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ABSTRACT 

Antibiotic pollution of freshwaters and even food products has become an important 

concern worldwide. Hence, it is of utmost importance to develop cost-effective and 

reliable devices that can provide information on the presence of such contaminants to the 

general population. In the present work, zinc oxide (ZnO) nanotetrapods (NTP) produced 

via a high yield laser processing approach were used as transducers in a luminescent-

based immunosensor to detect tetracycline (TC). These tetrapodal structures present 

needle-shaped branches with a high aspect ratio, exhibiting lengths from hundreds of 

nanometers to a few micrometers and an average thickness of tens of nanometers, 

providing a high surface area for bioreceptor immobilization and analyte reaction, which 

is quite desirable in a transducer material. Besides, these ZnO NTP display intense 

photoluminescence (PL) at room temperature, making such signal rather promising for 

transduction. Indeed, the intensity of the ZnO PL signal was seen to correlate with the TC 
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concentration. The PL quenching with increasing analyte concentration is explained 

considering the rise in the bending of the electronic bands of the semiconductor near its 

surface due to increased charge density at this region, induced by the interaction between 

the bioreceptor (anti-TC antibodies) and the TC molecules. As a larger depletion width 

(and potential barrier) is promoted near the surface, the excitonic recombination 

probability is reduced and, consequently, the PL intensity in the ultraviolet spectral 

region, allowing to use this relationship as sensing mechanism. This information enabled 

to define a calibration curve for TC quantification in the 0.001 to 1 µg L−1 range, which 

is the range of interest of this antibiotic in freshwaters. A limit of detection (LOD) of ~1.2 

ng L−1 is reported, corresponding to one of the lowest LOD found in the literature for this 

antibiotic, indicating that the present ZnO NTP-based biosensors rival current state-of-

the-art biosensors. 

KEYWORDS: ZnO nanotetrapods; tetracycline; immunosensor; photoluminescence; 

band bending  
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1. INTRODUCTION  

Over the years, the widespread prescription of antibiotics in the medical and veterinary 

fields have contributed to the accumulation of these antibacterial drugs in the 

environment, constituting an important source of pollution 1,2. Besides its toxic impact on 

living organisms, antibiotic pollution also indirectly impacts public health, by lowering 

or even inhibiting the effectiveness of antibacterial drugs 3. In particular, tetracycline 

(TC),  a broad-spectrum antibiotic usually applied to treat dermatologic pathologies or 

other bacterial infections 4, can be found in rivers and streams all over the world in 

concentrations between 0.008 and 1 µg L−1 2. Due to the alarming reality brought by 

antibiotic pollution, several methodologies and devices have been explored over the years 

in an attempt to achieve simple and fast detection with high selectivity, sensitivity, and 

reliability, capable of detecting TC in concentrations found in the environment. 

Nowadays, the most used methods for antibiotic detection are based on analytic processes 

5–10. Although these methods are well established, they require complex sample pre-

treatment processes and involve large and expensive instrumentation, as well as trained 

operators, which makes them confirmatory methods rather than in-situ and real-time tests. 

Therefore, the development of biosensors is needed for providing simpler, user-friendly 

and low-cost solutions for accurate detection outcomes. Indeed, these devices have started 

to be explored for the detection of TC in the last decade. Among them, the most studied 

are the electrochemical 11–13 and optical ones 14–20, presenting limit of detection (LOD) 

values as low as ~1 ng L−1 13,17,21.  

The material chosen to act as transducer in biosensors also plays a fundamental role in 

their performance. In this context, nanomaterials have received great attention, as they 

evidence unique properties, such as higher surface area and reactivity, promoting a higher 

sensitivity to biological targets and enabling a fast detection 22,23. Among the many that 
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have been the subject of research, zinc oxide (ZnO), a wide bandgap semiconductor with 

an energy gap of ~3.3 eV at room temperature (RT) 24, is a promising candidate to be 

incorporated in optical biosensors due to its luminescence characteristics. It is possible to 

take advantage of the ZnO radiative recombination for direct optical detection, using the 

luminescence signal from the transducer without the need for additional fluorophores 25. 

Indeed, as the photoluminescence (PL) of ZnO is very sensitive to small modifications at 

its surface, it is expected to provide high sensitivity to the sensors using this signal for 

transduction 25,26. Besides, its low-cost, high yield and simple growth technologies make 

it a cost-effective and competitive material, which is also an important and appealing 

factor for its choice as transducer material. Some authors have already reported biosensors 

based on the luminescence of ZnO nanostructures, where the change of the intensity of 

different optical centers, in particular the near band edge (NBE) emission, has been 

correlated with the analyte concentration. Several analytes have been successfully 

detected by monitoring the changes in the PL intensity of ZnO-based nanostructures, 

namely glucose 22,27,28, cholesterol 29, Salmonella 30, Grapevine virus A-type 31, antibodies 

(AB) against bovine leukemia virus 32, human leukemic cells 33,34, Ochratoxin A 35 and 

Aflatoxin B1 36. For instance, in the works of Tamashevski et al. 33,34, the detection of 

human leukemic cells from different cell lines (IM9 33 and MOLT-4 34) was assessed, 

revealing an increase in the NBE radiative recombination intensity when increasing 

concentrations of the cells were immobilized onto the surface of the AB-functionalized 

ZnO nanorods, up to a certain threshold, after which the signal experienced a 

saturation/stabilization. Likewise, Myndrul et al. 36 also observed an increase in the PL 

signal with increasing analyte concentration in their Aflatoxin B1 biosensors, followed 

by the saturation of the signal, likely related to the unavailability of AB to further react 

with the antigens above a certain concentration 36. It is worth noting that in that case, 
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instead of the NBE, the authors monitored the visible band peaked at 565 nm. Our group 

also reported a PL-based immunosensor for the detection of the human chorionic 

gonadotropin (hCG) hormone using ZnO tetrapodal nanostructures functionalized with 

anti-hCG AB 37. Contrary to the two previously mentioned works, when the hCG was 

incubated on the sensor’s surface, the intensity of the NBE signal decreased as higher 

concentrations of hCG were added, in line with others works 30,35. This behavior was 

attributed to the specific interaction between anti-hCG AB and the hCG hormone by the 

formation of an immune complex, which has an impact on the ZnO’s surface charge and 

subsequently on the PL intensity 37. Hence, ZnO has demonstrated interesting potential 

to be used as a transducer, motivating further exploitation in the detection of other 

analytes relevant for health and the environment, as is the case of TC. Moreover, using 

such an optical approach to probe this antibiotic enables interrogating the sensors using 

light, collecting a signal that is also composed of photons, which can provide remote 

sensing. This is indeed useful when operating in specific environments, as, the ones where 

the need for electrical contacts can pose additional concerns/drawbacks (e.g. in water). 

