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ARTICLE INFO ABSTRACT

Keywords: Tetracycline hydrochloride is a widely used antibiotic for treating bacterial infections, but its
Zin_c sulphide misuse poses serious health risks. Therefore, it is crucial to accurately detect tetracycline in
Ch‘“’sa“' complex matrices. In this study, we propose a simple, enzyme-free absorbance biosensor for
zittriabciZfilclge tetracycline detection based on the optical properties of chitosan-capped ZnS doped with Mn
Biosensors nanomaterials. The biosensor can detect tetracycline in a range from 13.1 pM to 72.2 pM, with
Absorbance the best detection limit being 2.13 pM in deionized water. It can also differentiate tetracycline

from ampicillin, penicillin, cephalexin, amoxicillin, and glucose within the aforementioned range.
Moreover, this novel sensor has proven reliable over time, and its performance has been
demonstrated in tap water and milk. The results have the potential to revolutionize antibiotic
monitoring in clinical and environmental settings, thus contributing to the global fight against
antibiotic resistance.

1. Introduction

Tetracycline is a widely used antibiotic in medicine for humans, animals, and agriculture due to its broad-spectrum activity [1].
However, its pervasive use has led to widespread environmental dissemination and increased antibiotic-resistant bacteria, pressing
global health concerns [2]. Hence, detecting tetracycline residues in various ecosystems is crucial for monitoring and managing its
environmental impact, ensuring food safety, and maintaining the efficacy of antibiotics. Current antibiotic detection methods,
including microbiological assays, mass spectrometry, and High-Performance Liquid Chromatography (HPLC), have significant limi-
tations [3-5]. While microbiological assays are simpler and more cost-effective, they lack the precision and specificity required to
discriminate between antibiotics or accurately measure concentrations. Mass spectrometry has excellent precision, but its high cost
and complex methodology limit its use for widespread and rapid testing. HPLC, though sensitive, is costly, labor-intensive, time--
consuming, and requires expert operators for reliable results. Furthermore, these approaches frequently necessitate sample pre-
treatment, which adds to the detection time. Thus, developing sensitive, accurate, and accessible detection methods for tetracycline is
a significant step toward safeguarding public health and preserving the effectiveness of this essential class of antibiotics.

Researchers are developing nanomaterial-based biosensors to overcome the limitations of traditional antibiotic detection methods
[6]. These biosensors have gained popularity due to their specificity, sensitivity, and speed [7-10]. Using the excellent optical
characteristics of nanomaterials, optical biosensors have emerged as a promising tool for antibiotic monitoring. Over the past decades,
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many studies have explored the use of nanomaterials in optical biosensors for antibiotic detection. For instance, fluorescent biosensors
have used graphene oxide and aptamer to detect oxytetracycline, and CdTe quantum dots combined with antibodies to detect
tetracycline and penicillin G [11-13]. Colorimetric biosensors have also been applied to detect oxytetracycline, tetracycline, and
doxycycline, utilizing Fe304 magnetic nanoparticles with enzyme [14] or carbon dots [15-17], or rare earth multicolor fluorescent
probe Eu [18-20]. Another example is biosensors based on gold nanoparticles, antibodies, and surface plasmon resonance mea-
surements. They have been widely used to detect fluoroquinolone and chloramphenicol [21]. While optical nanomaterial-based
biosensors offer numerous advantages for antibiotic detection, their development is still ongoing, with significant potential for ad-
vancements in sensor design. Incorporating diverse nanomaterials could enhance these sensors’ sensitivity, selectivity, detection
range, and limit of detection (LOD) while reducing costs and simplifying the preparation process.

Zinc sulfide-doped manganese (ZnS:Mn) exhibits strong photoluminescence, making it effective for detecting target analytes such
as antibiotics [22,23]. Chitosan, a naturally occurring polysaccharide, is biocompatible, non-toxic, and contains various functional
groups that can immobilize bioreceptors [24]. Taking advantage of both ZnS:Mn and chitosan, chitosan-capped ZnS doped with Mn
((Mn:ZnS)CS) nanoparticles with unique physicochemical features and biocompatibility have been used as antibiotic biosensors [25,
26]. However, in these works, enzymes were required to enhance the specificity. Enzyme-based sensors for detecting antibiotics have
several drawbacks, including sensitivity to environmental conditions like temperature and pH, which can affect their accuracy. They
can also be costly due to the need for pure, stable enzymes and often have a limited shelf life. Moreover, these sensors might require
specific conditions or multiple enzyme types to detect various antibiotics, and their susceptibility to inhibition can lead to false
negatives. Generally, enzyme-based sensors are not reusable, increasing costs and generating waste.

