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Abstract

:

Zinc oxide (ZnO) is a wide bandgap semiconductor material that has been widely explored for countless applications, including in biosensing. Among its interesting properties, its remarkable photoluminescence (PL), which typically exhibits an intense signal at room temperature (RT), arises as an extremely appealing alternative transduction approach due to the high sensitivity of its surface properties, providing high sensitivity and selectivity to the sensors relying on luminescence output. Therefore, even though not widely explored, in recent years some studies have been devoted to the use of the PL features of ZnO as an optical transducer for detection and quantification of specific analytes. Hence, in the present paper, we revised the works that have been published in the last few years concerning the use of ZnO nanostructures as the transducer element in different types of PL-based biosensors, namely enzymatic and immunosensors, towards the detection of analytes relevant for health and environment, like antibiotics, glucose, bacteria, virus or even tumor biomarkers. A comprehensive discussion on the possible physical mechanisms that rule the optical sensing response is also provided, as well as a warning regarding the effect that the buffer solution may play on the sensing experiments, as it was seen that the use of phosphate-containing solutions significantly affects the stability of the ZnO nanostructures, which may conduct to misleading interpretations of the sensing results and unreliable conclusions.
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1. Introduction


Over the last decades, the field of biosensing has experienced outstanding developments due to the increasing need in finding simple, cost-effective, fast, and user-friendly solutions capable of identifying and measuring biomarkers with an accurate and reliable response. Such devices are an essential prerequisite for the prevention, monitoring, and treatment of diseases. Furthermore, biosensors find applications ranging from health, environmental, food and water monitoring to biosafety [1,2,3,4]. Since the first report on a glucose biosensor, which dates from the 1960s [5,6], countless efforts have been devoted to this topic and new works reporting the use of novel materials and/or transduction approaches are published daily [7,8,9,10,11,12]. This research was further boosted by the recent health crisis with the COVID-19 pandemic, which strongly increased the awareness of the population to the need for reliable solutions for a prompt diagnosis [13,14].



A biosensor is typically described as an analytic device that transforms the response provided by the interaction between a biological recognition element (bioreceptor) and its specific analyte (the substance of interest to detect) into a quantitative or semi-quantitative analytical signal (e.g., electrical, optical, electrochemical, colorimetric, etc.) that correlates with the concentration of the analyte [2,15,16,17,18]. These biological recognition elements are placed in direct spatial contact with the transducer material, forming the biorecognition layer, and are responsible for specifically recognizing and interacting with the target species [2,15,19]. On the other hand, the transducer translates the bio-recognition event into a signal that can be assessed and transmitted to the output system [2,15,17,19]. Indeed, the selection of the transducer is a paramount factor, as it will determine the type of signal that can be used for transduction. Besides, it plays a major role in the number of available analyte binding sites, as those depend on the quantity of bioreceptor that can be attached to the surface of the transducer [19,20].



Typically, the biosensors are characterized by some important figures of merit, namely:




	(i)

	
specificity (the ability of the bioreceptor to detect the specific analyte in a complex sample);




	(ii)

	
sensitivity (capacity of the biosensor to discriminate between two close analyte concentrations, which corresponds to the slope of the calibration curve);




	(iii)

	
linearity (accuracy of the sensor’s response to a straight line, i.e., the response should change linearly with the analyte concentration in the range of interest);




	(iv)

	
limit of detection (LOD, minimum quantity of analyte that the biosensor can accurately detect);




	(v)

	
reproducibility (the ability of sensors prepared and measured under the same conditions to deliver identical outputs);




	(vi)

	
stability (influence of the surrounding environment, e.g., temperature, pH, storage conditions on the sensing response) [16,17,21].









The progress in nanotechnology has opened the door for remarkable achievements in this field, namely by employing nanomaterials as building blocks for such biosensing devices [7,15,22,23,24,25]. Properties such as the high surface-to-volume ratio evidenced by the materials at the nanoscale are greatly appraised, promoting a large active area for sensing, which increases the sensitivity to the biological targets and enables a fast detection, with shorter analysis time, features highly desirable in developing biosensors [15,26,27]. Among the numerous nanostructured materials being employed, metal oxide semiconductors, particularly ZnO, are widely investigated for designing novel transducer platforms, owning to properties as non-toxicity, cost-effective production, and simple synthesis methods [1,2,4,28,29]. Additional features have been highlighted for ZnO, namely its biocompatibility and its variety of morphologies that can be easily changed in a controllable way to enhance their surface area [1,4,30,31]. Furthermore, as surface properties acquire a particularly relevant role at the nanoscale, having different morphologies and thus different surface conditions can also promote manageable variations in its properties that may be useful for sensing [31,32]. Additionally, ZnO also exhibits a high isoelectric point (9.1–9.5) that helps the immobilization of biomolecules, like antibodies or enzymes, which usually present a lower isoelectric point than ZnO, favoring electrostatic interactions between them [33,34,35]. And finally, one of the most important features is its noteworthy optical properties [32,36,37,38].