As well, the simplicity of the probing method, as this is a label-free detection, and the 

signal collection are other advantages of the present approach 36. 

In the present work, ZnO nanotetrapods (NTP) produced by laser-assisted flow deposition 

(LAFD) were used to form the transducer layer of the luminescent-based biosensors, in 

which anti-TC AB were immobilized via covalent binding to act as the bioreceptors for 

TC detection. Such tetrapod  morphology, with branches with an high aspect ratio provide 

a higher number of surface adsorption sites, which is expected to enhance the sensitivity 

of the sensors 36. The surface functionalization process was monitored by Fourier 

transform infrared (FTIR), photoluminescence (PL), and PL excitation (PLE) 

spectroscopies and the detection was carried out by the analysis of the ZnO PL intensity 
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signal for each TC concentration. The results revealed a linear decrease in the intensity 

of the near band edge (NBE) transitions with the increase in the TC concentration in a 

logarithmic scale and in the range between 0.001 and 1 µg L−1, which is well within the 

range of interest for detection of TC in rivers and streams.  

 

2. EXPERIMENTAL DETAILS 

2.1 MATERIALS’ PREPARATION AND FUNCTIONALIZATION 

ZnO NTP were prepared via a thermal evaporation based method designated by LAFD 

(step 1 in Figure 1), as described elsewhere 38. Briefly, a highly focused CO2 laser (λ=10.6 

µm) is used as a heating source to promote the thermal decomposition of a ZnO precursor, 

which is composed of a commercial ZnO powder (from AnalaR, 99.7%) mixed with 

polyvinyl alcohol (PVA, 0.1 g mL−1, Merck) and extruded into cylindrical rods. These 

rods are then attached to a spindle present inside the growth chamber, which enables the 

movement of the precursor towards the laser incidence, as well as its rotation during the 

synthesis, promoting a more homogeneous deposition on the substrate/holder. In the 

present work, a power of 60 W was applied, leading to the formation of a tetrapodal (TP) 

morphology (see Figure 2). More details regarding the morphological and structural 

properties of these ZnO NTP can be found in previous works 37,38. Nevertheless, we would 

like to stress out that under such growth conditions, the NTP typically exhibit needle-

shaped branches with lengths in the range of hundreds of nanometers and thickness 

decreasing from the central region to the tip of the branch, with only a few tens of 

nanometers in the wider (central) region (Figure 2a).  

 

 



ACCEPTED MANUSCRIPT - This is the author’s peer reviewed, accepted manuscript. Original DOI: 

https://doi.org/10.1021/acsanm.1c03838 
 

7 
 

 

Figure 1.  Schematic illustration of the steps involved in the preparation of the ZnO 

transducers: 1) LAFD production of ZnO, 2) paste preparation, and 3) ZnO transducer 

preparation.  

 

  

Figure 2. Representative SEM images of the (a) as-produced ZnO NTP and (b) transducer 

surface after deposition and thermal annealing. Insets: (a) transmission electron 

microscopy image showing two ZnO NTP; (b) higher magnification SEM image of the 

transducer surface, highlighting that the tetrapod morphology is kept after deposition and 

thermal annealing. 

 

(a) (b) 
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The ZnO NTP obtained by LAFD were thereafter collected and 100 mg of this powder 

was mixed with 0.4 mL of ethanol (absolute, analytical reagent grade, Fisher Chemical), 

50 mg of ethylcellulose (Sigma-Aldrich), and 405 mg of terpineol (C10H18O, Sigma-

Aldrich), resulting in a paste (step 2 in Figure 1) that facilitates the deposition of the ZnO 

NTP onto fluorine-doped tin oxide (FTO)-coated glass substrates. The deposition of the 

ZnO paste is done over a circular shaped mask with a 5 mm diameter (step 3 in Figure 1), 

guaranteeing that all samples had approximately the same volume and area of deposited 

ZnO. These platforms were pre-dried at RT, under atmospheric conditions and then 

subjected to a thermal annealing process. For that purpose, the samples were placed inside 

an oven for 10 minutes at 100 ºC, followed by an additional 30 min at 400 ºC, with a 

heating rate of 5 ºC min−1. The obtained structures were subsequently used as the 

transducer layer of the developed biosensor. Hence, after the deposition and the thermal 

treatment, the transducer is comprised of a highly porous 3D network of ZnO NTP (Figure 

2b), exhibiting a high surface area accessible for the biorecognition element to be 

immobilized and with an easy permeability for the analytes to react, as reported/discussed 

elsewhere 37,39,40. It is important to stress out that neither morphological nor structural 

changes are observed after the transducer formation (deposition and thermal annealing), 

apart from the presence of some loose branches that detached from the tetrapod structure 

during the magnetic stirring step of the paste preparation process 40. As an additional note, 

it is worth mentioning that the FTO-coated glass acts simply as substrate/mechanical 

support of the ZnO nanostructures, as no electrical bias is necessary for the here presented 

optical measurements. 