Despite these promising results, no studies have employed chitosan-capped ZnS-doped Mn nanoparticles to detect tetracycline.
Moreover, no previous research has focused explicitly on absorbance biosensors for tetracycline detection. Absorbance biosensors are
crucial in bioanalytics, medical diagnostics, and environmental monitoring due to their high sensitivity, real-time monitoring capa-
bilities, and cost-effectiveness. They operate by measuring changes in light absorbance resulting from specific biomolecular in-
teractions, enabling the detection of small concentrations of target substances such as glucose, toxins, and pathogens, as highlighted by
prior studies [27,28]. Our research addresses this gap by developing a novel, enzyme-free absorbance biosensor using chitosan-capped
ZnS nanoparticles for tetracycline detection. This study is the first to report on a tetracycline absorbance biosensor based on these
nanoparticles, with a detection range of 13.1-72.2 pM and a detection limit of 2.13 pM. We also evaluate the performance of the
proposed sensors in detecting tetracycline in complex matrices, such as tap water and milk. Additionally, the high selectivity of the
biosensors, particularly against common antibiotics like ampicillin, penicillin, amoxicillin, cephalexin, and non-antibiotic compounds
like glucose, is further explored. One key advantage of this system is its ability to perform label-free detection, reducing both prep-
aration time and potential interference. The simplicity of the biosensor design, which typically involves only a light source, sample
holder, and detector, makes it a cost-effective and accessible solution for healthcare and environmental safety applications.
Furthermore, technological advancements have enabled the development of miniaturized, portable versions, allowing for
point-of-care testing and field monitoring, thereby expanding its accessibility and practical utility.

2. Materials and methods
2.1. Chemicals

The chemicals used to prepare the sensing materials were reported in our previous works [29,30]. They include chitosan, man-
ganese chloride tetrahydrate, zinc acetate dihydrate, and ethanol. The analytes are tetracycline hydrochloride (ultra-pure,
Co2H24N50g.HCl, Biobasic, Canada), D-glucose monohydrate (99.99 %, C¢H;206.H20, Biobasic, Canada), penicillin G sodium salt
(ultra-pure, C16H17N2NaO4S, Bomeibio, China), ampicillin sodium salt (99.99 %, C;6H18N3NaO4S, Njduly, China), cephalexin mon-
ohydrate (98 %, C16H19N305S-H20, Macklin, Shanghai, China), amoxicillin crystalline (99 %, C16H19N30sS, Macklin, Shanghai,
China).
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Fig. 1. Schematic of the preparation of (Mn:ZnS)CS materials by the hydrothermal method.
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2.2. Nanomaterial preparation

We used the hydrothermal method to synthesize Chitosan-capped ZnS doped Mn ((Mn:ZnS)CS), adhering to the protocol outlined
in previous works [29,30], as shown in Fig. 1. First, we prepared a solution of 1.5 % chitosan in 1 % acetic acid. We then mixed zinc
acetate with manganese chloride in a 10:1 M ratio and stirred until fully dissolved. Next, we incrementally introduced a chitosan and
sodium sulfide suspension into the mixture, stirring continuously for half an hour. Then, this mixture was placed in a Teflon autoclave
and heated to 80 °C for 2 h. The resulting precipitate was washed with ethanol and centrifuged five times. Finally, the product was
dried for 7 h at 60 °C to complete the process.

2.3. Absorbance measurements

In our experiment, we added a volume of sensing materials, specifically 500 mg/L (Mn:ZnS)CS, into cuvettes. We then incre-
mentally added the analytes to the cuvette to achieve the desired concentrations, ranging from 13.1 to 72.2 pM. The absorbance at
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Fig. 2. Characterizations of structure and morphology of prepared (Mn:ZnS)CS. (a) XRD pattern taken by Rigaku MiniFlex600 (Rigaku Europe SE,
Germany). (b) FTIR spectrum acquired by FTIR Jasco 4600 spectrometer (Jasco, Japan). (¢, d) TEM images captured by JEM 2100 (JEOL Ltd.,
Japan). (e, f) SEM and EDX images taken using HITACHI S-4800 (Hitachi High-Tech, Japan).
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each concentration was measured using a DeNovix UV-Vis spectrometer.
3. Results and discussion
3.1. Characterizations of synthesized material