ZnO is a direct wide bandgap semiconductor (Eg~3.3 eV at RT [36]), which exhibits a large free-exciton (FX) binding energy, 60 meV, enabling the observation of excitonic emission processes at and above RT, thus offering the possibility of exploring such property in optical devices based on excitonic effects [36,37]. Besides the excitonic-related transition in the UV range, ZnO is known to possess a myriad of other optically active defects spanning from the UV to the infrared [36,39,40,41].



When dealing with this semiconductor at the nanoscale, the surface properties are likely to play a decisive role in the luminescence properties due to the higher surface-to-volume ratio. Hence, surface effects/defects may dominate over the bulk-related radiative recombination. Thus, the PL spectra will be affected and the appearance of new optical features can be promoted [32]. Indeed, it is this high sensitivity of the ZnO luminescence properties to the surface conditions that is emerging as a potential and promising tool in the sensing area.



Optical transduction has been regarded as an excellent alternative to the traditional electrochemical techniques, typically providing high sensitivity, real-time monitoring, and simple sample handling/manipulation, enabling a contactless measurement of the sensor’s response [2,42,43]. Thus, adding a biomolecular probe (e.g., protein, enzyme, deoxyribonucleic acid (DNA), antibody, etc.) to an optical transducer as ZnO will enable the development of optical biosensors with the characteristics listed above and with high specificity [42].



The use of ZnO nanostructures in biosensing devices has been the subject of several review articles over the last few years, emphasizing its unique properties in different types of devices (e.g., electrical, electrochemical, and optical biosensors) targeting different analytes [1,2,44,45,46,47]. Notwithstanding, the focus on its PL as a possible transduction mechanism is far less surveyed. Tereshchenko et al. [2] addressed this subject in a review paper published in 2016 where an overview of optical biosensors using ZnO nanostructures was presented. Since PL signals are very sensitive to small modifications in the materials’ surface, it is a powerful method to assess surface phenomena and evaluate the reactions that occur at the interface between the transducer and the bioreceptor when the biorecognition events take place, thus providing high sensitivity and specificity to sensors based on such signal [2]. Consequently, the use of the luminescence features of ZnO as an alternative transduction approach is being exploited in this field [2,9,34,35,42,48,49,50,51,52,53], in particular for direct detection, where the signal provided by the transducer is the one that is used for sensing, without the need of additional probes or tags [2]. As a number of relevant works were conducted more recently than the above-mentioned review, the present paper intends to fill that lack of compiled information on this specific topic. Therefore, here the main results that have been published up to now are presented, together with some new achievements attained by our research team. A discussion on the possible phenomena that account for the sensing response is also included. Additionally, some considerations are provided regarding the importance of selecting a suitable buffer solution for the surface modification and sensing evaluation, as it may affect the final response of the ZnO-based biosensors in a non-negligible way.




2. Overview of the Photoluminescence Properties of ZnO


The optical properties of ZnO have been extensively scrutinized for several decades, particularly regarding the interest in its remarkable emission, motivating an extensive number of PL studies [32,36,37,39,54,55,56,57,58,59]. At the high energies region (UV spectral region) of the emission spectra, FX transitions are observed, which are originated from the transitions of the exciton energy levels to the three valence bands of ZnO, A, B, and C, split by the action of the crystal field and spin-orbit interaction [36]. In the case of bulk ZnO, the FX transitions to the A-valence band (FXA) is typically located at ~3.377 eV, while a weak B-exciton transition was identified centered at 3.3898 eV [36], accounting for the reported energy separation of the A and B free exciton lines of ΔAB = 9–15 meV [36,39,55,60,61]. Tsoi et al. [62] reported values of 3.3760 eV, 3.3813 eV, and 3.4213 eV for the A, B, and C free exciton transitions (at 8 K), respectively.