The surface functionalization of the transducers (see a schematic representation of the 

process in Figure 3), which aims to immobilize the biorecognition element, tetracycline 

polyclonal antibody (anti-TC antibodies, PA1-75450, from Invitrogen), was 



ACCEPTED MANUSCRIPT - This is the author’s peer reviewed, accepted manuscript. Original DOI: 

https://doi.org/10.1021/acsanm.1c03838 
 

9 
 

accomplished via covalent immobilization. In this process, 10 µL of (3-

aminopropyl)triethoxysilane (APTES, ≥ 98%, from Sigma-Aldrich) were added in a 

mixture of ethanol and deionized (DI) water (70:30 %v/v), producing a 1%v/v  APTES 

solution. A 50 µL drop of this solution was deposited on the surface of the ZnO 

transducers and left for 1 h in a humid atmosphere. After this time, the samples were 

rinsed with DI water and placed in an oven for 20 minutes at 120 ºC, thereby creating 

ZnO-APTES samples. In the next step, 12.5 μL of N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC, 0.1 M, from Sigma-Aldrich) was mixed with 

12.5 μL of N-Hydroxysuccinimide (NHS, 0.25 M, from Sigma-Aldrich) and 25 μL of 

anti-TC AB diluted to a concentration of 0.5 mg mL−1 in physiological solution (PS, 

0.137 M sodium chloride (NaCl, Sigma-Aldrich) and 0.027 M potassium chloride (KCl, 

Sigma-Aldrich) at pH=5.8). A 50 µL drop of this fresh solution was deposited on the 

ZnO-APTES surface and incubated for 2 h in a humid atmosphere at ~ 10 ºC. Then, the 

samples were rinsed with PS, originating the ZnO-APTES-AB samples. The last step in 

the preparation of the sensor was the deposition of 50 µL of bovine serum albumin (BSA, 

10 μg ml−1, Alfa Aesar, prepared in PS) on the surface of the previous samples, which 

was then incubated for another 2 h in order to passivate the surface, thus minimizing 

nonspecific interactions between the analyte and the ZnO surface. These samples were 

again rinsed with PS, resulting in the sensor samples ZnO-APTES-AB-BSA.  

Samples functionalized only with BSA (ZnO-APTES-BSA, without any antibody) were 

also prepared in order to act as control samples in the detection measurements. 
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Figure 3. Schematic representation of the procedure followed for covalent 

immobilization of the bioreceptor onto the transducer platforms. 

 

2.2 MATERIALS’ CHARACTERIZATION  

Infrared absorption measurements were performed on a Bruker Vertex 80v FTIR 

spectrometer equipped with a Hypherion microscope unit to evaluate the presence of 

surface functional groups. Data were collected at RT and ambient conditions in the 

backscattering reflectance mode using a liquid N2-cooled MCT detector (D316, Bruker) 

and a ×15 objective lens. All spectra were compensated for atmospheric gases (H2O and 

CO2) and the baseline was corrected using the concave rubberband method. A piece of 

Al-coated glass was used to collect the background spectrum. FTIR data were acquired 

for each step of the functionalization process. 

Additional optical properties of the produced materials were evaluated at RT by steady-

state PL and PLE. The measurements were conducted in a Fluorolog-3 Horiba Scientific 
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set-up with a double additive grating Gemini 180 monochromator (1200 grooves mm−1 

and 2×180 mm of optical path) in the excitation and a triple grating iHR550 spectrometer 

in the emission (1200 grooves mm−1 and 550 mm), under the incidence of a 450 W Xenon 

lamp, where the excitation wavelength was set to 325 nm in all the PL studies. The PLE 

was measured by setting the detection monochromator at the maxima of the emission that 

one wanted to probe and the emission intensity was registered as the excitation was 

scanned to higher energies. The functionalization procedure was also monitored in each 

step by both PL and PLE. All PL and PLE spectra were corrected to the optical response 

of the measurement system. 

 

2.3 SENSING EVALUATION VIA PL 

To evaluate the sensing response of the prepared sensors, several solutions with different 

TC concentrations were prepared through successive dilutions in PS from an initial TC 

solution with 270 mg L−1 (TC powder, 98.0-102.0% HPLC, from Sigma-Aldrich). 

Therefore, concentrations from 0.001 to 500 µg L−1 were prepared and tested, as detailed 

in Table 1.  

The sensing experiments were conducted by placing 50 µL of a TC solution onto the 

surface of the sensors and left to incubate for 30 min. After this incubation period, the 

samples were rinsed with PS to remove the excess of TC that have not specifically bound 

to the anti-TC AB and were dried in air for 5 min. The PL signal of such samples was 

measured afterwards. This process was repeated for each TC solution, starting with a 

sample incubated only in PS, which corresponded to the blank/reference (0 µg L−1) and 

followed by the TC solutions, from the lowest to the highest concentration. 32,33,35,37. As 

so, in this work, the response of the sensor is defined as  
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𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝐼𝑈𝑉

0 − 𝐼𝑈𝑉
𝑇𝐶

𝐼𝑈𝑉
0 , 

Eq. 1 

where 𝐼𝑈𝑉
0 corresponds to the integrated intensity of the NBE emission prior to analyte 

immobilization (0 µg L−1) and 𝐼𝑈𝑉
𝑇𝐶 is the integrated intensity of the same emission in 

the same sample in the presence of a certain analyte concentration. 

To infer about the sensor’s effective sensing ability and to assure that non-specific 

interactions between the transducer and the analyte were not taking place, control samples 

prepared without the specific bioreceptor were also submitted to the same procedure and 

the results compared to the ones of the sensors. Additionally, one ZnO-APTES-AB-BSA 

sample was repeatedly incubated (5 times) with a PS solution to evaluate its stability 

during successive incubation steps. Two additional samples were incubated with 

ciprofloxaxin (CF powder, ≥ 98% HPLC, from Sigma-Aldrich), under the same 

concentrations tested for TC, to determine the sensing behavior using another antibiotic 

that is also frequently present in stream waters, and for which the sensors were not 

specific (interferent). Finally, two sensors were also tested with TC concentrations from 

0.001 to 5 µg L−1 mixed with a fixed concentration of CF (0.5 µg L−1) to infer the response 

of the sensors in the presence of an interferent.  
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Table 1. Summary of the produced samples, respective functionalization and the analyte 

concentration used in sensing experiments. 