The structure of prepared materials was characterized using the XRD and FTIR analysis. Fig. 2a illustrates the cubic sphalerite
structure of ZnS with three peaks at positions (111), (220), and (311) (JCPDS card No.5-0566). Mn?* and chitosan did not induce clear
peaks in the XRD pattern due to a small doping percentage. In addition, FTIR analysis of the material (Fig. 2b) confirmed the presence
of Mn and chitosan. The vibrational modes of chitosan include N-H bend at 3389 cm ™, -C-O at 1412 and 1557 cm ™}, and C-O-C bond
at 1047 cm ™. The peaks of ZnS were observed at 508, 616, and 1047 cm ™ *. Mn was detected at 661 cm ™" and split peaks at 1047 cm ™.
The structure of prepared materials was also confirmed in Fig. 2d, in which the typical lattice spacing is 0.31 nm, corresponding to the
ZnS and EDX image in Fig. 2f. The morphology and size of synthesized materials were shown in the TEM image (Fig. 2c), and SEM
image (Fig. 2e). SEM images of the prepared material as nanoparticles and the TEM image showed that the size of nanoparticles around
50 nm. Furthermore, in the TEM image, no individual particle was detected, likely due to the chitosan-coated on the (Mn:ZnS) surface,
which is a polymer that binds particles together.

3.2. Direct detection of tetracycline by absorbance measurements

In this section, the sensitivity of the proposed sensors to tetracycline (TET) in the range of 13.1 pM-72.2 pM is studied. First,
absorbance measurements were performed when the biosensors were exposed to different concentrations of TET (Fig. 3a) and
deionized (DI) water (Fig. 3b). The absorbance spectra of TET in DI are shown in Fig. 3c. When the sensors interacted with TET, the
absorbance varied depending on the wavelength. Four isosbestic points at 260, 295, 330, and 405 nm were observed in Fig. 3a, which
separate the enhancing and quenching effects. The enhancing effect between 330 and 405 nm and the peak at 365 nm was particularly
utilized for further investigation. This effect is attributed to the interaction between TET and the proposed sensors, as confirmed by the
absorbance measurements of the sensors in contact with DI (Fig. 3b). Clearly, no enhancement was observed without TET, and the
absorbance of TET itself was negligible (Fig. 3c). Therefore, we can conclude that the proposed biosensors are capable of detecting TET
within the range of 13.1-72.2 pM using a linear fitting function (R2 = 0.999), as shown in Fig. 3d:
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Fig. 3. Absorbance spectra of (a) proposed biosensors with various tetracycline concentrations, (b) sensors with equivalent amounts of DI water,
and (c) different TET concentrations. (d) Dependency of absorbance at 365 nm wavelength on analytes’ concentrations in experiments (a—c).
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where y denotes the measured absorbance at 365 nm, x is the concentration of TET (pM).

Furthermore, the proposed sensors were tested for stability over four weeks. The results are shown in Fig. 4a. Obviously, the
relationship between the absorbance at 365 nm and TET concentrations remained stable and nearly unchanged over time. To aid
visualization, we define the absorbance change before and after adding 72.2 pM of TET as shown in Eq. (2):

I-1Ip

AI=100% x

(2)
0

where Ij is the absorbance at 365 nm before adding TET, and I is the absorbance at 365 nm after adding 72.2 pM of TET. The result

shown in Fig. 4b again verified the remarkable stability of the proposed biosensors over four weeks, with the potential for a longer

time.

To validate the accuracy of the proposed biosensors, we prepared several test samples with known concentrations. Then, the
absorbances at 365 nm of the sensors were recorded upon adding the test samples to the sensors. These measured absorbances were
then used to calculate the concentrations of the test samples using Eq. (1). The results, shown in Table 1, demonstrate that the esti-
mated concentrations closely matched the actual concentrations of the test samples, with all differences being less than 10 %.
Moreover, the accuracy of the calculated concentrations improved as the sample concentrations increased.