The sharp lines that dominate the near band edge (NBE) spectral region, when probed at low temperature, are attributed to various donor-bound exciton (DX) recombinations. The DX recombination transitions are usually followed by longitudinal optical (LO) phonon replicas with an energy separation around 72 meV [61]. The recombination of ionized donor bound excitons (D+X) is normally found at 3.367 eV, whereas the neutral DX (D0X) emission is observed between 3.3628 eV and 3.359 eV [38]. Up to eleven excitonic recombinations have been identified in high-quality ZnO crystals due to DX. Although excitons bound to elements like H (I4), Al (I6), In (I8), and Ga (I9) were already reported in the literature, the chemical nature of the donor species associated with the remaining ones is still not completely clear [63]. Even though the DX recombinations dominate the PL spectra at low temperature, as the temperature increases DX dissociate and, at RT, the FX emission becomes the dominant one [36,63].



In the energy range between 3.34–3.31 eV, other features can appear associated to the two-electron satellite (TES) transitions. These transitions are related to radiative recombinations of a DX that leaves the donors in an excited state, thus leading to a recombination with lower energy than the one of the DX, with an energy separation that corresponds to the difference between the first excited state and the ground one of the donors [39]. Between 3.4–3.1 eV, transitions linked to the phonon-assisted DX can occur, as well as the donor-acceptor pairs (DAP) recombinations and their phonon replicas [32,38,39]. Moreover, a transition at 3.333 eV is often identified, the so-called Y-transition, assigned to excitonic recombination related to structural defects [38].



At 3.31 eV another emission line is frequently observed, particularly when dealing with nanostructures and samples with a high surface-to-volume ratio [57,64,65,66,67,68,69]. Several origins have been pointed out as responsible for this transition, namely surface excitonic contributions [65], structural defects-related transitions (e.g., stacking faults) [57,64], as well as other surface defects [67,68]. Nevertheless, it seems that different defects may give rise to radiative recombination in this particular energy, depending on the structural and surface properties of the samples. Thus, care must be taken in analyzing the PL data and a correlation with additional information (e.g., structural) is advised.



Likewise, in the visible spectral region, several broad emission bands have been reported, peaked in the blue, green, yellow, and orange/red [32,36,39,40,61,70,71,72,73], and innumerable defects have been correlated with such transitions. Probably the most investigated radiative transitions are the ones that give rise to a broad green luminescence (GL) band [36,39,40,70,74,75,76]. Among the different origins pointed out, intrinsic defects in the ZnO matrix, namely oxygen/zinc vacancies (VO/VZn), interstitial Zn atoms (Zni), Zn antisites (ZnO), transitions from Zni to VZn, have been highly debated and linked with the unstructured GL [36,75,76,77,78]. On the other hand, extrinsic impurities, especially Cu-related, have been suggested as the ones responsible for the structured GL that is observed at low temperatures [70,74,79]. An example of such band is depicted in Figure 1 for the case of the microrods (MR) produced by the laser-assisted flow deposition (LAFD) method [32,80]. The fact that the GL exhibits different spectral shapes and even slight shifts in its peak position depending on the type of samples and their growth methods is a clear indication that distinct types of defects can lead to radiative recombination in this spectral region. Furthermore, diverse defects can be present simultaneously in the same sample, contributing to the broadening of the band and increasing the complexity of its analysis.



Regarding the blue (BL), yellow (YL), and orange/red (RL) luminescence bands, fewer studies are available when compared with the GL. Nonetheless, the defects that have been correlated with these emissions are similar to the ones reported for the GL, appearing either as single point defects or by forming complexes with other defects [32,73]. For instance, the BL has been associated with transitions from the conduction band and oxygen antisites (OZn) or VZn [73,81,82,83]. Indeed, the VZn exhibits one of the lowest formation energies in ZnO [76]. Therefore, this defect and its complexes with others are amongst the most frequently assigned to the broad visible bands. Different charge states of the VZn result in emission at the blue (414 nm/~2.99 eV), green (525 nm/~2.36 eV), and orange/red (600 nm/~2.07 eV) [83]. Moreover, it was proposed that the YL and RL emissions arise from similar deep levels but with different initial states, for instance, from the conduction band or shallow donors to deep acceptors [36,40,84]. The presence of Li acceptors or interstitial oxygen (Oi) defects has also been linked with the observation of the YL [36,39,83,85,86]. The latter was also correlated with the RL, while surface dislocations or Zni defects have been pointed out as possible candidates as well [36,71,83,87].