Type of 

sample 

Samples 

labelling 
Functionalization 

TC 

analyte 

CF 

interferent  

Concentrations 

tested (µg L−1) 
Observations 

Sensors 

TC#1 to #4 

APTES-AB-BSA 

yes 

no 

0.01, 0.1, 1, 10, 50, 

100 and 500  
- 

TC#5 to #11 
0.001, 0.01, 0.05, 

0.1, 0.5, 1 and 5 
- 

TC_CF#12,13 yes 
0.001, 0.01, 0.05, 

0.1, 0.5, 1 and 5 

Fixed CF concentration 

of 0.5 µg L−1  

Controls 

C#1,2 APTES-BSA 

no 

0.01, 0.1, 1, 10, 50, 

100 and 500 
- 

C#3 

APTES-AB-BSA no 

- 
Incubated 5 consecutive 

times only with PS 

C#4,5 yes 
0.001, 0.01, 0.05, 

0.1, 0.5, 1 and 5 
Only CF 

 

3. RESULTS AND DISCUSSION 

3.1 SURFACE FUNCTIONALIZATION MONITORING 

FTIR spectroscopy was used to monitor each functionalization step employed to prepare 

the biorecognition layer onto the ZnO transducer, which conferred specificity for TC 

sensing. The results are displayed in Figure 4. As can be seen, the ZnO sample presents 

an intense absorption band at ~570 cm−1 due to Zn-O vibrations, which matches the 

position expected for the A1(LO) vibrational mode of ZnO wurtzite 41. Additionally, a 

broad band at approximately 3500 cm−1 and another at 1614 cm−1 are ascribed to OH 

stretching and OH bending vibrations 42, respectively. Other peaks at approximately 2970 

and 900 cm−1 can also be identified in the ZnO bare sample and were attributed to 

vibrations related to the organic compounds present in the initial paste that were not 

completely degraded during the thermal treatment. After the surface modification of ZnO 

with APTES, the peaks assigned to OH groups vanished due to their condensation 
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reaction with APTES, forming new bonds, namely Si-O-Zn and Si-O stretching 

vibrations at 879 and 1014 cm−1 42,43, respectively. Also, Si-O-Si stretching vibrations are 

identified at 1086 cm−1, evidencing the existence of a silicate network layer on the ZnO 

surface 42. In addition, the detection of the N-H bending vibrations at 1585 cm−1 confirms 

the presence of the primary amine from APTES 43. After antibody covalent linkage, the 

peak assigned to the amine disappeared, as it is used to form the amide bond with the 

carboxylic group from the antibody. Furthermore, the typical amide A, amide I and amide 

II peaks at 3310, 1650 and 1540 cm−1, respectively, arose from the presence of the 

antibody and are mainly due to the N-H stretching, C=O stretching and N-H plane 

bending together with C=N stretching vibrations, respectively, owing to the amide bonds 

of the protein backbone 44. After the BSA passivation step, which is also a protein and 

that is physically adsorbed to the surface, the typical peaks of proteins were kept, as also 

observed in the antibody spectrum. Besides, the broader region between 3600 to 

3200 cm−1 and the region between 1460 and 1330 cm−1 evidence the presence of hydrated 

BSA, corresponding to N-H stretching of free N-H groups, and COO− stretching 

vibrations from hydrogen-bonded and free side groups 45. We also note that the spectral 

changes observed in the Si-O vibration mode region after AB and BSA functionalization 

are due to some superimposition of vibrational modes from side chains of amino acids 

from these proteins 36,44. 
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Figure 4. FTIR spectra of (i) ZnO, (ii) ZnO-APTES, (iii) antibody (AB) linked covalently 

to ZnO-APTES, and (iv) ZnO-APTES-AB with BSA as a passivation layer. The spectra 

were vertically shifted for clarity. Inset shows with higher detail the spectral region from 

1800 to 800 cm−1. 

 

The functionalization process was further investigated by RT PL and PLE to infer the 

effect of each surface modification step in the luminescence features of the ZnO 

transducers. The results are depicted in Figure 5. As seen in Figure 5a, the PL spectra of 

the bare ZnO (pink line) is dominated by the NBE recombination in the UV spectral 

region peaked at 378 nm (~3.28 eV). This emission results from overlapping excitonic 

transitions, in particular the free exciton (FX) recombination, and has contributions from 

surface-related defect states that also appear in this spectral region 24,38,46. 

Notwithstanding, the observed peak position is in line with the expected FX transition at 

RT 47–49, suggesting that this is the dominant recombination channel involved in the 

mentioned emission. This is further corroborated by the low-temperature PL data 

previously performed in similar ZnO samples 37,40. In addition, the spectrum exhibits a 
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broad band in the visible spectral range, peaked in the green region (~510 nm/2.43 eV), 

which is a typical feature in the ZnO spectrum, either in the bulk or in nanocrystals 

24,26,50,51. This band has been associated with different types of defects, including intrinsic 

ones in the ZnO matrix, namely oxygen/zinc vacancies (VO/VZn), Zn antisites (ZnO), 

interstitial Zn atoms, transitions from Zn interstitials to Zn vacancies, or extrinsic 

impurities, as is the case of Cu ions 24,26,50,52,53. In the case of structures with a high surface 

to volume ratio, such as the NTP investigated here, numerous works point towards the 

relationship between the unstructured green luminescence (GL) and defects present at the 

surface, as the surface properties tend to dominate over the bulk at the nanoscale. This is 

predominantly observed in structures produced by vapor-based methods 26,50,51,54, as is 

the case of the LAFD. Previous works from our group in ZnO NTP produced under 

similar conditions also suggest that the presence of surface defects in the crystals plays 

an important role in the observed GL 55. Nevertheless, it should be stressed out that the 

GL often results from the overlapping of several radiative recombination channels 

emitting at the same spectral region, so despite in such ZnO nanostructures the 

contribution from the surface defects seems to have a dominant role 26,50,55, the presence 

of other emitting centers must be taken into account. Therefore, despite exhibiting similar 

peak positions and widths, the origin of the observed GL may be quite different from 

sample to sample, making it rather difficult to assess the nature of the specific defects 

involved. Regarding the PLE (Figure 5b), which was monitored at the maximum of the 