3.3. Selectivity of tetracycline biosensors utilizing (Mn:ZnS)CS nanomaterials

To explore the selectivity property of the proposed sensor, we exposed it to different analytes, including common antibiotics such as
ampicillin (AMP), penicillin (PCN), amoxicillin (AMX), cephalexin (CEX), and a non-antibiotic, glucose. The experiments and analysis
were repeated as described in Section 3.2. The absorbance spectra are shown in Supplement S1. Only TET induced both enhancing and
quenching effects, while the other analytes exhibited only quenching effects. Therefore, this simple sensor can easily differentiate TET
from the other tested analytes. Fig. 5 clearly shows the enhancing effect of the sensors in the presence of TET, reflected by a positive
slope, whereas all other analytes showed negative slopes (Fig. 5a). The same observation was also displayed in Fig. 5b when only TET
produced a positive Al This result will pave the way for further work in utilizing the proposed sensor in different working envi-
ronments, which will be discussed in Section 3.4.

As discussed earlier, this simple sensing platform can easily detect TET with high selectivity and stability without any enzymes. This
outstanding result is due to the sensing materials. To explore this further, we prepared different sensing materials using the same
protocol but omitted chitosan. The structure and morphology of this material are shown in Supplement S2. The sensors based on (Mn:
ZnS) were tested with TET, and the results are displayed in Fig. 6. Fig. 6a shows the quenching effect of the sensors-based (Mn:ZnS)
when exposed to TET, which differs from the behavior of the proposed sensors ((Mn:ZnS)CS-based sensors). This difference is more
evident in Fig. 6b, where the operation line of (Mn:ZnS)CS-based sensors has a positive slope, while (Mn:ZnS)-based sensors exhibit a
negative slope. The absorbance values for the reference sensors (Mn:ZnS-based sensors) were small (around 0.2) and changed slightly.
After adding 72.2 pM and before adding TET, the difference was positive (65 %) for the proposed sensor but negative (—12 %) for the
reference one (Fig. 6¢).

These results demonstrate that chitosan is crucial to the functionality of the proposed sensor. The functional groups on chitosan,
particularly the hydroxyl amino groups, likely play a key factor in its various characteristics. These include its reduction capabilities,
which facilitate the creation of microparticles, and its potential to form bonds with tetracycline through electrostatic forces, hydrogen
bonding, or covalent interactions, as illustrated in Fig. 7. The absorbance changes that encompass both quenching and enhancing
effects when tetracycline hydrochloride interacts with chitosan-coated ZnS doped with Mn across different wavelengths can be
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Fig. 4. Demonstration of the proposed sensors’ high stability. (a) The measured absorbance at 365 nm with different TET concentrations over four
weeks, (b) Histogram of absorbance changes (AI) at 365 nm over four weeks.
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Table 1

Verification of operation function of proposed sensors.

Heliyon 10 (2024) e40340

Actual concentration (pM)

Measured absorbance at 365 nm (a.u.)

Estimated concentration (pM)

Difference (%)

24.05 0.45 25.91 7.72
41.23 0.50 43.06 4.44
54.11 0.54 55.63 2.80
64.13 0.58 65.73 2.49
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Fig. 5. Selectivity of the proposed sensors over different analytes, including AMP, AMX, PCN, CEX, and Glucose: (a) Absorbance at 365 nm with
different analyte’s concentration, (b) AI at 365 nm when different analytes are added to proposed biosensors. Only TET induced positive Al
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Fig. 6. Absorbance measurements of sensors based on (a) (Mn:ZnS) nanomaterials, (b) Dependence of absorbance at 365 nm on tetracycline
concentrations, derived from Figs. 3a and 6a. (¢) Al was at 365 nm when sensors were in contact with TET.

explained through the complex interplay of photophysical interactions at the nanoparticle-biomolecule interface. With its active
hydroxyl and amino groups, the chitosan matrix provides a reactive surface for tetracycline to bind, potentially through electrostatic
attraction, hydrogen bonding, or covalent linkages. This binding modulates the electronic properties of the ZnS:Mn nanoparticles by
altering the local electronic states and the distribution of electronic density at the surface. At specific wavelengths, the bound tetra-
cycline molecules may promote more efficient electronic transitions than those in the unbound state, leading to enhanced absorbance
due to the formation of new sub-bandgap states or the alteration of existing ones [26,31-33].

Conversely, the tetracycline may induce a quenching effect at other wavelengths by introducing non-radiative decay pathways or
perturbing the electronic structure to inhibit specific transitions. The doping of Mn within the ZnS lattice creates defect states that are
sensitive to such surface modifications, resulting in a spectral shift or a change in absorbance intensity. Moreover, surface plasmon
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Fig. 7. Schematic of the proposed absorbance sensors’ sensing mechanism.

resonance (SPR) can also contribute to the observed spectral changes. When the nanoparticles interact with tetracycline, their
dielectric properties may be altered, affecting the SPR conditions and leading to wavelength-dependent variations in absorbance.

