18.7% and 16.1%. This facil-

itated the surface adsorption and catalytic conversion of target gas

[38]. The N 1s spectra was decoupled into three peaks in Fig. 2f.

The N–C bond and –NH2 were characterized by the peaks at 398.7

and 399.5 eV, respectively. Meanwhile, the peak at 400.7 eV was as-

signed to the interaction between the proton and the amidogen

(–NH3
+) [39].

N2 adsorption-desorption isotherms of samples and the gas

sensing properties of QCM sensors based on the pristine TiO2

nanospheres were described in detail in Figs. S3 and S4 (Sup-

porting information), respectively. These results further confirmed

that HHS-TiO2-200 was the optimal TiO2 material for amine func-

tionalization. Then, the gas sensing properties of HHS-TiO2-200,

NH2@HHS-TiO2-200-based sensors were investigated. As shown in

Fig. 3a, upon the introduction of 3H2B, all the sensors represented

rapid response and returned promptly to their initial state in ambi-

ent air. The response of QCM gas sensors is defined as the value of

frequency shift, whose unit is Hz. Notably, the NH2-2@HHS-TiO2-

200-based QCM sensor displayed the largest response across all

concentrations, indicating that the most optimal AAPTMS loading

amounts were 2.06mmol/g. The response values exhibited an in-

crease or decrease following the concentration of 3H2B, thereby

revealing the excellent repeatability and reversibility of these sen-

sors. In addition, as depicted in Fig. 3b, a favorable linear relation-

ship was observed between the response values of each sensor and

various concentrations of 3H2B. This characteristic facilitated the

quantitative measurement of 3H2B in practical utilizations.

The response/recovery speed of the sensors, which is defined as

the time taken to reach 90% equilibrium from the beginning condi-

tion, is a crucial parameter for evaluating its real monitoring abil-

ity of target gases [40]. The response/recovery time of HHS-TiO2-

200 and NH2-2@HHS-TiO2-200 sensors were 9/11 s and 6/7 s, re-

spectively, when exposed to 50ppm 3H2B (Fig. 3c). The excellent

response time of the NH2-2@HHS-TiO2-200 sensor stemmed from

the following factors. Firstly, the high specific surface area of HHS-

TiO2-200 made gas molecules adsorption easier. Then, -NH- groups

in AAPTMS underwent weak chemisorption with 3H2B molecules

forming chemical bonds, which improved the gas selectivity.

The identification of target gases in complex physical envi-

ronments is crucial for gas sensors. Therefore, the selectivity of

NH2-2@HHS-TiO2-200-based sensors was investigated to assess

its resistance against interference. To evaluate the selectivity of

NH2-2@HHS-TiO2-200-based sensors, their responses to various

gases (50ppm) were measured, including acetic acid, acetophe-
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Fig. 3. Gas-sensing properties of the HHS-TiO2-200 and NH2@HHS-TiO2-200-based sensors towards varying levels of AAPTMS loadings: (a) Dynamic responses to 3H2B

(1–50ppm); (b) Relationship between responses and 3H2B concentration (1–50ppm); (c) Response/recovery time of the sensors to 3H2B (50ppm); (d) Selectivity of the

HHS-TiO2-200, NH2@HHS-TiO2-200-based sensors (5 ppm 3H2B and 50ppm other interfering gases); (e) Discrimination test of NH2-2@HHS-TiO2-200 sensors to the mixed

gases containing 5ppm 3H2B and 50ppm other interfering gases; (f) Response of NH2-2@HHS-TiO2-200 to 3H2B (100 ppb); (g) Repeatability and (h) long-term stability of

the HHS-TiO2-200, NH2@HHS-TiO2-200-based sensors to 3H2B (5ppm).