GL, an excitation peak is present at ~376 nm (~3.298 eV). This is related to absorption 

into near-bandgap electronic states, presenting a contribution from the thermally 

broadened FX resonance 56, and indicating that the optically active center(s) that 

contribute to the GL band is(are) preferentially populated by photons with energies equal 

or higher than the ZnO bandgap. Additionally, a tail of states extending towards longer 
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wavelengths, up to ~400 nm (~3.1 eV), is also visible. This tail of states is likely to arise 

from the asymmetries/inhomogeneities in the carrier's distribution between the states 

since ZnO possesses a high surface reactivity and a high density of defects and surface 

states 57, which can easily adsorb chemical species existent in its surroundings (e.g. O2 or 

H2O 58–62), contributing to fluctuations in the charge density at the surface 63. Indeed, the 

surrounding environment where the samples are stored and handed is an important source 

of acceptors/donors species at its surface, which are known to frequently contribute with 

additional charges to the surface 26,62,64,65, and have been linked to the appearance of broad 

visible bands in metal oxides as ZnO 50,62 or TiO2 
66. Moreover, the involvement of sub-

bandgap states that can be induced by the mentioned surface-related defects should also 

play an important role in the population mechanisms of GL emission. 
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Figure 5. (a) RT PL spectra of the same ZnO transducer in each step of the 

functionalization process. The PL spectra were acquired under 325 nm excitation from a 

450 W Xe lamp. The small depression in the region marked with an asterisk is an artefact 

produced by the measuring system. (b) RT normalized PLE spectra of the ZnO transducer 

in each step of the functionalization process, as well as for two different concentrations 

of TC. The spectra were obtained by monitoring at the maximum of the broad emission 

band (510 nm) and were normalized to the intensity of the peak at ca. 375-377 nm. The 

black arrow in the spectra highlights the increase in the tail of states with the surface 

modification. 
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After surface functionalization of the ZnO transducer with APTES (dark blue line in 

Figure 5a), a strong increase in the PL intensity was observed in the UV region (nearly 

4× higher than the initial case), while the intensity of the GL slightly decreased. It is 

important to stress out that the optical alignment was kept during all the PL measurements 

depicted in Figure 5a, thus contributions from changes in the experimental configuration 

can be neglected in the observed signal increase. Such phenomenon is likely due to the 

(partial) passivation of surface defects present in the ZnO transducer, as previously 

discussed 37,40,46. These defects, which can have different natures, can either contribute to 

the GL emission and/or act as non-radiative recombination channels, thus reducing the 

intensity of the overall PL emission. The presence of defects at the surface of the 

semiconductor is known to be responsible for charge accumulation at that region and the 

formation of a depletion region near the surface, causing the bending of the 

semiconductor electronic bands 26,67, as schematized in Figure 6a, which will be then ruled 

by the charge distribution at the surface. Hence, the built-in potential barrier at the surface 

induces a spatial separation of the carriers, which in turn reduces or even hinders the 

radiative recombination between photogenerated carriers in the bulk region, thereby 

strongly affecting the PL outcome. Therefore, the surface recombination processes are 

favored over the bulk transitions 26,66. This is the case of the present bare ZnO sample, 

where the PL intensity of the GL (surface) is comparable to the NBE one (bulk). 

Therefore, when the ZnO nanostructures are capped with APTES (Figure 6b), it is 

proposed that the passivation of (part of) the surface defects takes place, which is expected 

to lead to a decrease in the surface charge, and, consequently, to the decrease of the energy 

band bending. In this way, a decrease of the depletion layer occurs, which, in turn, 

decreases the potential barrier that the carriers have to overcome from the bulk region to 
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radiatively recombine. Hence, part of the non-radiative defects are passivated and the 

contribution from the radiative defects at the surface is reduced (see the reduction of the 

GL intensity). This results in nearly all the crystal behaving as bulk, leading to an increase 

of the free carriers concentration, and thus to an enhancement of the excitonic PL intensity 

in the UV region. These observations are in line with the findings reported by Bera et al. 

62, in which ZnO nanowires were capped with PVA. By capping the semiconductor 

nanostructures, the authors claim that the adsorption of species as O2 on the surface 

becomes negligible and this resulted in a strong increase of both the photocurrent, as well 

as the intensity of the UV emission (at 379 nm), as the depletion layer at the surface is 

reduced. Similarly to the present case, the authors also observed an intensity decrease of 

the broad visible band, which in their case was seen to be present in the range 500-700 

nm and was attributed to surface-adsorbed O2 molecules 62. Likewise, a similar 

phenomenon is likely occurring in the present ZnO nanotetrapods. By capping them with 

APTES, the presence of the adsorbed species at the surface that act as carrier traps and 

luminescence killers are reduced, leading to an increase in the PL intensity in the UV 

spectral region. The fact that the GL intensity only decreases slightly (~0.07× lower) in 

comparison to the strong increase (~4× higher) in the UV emission suggests a higher 

reduction of the non-radiative recombination centers in comparison to the surface states 

contributing to the GL. Concerning the PLE spectrum, barely any changes are perceived, 

indicating similar contributions from the density of states are involved in the 

recombinations recorded for the bare ZnO transducer. As the surface passivation does not 

have an impact on the energy separation of the valence and conduction bands, only on 

their bending, no significant changes are expected in the PLE spectrum, as observed 

experimentally.  
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Figure 6. Schematic representation of the proposed band bending near the surface of ZnO 

during surface functionalization: (a) bare ZnO transducer, (b) after surface silanization 

with APTES, (c) after the immobilization of the AB and BSA proteins, and (d) upon 

incubation of the TC analyte. The dashed line in the green transition in figures (b) to (d) 

illustrates the decrease in its intensity compared with the situation (a). CB and VB stand 

for conduction and valence bands, respectively. 