3.4. Testing the working performance of proposed biosensors in a different medium

To validate the effectiveness of proposed sensors for TET detection in complex matrices, TET was dissolved in tap water (supplied
by Hanoi Water Limited Company) and diluted organic milk with concentrations from 13.1 to 72.2 pM. The absorbance spectra of
sensors in contact with two samples are shown in Fig. 8a and b. The absorbances at 365 nm respective to TET concentration were
measured and are presented in Fig. 8c. All experimental data can be fitted with linear functions with high precision (R? ~ 1), as shown
in Table 2, with positive slopes indicating enhancing effects. However, the slopes were shallow for clean water and milk, especially for
milk (0.0006). The detection limits were 2.13 pM for DI water, 6.21 pM for milk, and 11.03 pM for tap water. The absorbance changes
at 365 nm for clean water and milk were reduced to 17 % and 14 %, respectively, as shown in Fig. 8d. These promising results suggest
potential optimization steps for future works, including adjusting the sensing material concentrations, modifying the preparation
methods to alter the structures and morphology of the sensing materials, and incorporating aptamers like enzymes and antibodies.

This study demonstrated a simple and powerful sensing platform that requires no enzymes, antibodies, DNA, or other bioreceptors.
The measurement setup is not only simple but also portable. With high sensitivity, stability, and promising selectivity, this proposed
sensor offers several advantages over previously reported TET biosensors. For example, Zhang et al. used a fluorescence TET che-
mosensor utilized the hybrid ZnS:Mn QDs with mesoporous silica and molecularly imprinted polymer in the range of 0.113-2.25 pM
and LOD of 3.375 x 102 uM which is higher than our test ranges and LOD [34]. Using the same approach of absorbance measurement,
Yang et al. used aptamer with silver clusters to detect TET from 20 pg/L to 10 kg/L with an LOD of 11.46 pg/L, which is significantly
higher than our proposed system [35]. Another method using a colorimetric aptasensor, which is based on aptamers and gold
nanoparticles, achieved a LOD of 266 pM. However, its quantitative measurement capabilities were limited, and the sensor was
relatively expensive [36]. In a different method, an electrochemical TET aptasensor based on a graphene oxide nanosheet-modified
glassy carbon electrode was reported. In this work, under optimum conditions, the EIS aptasensor can detect TET from 1.0 x 107/
to 10 pM with a LOD of 2.9 x 10~ uM. DPV aptasensor also can detect TET from 1.0 x 10™* to 100 uM with a LOD of 3.1 x 107° yM
[37]. This LOD was also higher than the proposed sensors in this report. Thus, our work offers significant improvements in sensitivity,
cost-efficiency, and simplicity compared to existing TET detection methods.

This study serves as a proof of concept for a simple and efficient biosensor to detect tetracycline; however, several limitations that
could affect its broader application must be acknowledged. While the biosensor demonstrates high selectivity for tetracycline, it has
not been tested for detecting a wider range of antibiotics, which may limit its utility in comprehensive antibiotic surveillance. In
addition, its performance in complex biological matrices, such as blood or urine, remains unexamined, which could restrict its
applicability in clinical settings. To expand the sensor’s utility and enhance its practical effectiveness, these limitations need to be
addressed. In future work, we plan to evaluate the biosensor’s performance in the presence of interferences from biological small
molecules typically found in real environments and complex matrices. We also aim to test the sensor under different conditions, such as
varying temperatures and pH levels, to further assess its robustness and reliability.

4. Conclusions

In conclusion, enzyme-free tetracycline biosensors were successfully developed using low-cost (Mn:ZnS)CS nanomaterials and
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Table 2

Performance of the proposed sensors in different environments.
Working environment Operating function R? LOD (pM)
DI water y =0.0032x + 0.3661 0.999 2.13
Tap water y = 0.001x + 0.3659 0.978 11.03
Milk y = 0.0006x + 0.3433 0.993 6.21

simple absorbance measurements. The proposed biosensors demonstrated high accuracy, stability, and sensitivity in detecting
tetracycline within the range of 13.1 pM-72.2 pM. These biosensors also achieved the best detection limit of 2.13 pM, which is
impressive for a simple, non-enzyme absorbance biosensor. Overall, the promising results of this study will pave the way for further
research into the use of (Mn:ZnS)CS for real-time antibiotic detection. This achievement could significantly facilitate antibiotic
monitoring.
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