none, formaldehyde, 3-methylbutanal, acetone, methylbenzene,

methanol, and isopropyl alcohol. The NH2-2@HHS-TiO2-200-based

sensors exhibited excellent selectivity towards 5ppm 3H2B with

minimal interference from other gases (Fig. 3d). Notably, two

common exhaled gases of LM: 2,3-butanonedione (abundance of

MVOCs: 11.55%) and benzaldehyde (abundance of MVOCs: 17.16%)

were chosen as interfering gases, because they were the most

prevalent MVOCs of LM, after 3H2B [8]. Even at a concentration

of 50ppm, the response of NH2-2@HHS-TiO2-200-based sensors

to 3H2B was at least three times larger than that towards the

two tested interfering gases. It was demonstrated that NH2@HHS-

TiO2-200-based QCM sensors obtained magnificent selectivity

towards 3H2B emitted by LM. Additionally, the discriminant test

results of NH2-2@HHS-TiO2-200-based sensors were illustrated in

Fig. 3e. The responses varied within a 15% range when mixtures

containing 5ppm 3H2B and 50ppm various interfering gases were

analyzed. These results undoubtedly demonstrated the excellent

selectivity of NH2-2@HHS-TiO2-200-based sensors. Simultaneously,

as shown in Fig. S5 (Supporting information), the frequency shifts

of prepared gas sensors towards 5ppm 3H2B changed slightly

with increasing relative humidity. It was indicated that the impact

of water vapor on NH2-2@HHS-TiO2-200-based sensor was less

than 3H2B, which possessed a higher molecular weight than water

molecules and exerted a stronger positive induction effect [41].

In addition, the NH2-2@HHS-TiO2-200-based sensor had a quite

low detection limit, which was 9Hz even for 3H2B at 100 ppb

(Fig. 3f).

Repeatability is also a crucial indicator of gas sensors. Sen-

sors based on HHS-TiO2-200, NH2-1@HHS-TiO2-200, NH2-2@HHS-

TiO2-200, and NH2-3@HHS-TiO2-200 remained constant for five cy-

cles to 5ppm 3H2B. The response-recovery curves of all sensors

reappeared with small changes, as depicted in Fig. 3g, indicating

their excellent repeatability. Similarly, Fig. S6 (Supporting informa-

tion) demonstrated that the repeatability of NH2-2@HHS-TiO2-200-

based sensor towards 100 ppb 3H2B remained quite good, which

further confirmed the low detection limit of the sensor. Addition-

ally, Fig. 3h revealed that the long-term stability of the sensors

was evidenced by the negligible change in response values. Ta-

ble S1 (Supporting information) compared the gas-sensing perfor-

mance of various sensors towards gases, whose molecules contain

carbonyl in this study and previous studies. It was illustrated that

NH2-2@HHS-TiO2-200-based sensors represented exceptional sen-

sitivity (160.70Hz), rapid response/recovery time (4/7 s), and low

power consumption, highlighting its potential for practical applica-

tions of swiftly detecting 3H2B.

By assessing the gas produced during the proliferation of LM

in BHI broth, the practical application potential of NH2-2@HHS-

TiO2-200-based sensors has been further evaluated. The response

of these sensors varied inconspicuously at beginning and then sig-

nificantly as culture time passed, which coincident with the shift

in OD values (Figs. S7a and b in Supporting information). Countries

that are members of the European Union stipulate that food should

have an LM concentration of no more than 102 CFU/g [42]. The vis-

ible response to LM with an original concentration of 10 CFU/mL

was observed after 14h of proliferation, and the frequency shift

came to 18.67Hz after 18h of incubation (Fig. S7b). The results in-

dicated that the sensors could completely comply with food safety

standards. Furthermore, two kinds of typical foodborne pathogen,

Staphylococcus aureus and Escherichia coli, were evaluated as well.

It was demonstrated that the response towards LM (103 CFU/mL)

was significantly higher than the response to Staphylococcus aureus

(106 CFU/mL) and E. coli (106 CFU/mL), which proved the satisfac-

tory selectivity of the sensor (Fig. S7c in Supporting information).

Thus, all the above results confirmed the feasibility of detecting

LM with high sensitivity and excellent selectivity via NH2-2@HHS-

TiO2-200 sensors.