 

Upon AB and BSA immobilization, the PL spectra (light blue and green lines in Figure 

5a, respectively) suffer a successive reduction in the intensity of the UV emission, while 

the GL remains barely unchanged. In the case of the PLE data (light blue and green lines 

in Figure 5b), a noticeable reduction in the intensity of the excitation spectra between 368 

and 397 nm is observed, becoming more pronounced as the functionalization proceeds, 

and particularly after the incubation of the TC analyte on the sensor’s surface (yellow and 

red lines in Figure 5b). Furthermore, a slight shift of the excitation band to longer 

wavelengths (lower energies) is also evident. For the bare ZnO transducer, this band is 

peaked at 376 nm (~3.298 eV), while after functionalization and TC incubation it appears 

at 377 nm (3.280 eV). Besides, an increase in the tail of states near the band edge onset 

absorption (at ~398 nm) is progressively observed after the addition of the AB, followed 

by BSA (see black arrow in Figure 5b). This evolution suggests an increase in the tail of 

states arising from higher charge fluctuations at the surface of the crystals due to the 

addition of the proteins (AB and BSA). Proteins are composed of amino acids that contain 
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side groups that can be neutral, positively or negatively charged and that together confer 

an overall charge to the protein 68,69. The effective charge of the protein can be understood 

as the charge that is felt by other species in its proximity and dictates the force that is 

generated as a response to an electric field nearby, allowing it to participate in electrostatic 

interactions with other molecules and surfaces with opposite charge 25,68–70. In an analogy 

with the heavily doped semiconductors 71, such additional and randomly distributed 

surface charge can be seen as electrostatic fluctuating potentials located at the surface of 

the semiconductor and compared to many-body interaction caused by a high density of 

impurities/defects in the lattice, which disrupts the periodic potential of the crystal, 

resulting in a broadening of the impurity levels and a considerable density of states tail 

extending into the bandgap of the semiconductor 72. As well, an overlap with sub-bandgap 

electronic states related to surface defects already present in the samples cannot be 

disregarded for the population mechanisms involved in the recombination channels 

related to the GL (which is the one being monitored). Nevertheless, it is interesting to 

note that the PL intensity of the GL (Figure 5a) did not increase (slightly decrease instead) 

with AB and BSA addition, suggesting that if new surface states/defects are being created 

upon these functionalization steps, they do not contribute to this band and rather act as 

non-radiative recombination centers. Therefore, it is suggested that the charge density 

provided by the proteins when immobilized at the surface of the transducer, which are 

randomly distributed through the ZnO surface, will be responsible for the variation in the 

semiconductor’s band bending. Upon the addition of the AB to the ZnO-APTES surface, 

the zero-length crosslinkers EDC promotes the formation of an amide bond between –

COOH from AB and the –NH3
+ from APTES 73, which will alter the charge distribution 

at the surface of the semiconductor. As this additional charge is placed on the ZnO 

surface, the bending of the electronic bands increases again, therefore promoting the 
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decrease in the excitonic-related emission seen in Figure 5. This situation is illustrated in 

Figure 6c, showing a new increase in the band bending when compared to the ZnO-

APTES case. As so, the excitonic (bulk) contribution is reduced, explaining the decrease 

observed in the PL intensity in the NBE region. The difference in the GL is not so 

pronounced since most of its contributions are likely from surface related states that 

remained optically active after APTES surface modification. Due to the increase in the 

spatial separation of the carriers in such case, the radiative recombination between the 

energy bands of the semiconductor is partially hindered, while the contribution from the 

surface-related recombination processes remains 26, explaining the lesser effect observed 

in the GL intensity after the addition of the proteins.  This phenomenon occurs upon AB 

immobilization and is further enhanced by adding the BSA to passivate the ZnO-APTES-

AB surface. BSA has an effective charge of nearly -8.4 C at pH range from ~5.4 to 7 68,74, 

which will also interact with the surface of the transducer by electrostatic, van der Waals 

forces and/or hydrogen bonds 73. Thus, one can attribute the aforementioned PL intensity 

behavior to the interaction between ZnO-APTES surface and the immobilized proteins.  

Finally, the strong decrease in the PLE intensity signal observed at wavelengths between 

ca. 350 and 367 nm when the TC analyte was added can also be explained by a new 

rearrangement of the global surface charge upon the specific interaction between the 

analyte and the biorecognition element. The formation of the immune complex can 

modify the balance of the charges of the AB that were contributing to the surface charge 

in ZnO and that now become involved in interactions with the antigen. Therefore, the 

interaction between the antibody and the transducer may be altered, inducing again 

changes in the charge at the transducer surface, which can lead to new alterations in its 

density of states, increasing even further the band bending (Figure 6d). The changes in 

the PLE spectra are also accompanied by an additional reduction of the PL intensity, 
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mainly in the UV spectral region, as seen in Figure 7a. In fact, this decrease is correlated 

with the increase in the TC concentration. As this concentration increased, a decrease in 

the overall intensity was verified. Even though a slight decrease was also observed for 

the GL, the effect was more pronounced in the NBE region (Figure 7a), in line with what 

was observed in previous works reporting the detection of other analytes 32,33,35,37. As 

schematized in Figure 6d, a higher potential barrier is faced by the carriers when the 

analyte is introduced, increasing again the width of the depletion region, which leads to a 

higher region of the material where the radiative recombination is hindered. As so, the 

recombination can only occur in the inner regions of the crystals (bulk) and the PL 

intensity is quenched. In this case, this is mostly reflected in the FX recombination that 

dominates the PL spectra at RT. Consequently, this was the emission where we focused 

our attention on monitoring the PL intensity signal evolution depending on the TC 

concentration. Hence, it is proposed that the main phenomenon occurring upon analyte 

incubation is the bending of the electronic bands of the semiconductor, whose effect in 

the PL intensity can then be correlated with the analyte concentration, and thus used for 

sensing. This sensing mechanism is in line with the one suggested by Myndrul et al 36. 

Even though in that case the authors observed an increase in the PL intensity of the broad 

visible band with increasing analyte concentration, the authors also suggested that such 

behavior was related to changes in the surface band bending caused by the adsorption of 

proteins, which could promote either the expansion (in the present case) or the 

constriction (in their case) of the depletion region, depending on the charge of the proteins 

bound to the surface. In their case, the antigen proteins were positively charged. Thus, as 

the ZnO is an n-type semiconductor, the presence of positively-charged species promoted 

a downward band bending and therefore a reduction of the surface potential. As the 

depletion region is reduced, more charged carriers are able to recombine at the bulk defect 
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states and thus the PL intensity increases 36. However, in the present case, the TC 

molecules can have different protonation states depending on the pH where they are 

present, being considered a cation (TCH3
+) for pH lower than 3.3, zwitterion (TCH2

0) for 

pH values between 3.3 and 7.7 and an anion (TCH− or TC2−) for higher pH 75,76. Therefore, 

at the pH used in the present experiments (pH=5.8), the TC molecules are expected to 

carry a neutral net charge, not participating in electrostatic interaction with the transducer. 