Despite the above discussion regarding the possible defects/impurities in the origin of the radiative recombinations observed in ZnO, it is crucial to bear in mind that when one is analyzing crystals with a high surface-to-volume ratio, additional features may arise derived from the surface properties, which can overrule the PL output of the ZnO nanostructures [32,88]. Particularly, many studies highlight the role of surface defects in the origin of the GL [40,59,71,89,90,91], which is especially prevalent in structures grown from vapor-based methods [71,92,93]. Conversely, the YL is commonly observed in solution-grown ZnO (e.g., hydrothermal method) [94,95,96,97]. For instance, the presence of Zn(OH)2 or adsorbed hydroxyl groups at the surface of this semiconductor has been linked to the YL, disappearing after annealing [71,98]. Moreover, studies from our group in the ZnO MR produced by LAFD revealed the link between the 3.31 eV emission line (see the MR PL spectrum in Figure 1) and the presence of surface defects, which could be reduced and even removed by plasma treatments [68].



Indeed, the synthesis method plays a vital role in the defect incorporation, and thus, in the optical active defects present in the structures [80,99,100]. Moreover, even when the same method is applied, the grown conditions (e.g., temperature, atmosphere) affect the final properties of the crystals, like size and morphology, which in turn also influence the PL outcome. This is clearly demonstrated in Figure 1, where the spectra of three different ZnO morphologies, grown by the same technique, LAFD, and from the same precursors, are displayed, exhibiting distinct PL responses depending on the samples’ characteristics [80].




3. Photoluminescence-Based Sensing


3.1. Immunosensors


ZnO PL-based sensing has been mostly reported in the development of immunosensing devices. An immunosensor is a biosensor where antibodies (AB) are used as biorecognition elements. It relies on the high specificity and affinity conferred by the biomolecular recognition of AB to its specific antigen [101,102]. Upon such immune reaction, a stable immunocomplex is formed and the biorecognition event is then converted into a measurable signal with the aid of the transducer since the formation of this complex alters the physical properties of the surface where the antibodies are immobilized (e.g., surface charge) [101,102]. Among the advantages of this type of biosensors, their high sensitivity, specificity and speed of detection are the most highlighted ones [101,103].



Table 1 summarizes some of the most relevant works reported so far in the literature concerning the use of the ZnO PL signal in immunosensors. At this point, we would like to highlight that even though most of the works devoted to the use of ZnO nanostructures in biosensing research use phosphate-based buffer solutions, a recent study by our group pointed out the fact that ZnO conversion into zinc phosphate takes place when in contact with phosphate ions, even at the physiological pH [104]. A detailed discussion on this topic is presented in Section 4 of this paper. Hence, special care must be taken when analyzing sensing data obtained using this type of buffer solution.



As can be seen in Table 1, different analytes have already been tested with promising results. The groups of Viter et al. [33,34,50,51] and Tereshchenko et al. [105] are among the most active in the field of PL-based biosensing. For instance, in 2014, Viter et al. [50] conducted a work in which ZnO nanorods produced via gaseous-disperse synthesis (GDS) and deposited on quartz substrates were employed as transducers in a biosensor that aimed the detection of Salmonella. The PL spectrum of the ZnO nanorods was recorded under 355 nm excitation and revealed a maximum at ~376 nm, related to the NBE recombination, and a weaker broad and asymmetric band peaked at ~520 nm. The former was the dominant emission, with an intensity nearly 100 times stronger than the one measured for the visible band. Therefore, the detection studies were focused on the NBE recombination. Upon the reaction of anti-Salmonella AB, physically adsorbed onto ZnO nanorods, with the Salmonella, the PL intensity decreased proportionally to the analyte concentrations in the range of 102–106 cell mL−1 (see Figure 2) [50]. This behavior was attributed to the immune reaction between Salmonella and anti-Salmonella AB, pointing to ZnO as a potential material for optical biosensor transducers.