The basis for a QCM gas sensor is mass sensitivity [43]. In prin-

ciple, intermolecular forces promote the adsorption process of gas

molecules onto the surface of the mass-sensitive chemical sen-

sors. These forces originate from typical hydrogen bonding and

van der Waals interactions, which enable the accumulation of gas

molecules on solid sensitive materials. The adsorption and desorp-

tion properties of NH2-2@HHS-TiO2-200, HHS-TiO2-200 and TiO2-

160 materials for 3H2B were displayed in Fig. 4a. NH2-2@HHS-

TiO2-200 had superior gas-sensing performance compared to

HHS-TiO2-200 and TiO2-160. The high response and rapid response

kinetics of the gas were attributed to the better permeability of

the hollow structure, which favored the fast and efficient diffusion

of 3H2B molecules across the entire TiO2 materials. Moreover, the

surface functional groups and defect sites of sensitive materials are

the main factors that affect the gas adsorption capacity. Numerous

active sites were obtained by the designed HHS-TiO2-200, increas-

ing the amount of 3H2B molecules that can be absorbed. Mean-

while, the increase in active sites provided more AAPTMS attach-

ment scaffolds. The amino group in AAPTMS can react reversible

Schiff base with 3H2B molecules, thereby effectively improving the

4
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Fig. 4. (a) Schematic diagram of 3H2B adsorption and desorption processes of NH2-

2@HHS-TiO2-200, HHS-TiO2-200 and TiO2-160. (b–e) 3H2B adsorption performance

test of QCM gas sensors based on NH2-1@HHS-TiO2-200, NH2-2@HHS-TiO2-200,

NH2-3@HHS-TiO2-200, HHS-TiO2-200, and TiO2-160.

chemical selectivity of the sensor [44]. Thus, the presence of –NH–

functional groups in the hierarchical structure resulted in highly

specific sensing properties. The effect of different AAPTMS load-

ings on HHS-TiO2-200 was further investigated through isothermal

adsorption/desorption measurements conducted on NH2-1@HHS-

TiO2-200, NH2-2@HHS-TiO2-200, NH2-3@HHS-TiO2-200, HHS-TiO2-

200 and TiO2-160. The adsorption and desorption curves of 3H2B

were depicted in Figs. 4b and c, respectively. The addition of

AAPTMS in appropriate amounts enhanced both the adsorption

and desorption capacities of the material surface [45]. Hence,

the efficient adsorption of the amino group to 3H2B was fully

optimized by NH2-2@HHS-TiO2-200, showing the largest adsorp-

tion capacity (3.09 wt%) and the quickest average adsorption rate

(0.488 wt%/s) for 3H2B (Figs. 4d and e). In addition, thermody-

namic investigation (Fig. S8 in Supporting information), Gaussian

calculation (Fig. S9 in Supporting information), and in situ dif-

fuse reflectance infrared transform spectroscopy (DRIFTS) analysis

(Fig. S10 in Supporting information) were carried out, further ver-

ifying the weak chemisorption between the -NH- group and 3H2B

molecules (details were described in Supporting information).

In summary, TiO2 microspheres with different nanostructures

were smoothly prepared using a simple solvothermal method

with reasonably adjusted reaction temperature appropriately. The

uniform HHS-TiO2-200, which was self-assembled from ultrathin

anatase TiO2 nanosheets obtained at 200 °C with a quite high spe-

cific surface area (139.96 m2/g), had the best gas sensing perfor-

mance among pristine TiO2 nanospheres. After amine functional-

ization, NH2-2@HHS-TiO2-200-based sensors revealed outstanding

response (480 Hz@50ppm) to 3H2B with high selectivity, fast re-

sponse/recovery time (6/7 s@50ppm) and good stability. Especially,

the constructed sensor could generate response towards ppb-levels

3H2B (100 ppb). Then, NH2-2@HHS-TiO2-200-based sensors were

utilized to detect LM incubated in BHI culture medium with high

sensitivity and specificity. In addition, the thermodynamic inves-

tigation, Gaussian simulations and in situ DRIFTS results proved

that a reversible weak chemisorption played an important role be-

tween NH2-2@HHS-TiO2-200 and 3H2B molecules. This study pro-

vides a facile synthesis method, rational nanostructure design, and

comprehensive mechanism exploration for the application of TiO2-

based QCM sensors in real-time and nondestructive detection of

LM.
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