So, the present charge fluctuations will be mostly due to the AB, which has a lower 

isoelectric point than ZnO (~5.4 vs. 9.5) 77,78 and thus a negative net charge, inducing an 

upward band bending, as represented in Figure 6. As the TC is added, immune complexes 

are formed and a rearrangement of the charges happens at the surface of the 

semiconductor since some of the AB charges that were interacting with ZnO will now 

participate in interaction with the analyte, likely to live more negative charges at the 

semiconductor’s surface promoting a further upward band bending and the decrease in 

the NBE intensity. 

 

3.2 DETECTION OF TETRACYCLINE VIA PHOTOLUMINESCENCE 

In line with the behavior described above, a progressive decrease in the NBE PL intensity 

with increasing concentration of TC incubated on the transducer surface was indeed 

verified in the present work for both concentration ranges tested (see Table 1). For the 

initial screening tests (sensors #1 to #4), TC solutions with concentrations in the range 

between 0.01 and 500 µg L−1 were tested in order to understand the PL behavior in a 

broader range. Two regions of distinctive response were clearly identified, one in the 

range 0.01 − 1.0 µg L−1 and another for 10 − 500 µg L−1 (not shown). In the latter, the 

variation of the signal was less noticeable and a tendency of the sensing response to reach 

a plateau was observed, which may indicate that the majority of the antigen-binding sites 
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of anti-TC AB were already occupied at concentrations higher than 10 µg L−1. Hence, no 

more antigen-AB complexes were able to form above this concentration. Nevertheless, 

taking into account that the range of TC concentrations usually found in freshwaters is 

much lower than this one (0.008 − 1 µg L−1 2), the range in which the sensor is less 

efficient is far from the one of interest. Therefore, as the range of interest corresponds to 

the former one, in which the response of the sensor appeared to be fairly linear when 

inspected in a semi-log scale, further sensing tests (sensors #5 to #13) were conducted for 

TC concentrations in the range between 0.001 and 5 µg L−1. Figure 7a summarized the 

results and depicts the PL behavior of a representative sensor sample with increasing TC 

concentration (TC#10), where, as mentioned above, a clear decrease in the NBE 

recombination intensity is observed throughout the analyzed ranges. It is worth noting 

that this behavior was reproducible in all prepared sensors. Conversely, for the control 

sample (C#3, Figure 7b) corresponding to a sensor incubated only in the PS solution for 

consecutive times, barely any changes were identified in the PL intensity or spectral 

shape. Similar behaviors were also observed for ZnO-APTES-BSA samples (without 

anti-TC AB) incubated with the same TC concentrations as the sensors. Hence, these 

minor changes in the PL spectra (both shape and intensity) for the control samples clearly 

demonstrate that non-specific interactions between the transducer surface and the target 

analyte are negligible. 
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Figure 7. RT PL spectra acquired under 325 nm excitation for the ZnO-APTES-AB-BSA 

(a) as sensor incubated with different TC concentrations, and (b) as control incubated 

consecutive times with PS. (c) IUV
TC/IUV

0 as a function of the TC concentration for 

representative sensors. The dashed red line was added as an aid to highlight the 

exponential decay of the intensity. (d) Semi-log representation of IUV
TC/IUV

0 as a function 

of the TC concentration for representative sensors and control samples. The results 

obtained for the control sample incubated with PS (C#3) were also included for 

comparison, even though no TC was added in that case. (e) Average evolution of the 

sensing response (IUV
0-IUV

TC)/IUV
0 and the respective calibration curve for the present 

biosensors. The average evolution of the control samples was also added for comparison. 

The orange dashed lines denote the response value corresponding to 3σ (blank) used to 

calculate the LOD value, as described in the main text. In figures (d) and (e) the “0” value 

was added to the scale for representation purposes, corresponding to the intensity of the 

blank. 

 

Figure 7c displays the IUV
TC/IUV

0 ratio as a function of the TC concentration for selected 

sensor samples, demonstrating the exponential decay of the PL intensity for increasing 

TC concentrations. In Figure 7d, the same data is represented in a semi-log scale for 

selected sensors, together with the information for some control samples, as listed in 

Table 1. The semi-log scale was chosen to clearly depict the PL intensity decay in the 

lower concentration range, up to 1 µg L−1. The data includes also additional control 

experiments performed with CF, which is an antibiotic also commonly found in 
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freshwaters all over the world at similar concentrations as TC (e.g., 0.309 µg L−1 in 

Portugal, 0.74 µg L−1 in Spain and 0.15 µg L−1 in the UK) 2. Thus, it is important to 

evaluate the influence that its presence can have on the response of the sensors prepared 

for TC detection. As shown in Figure 7d, the control sample only incubated with CF 

(C#4) evidences a behavior similar to the previous controls, with only a slight variation 

in its PL intensity, which suggests that no reactions are occurring in such case, pointing 

to the specificity of the produced sensors for the target analyte. Additionally, the sensors 

incubated with the solutions having different TC concentrations and a fixed CF 

concentration (TC_CF#1,2) exhibit the same behavior as the one depicted for the sensors 

probed only in the presence of TC (open square in Figure 7d). Therefore, one can 

conclude that the presence of CF does not affect the sensing ability of the ZnO sensors in 

response to TC, thereby attesting to its reliability in more complex solutions. 

When plotting the sensor’s response (using Eq. 1) on a linear scale, a logarithmic increase 

is obtained, which can be then represented in a semi-log scale, as depicted in Figure 7e 

for the average sensors’ response as a function of the TC concentration. In this way, a 

linear calibration curve can be defined. This type of response of the PL intensity of the 

analyte concentration was also observed in our previous work devoted to hCG detection 

37. Moreover, other works dedicated to TC detection also described calibration curves as 

a function of the concentration in a semi-log scale 20,79–81. It is also worth mentioning that 

the values obtained for the response based on the PL intensity signal variation with 

increasing concentration of analyte are also in line with our previous experiments in 

luminescence-based immunosensors 37, as well as with results reported by other authors 

using ZnO nanostructures for the detection of different analytes 27,31,33,35,82. Based on our 

experimental evidences, the present sensors exhibit a broad detection range between 

0.001 and 1 µg L−1 that can be described by the calibration curve depicted in Figure 7e, 
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thus encompassing the typical concentration values found in freshwaters (0.008 and 1 

µg L−1) 2. As can be seen in Figures 7c and 7e, the PL signal tends to stabilize for 

concentrations above 1 µg L−1. Hence, as mentioned above for the wider range of TC 

concentrations tested, this suggests that above 1 µg L−1 the AB available to bind with the 

analyte became scarce and thus the immune complexes cannot be further formed, 

reaching the saturation limit of the present sensors. As no more changes at the surface 

charge distribution are taking place, the band bending remains stable and the PL intensity 

is kept approximately constant.  

Another important figure of merit in sensor analysis is the LOD. In the case of a 

logarithmic dependence, this value can be estimated as the concentration corresponding 

to 3σ (blank) (see orange dashed lines in Figure 7e), in which σ (blank) is the standard 

deviation of the first control analyte concentration (0.001 µg L−1 in this case) 83–85. In this 

way, a value of ~1.2 ng L−1 is estimated. Table 2 depicts a comparison of some recent 

results published in the literature for TC detection via luminescence-based biosensing 

relying on different transducer materials. As can be seen, even though the detection range 

reported here is narrower the some of the ones reported in the literature, the obtained LOD 

is one of the best values reported so far for TC quantification, not only in the 

luminescence-based biosensors listed in Table 2 but also when using other sensing 

approaches 13,17,86–91, attesting the cutting edge character of the here developed sensors.  
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Table 2. Summary of some representative results concerning TC detection using 

luminescence-based biosensors. 

Transductor Detection range LOD Ref. 

Si quantum dots (QDs) & Cu2+ 
11.32 – 1086.72 nM  

(~0.050 – 5 μg L−1) 

0.92 nM  

(~4 ng L−1) 
92 

Carbon dots 0 – 100 μg L−1 5 ng L−1 87 

Tb(NO3)3·6H2O metal-organic framework 
0 – 0.05 mM  

(~0 –222 μg L−1) 

2.77 nM 

(~12 ng L−1) 
88 

Carbon dots 
3 – 35 μM  

(~13 – 155 µg L−1) 

12 nM  

(~53 ng L−1) 
93 

Pd nanoparticles & graphene QDs  
40–90 µg L−1&  

100–500 µg L−1 
45 µg L−1 89 

N-acetyl-L-cysteine coated Ag nanoclusters 
1.12 – 230 μM  

(~5 – 1021 µg L−1) 

0.47 µM  

(~2 µg L−1) 
91 

Eu-functionalized ZnO QDs 
0 – 3 μM  

(~0 –  13 µg L−1) 

4 nM  

(~18 ng L−1) 
94 

ZnO NTP 0.001  –  1 µg L−1 ~1.2 ng L−1 This work 

 

As so, the present work demonstrates that the LAFD produced nanoscale ZnO-based 

sensors are suitable for PL intensity-based sensing, presenting reliable results for TC 

detection over a wide range of concentrations. Indeed, such an approach may contribute 

to the development of simple and portable solutions to assess the presence of this 

antibiotic in liquid alimentary product samples (e.g. milk) or water streams, for instance, 

which would have a beneficial impact in monitoring the undesirable and hidden antibiotic 

intake, both for humans as for aquatic species. 

 

4. CONCLUSIONS 

ZnO nanotetrapods were produced by the LAFD technique and deposited on FTO-coated 

glass substrates to be employed as transducers in biosensing devices for the detection of 

tetracycline. The antibiotic concentrations was assed via the monitoring of the ZnO 

luminescence intensity signal. To confer specificity to the envisaged sensors, the 

transducers were functionalized with anti-tetracycline antibodies via covalent binding 

using APTES as an intermediate agent that assure the proper antibody alignment to 
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maximize the analyte detection. FTIR analysis demonstrated that the proteins were 

successfully immobilized at the ZnO surface. The functionalization process was also 

monitored via PL and PLE, revealing that each surface modification step resulted in 

differences in the spectral response, mostly associated with band bending phenomena due 

to charge fluctuation at the semiconductor’s surface, which, in turn, strongly affects the 

PL outcome. Due to the nanoscale dimensions of the produced ZnO structures, the surface 

phenomena rules over the bulk and small variations in the surface properties can be 

assessed. Thus, it was seen that the band bending increased with the surface charge upon 

analyte adsorption, leading to PL quenching, which was used as sensing mechanism for 

TC quantification. The PL signal, particularly the NBE recombination, quenched due to 

changes of the local electric field near the ZnO surface through the interaction of TC 

molecules with their specific antibodies, forming the immune complex. This quenching 

was seen to correlate with the TC concentration for a detection range between 0.001 and 

1 µg L−1, exhibiting an exponential decrease with increasing TC. A LOD of ~1.2 ng L−1 

was estimated, which is amongst the lowest values reported up to date for state-of-the-art 

biosensors reported in the literature. Moreover, control experiments were performed 

either without the presence of the analyte or with a non-specific one, for which barely any 

changes were observed in the PL intensity spectra. Even when ciprofloxacin was added 

to the test solutions as interferent, the sensing response towards TC remained the same, 

attesting its specificity to the target analyte. Hence, the results reported here clearly 

demonstrate that reliable and high sensitive sensors for TC detection can be accomplished 

using the PL signal of the LAFD-produced ZnO nanostructures. Furthermore, this work 

corroborates that these ZnO-based transducers can provide a sensing platform that allows 

designing a biosensor for a target analyte by selecting the appropriate biorecognition 
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element, enabling the fabrication of sensing devices capable of probing relevant analytes 

with important clinical and environmental interest. 
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