In 2017, Tereshchenko et al. [105] employed ZnO thin films produced via atomic layer deposition (ALD) to construct a biosensor for the detection of Grapevine virus A-type (GVA) proteins. As in the previous case, the PL signal of the ZnO was assessed using 355 nm photons from a solid-state laser as the excitation source. Upon physical adsorption of the anti-GVA AB (bioreceptor) onto ZnO films, remarkable changes were observed in the spectra, namely the appearance of a PL emission with a maximum at ~452 nm and spanning from 400 nm to 550 nm, attributed to the interaction between the anti-GVA AB and the ZnO. The authors used this signal to optimize the AB concentration to be employed in further testing. After choosing the AB optimal concentration, sensing tests were carried out by placing an aliquot of the GVA-antigens solution onto the surface of the transducer and probing the subsequent PL spectra. Concentrations from 1 pg mL−1 to 1 μg mL−1 of GVA-antigens dissolved in phosphate buffer saline (PBS) were evaluated. The PL intensity of the band peaked at ~452 nm decreased with the increase in the antigen concentration in the range from 1 pg mL−1 to 10 ng mL−1, while further increase in the GVA-antigens concentration led to an increase in the PL intensity up to 1 µg mL−1. Therefore, the authors conclude that the developed sensor allowed the detection and quantification of the GVA proteins in the range from 1 pg mL−1 to 10 ng mL−1 [105].



An immunosensor for Ochratoxin A (OTA) was reported by Viter et al. [34]. The anti-OTA AB were properly oriented following the Protein-A functionalization strategy onto ZnO nanorods prepared by the GDS method. The sensing experiments were conducted by adding 200 µL of the OTA containing solutions (concentrations from 0.0001–10 ng mL−1) to the immunosensor cell and monitoring the evolution of PL outcome by using 337 nm excitation [34]. As depicted in Figure 3, the intensity of the PL signal progressively decreases with increasing analyte concentration. These sensors displayed good sensitivity in the range of 0.1–1 ng mL−1 and a LOD value of 0.01 ng mL−1 was estimated [34].



In 2019, the same group also described an immunosensing device for the determination of human leukemic cells using similar ZnO nanorod platforms [51]. In this case, the ZnO nanorods were modified with fluorescein isothiocyanate (FITC)-labelled AB and cells. More specifically, FITC-conjugated mouse AB against the human cluster of differentiation (CD) CD19 protein (anti-CD19-FITC* AB), which is the protein that is expressed in the development of B-cells. Anti-IgG1-FITC* AB were added to the nanorods for control studies and human leukemic IM9 cells were used as analytes. Healthy human’s peripheral blood mononuclear cells (PBMC) were also tested against the functionalized ZnO to evaluate specificity.



The detection experiments were carried out by incubating either the IM9 or the PBMC cells with either the anti-CD19-FITC* or the anti-IgG1-FITC* AB and evaluating the resultant PL signal of the ZnO sensing platform (337 nm laser line as the excitation source) [51]. An increase in the intensity of the ZnO PL signal was identified when the anti-CD19-FITC* AB were incubated at the surface of the nanorods, particularly in the NBE spectral region, correlating with the AB concentration. To assure a proper binding to the ZnO surface, the AB were further fixated using paraformaldehyde (PFA) to establish a cross-link with the thiol, amine, carboxyl, and hydroxyl groups of proteins [51]. This fixation with PFA led to a decrease of the NBE intensity to values comparable to the initially observed for the ZnO nanorods. Afterwards, when the samples modified with the anti-CD19 AB and the two cell lines were inspected, the authors verified that the behavior of the NBE intensity differs for the IM9 and PBMC (control) cells. Even though an increase was observed in both cases, the former resulted in a more pronounced enhancement in the PL intensity than the one depicted for the control case. Moreover, analyzing the PL signal as a function of the CD19-positive (IM9) cell concentration revealed an intensity increase in the range up to ~500 cell mm−2, while higher concentrations resulted in a stabilization of the signal. In the case of the samples modified with the IgG1 AB tested in the presence of IM9 cells, an increase in the signal was also identified, however with a much lower expression.



The use of the ZnO PL signal for the detection of human leukemic cells (T-lymphoblasts) was further explored by Tamashevski et al. [49], this time using the MOLT-4 cell line as the analyte and anti-CD5 AB, specific for CD proteins typically present on the surface of cancer cells, as bioreceptor. The cell culture MOLT-4 was employed as the origin of the T-lymphoblastic cells, derived from the peripheral blood of a patient with acute lymphoblastic leukemia. In this case, the AB were immobilized on the surface of the ZnO nanorods via physical adsorption and the PL signal was examined upon the addition of different AB concentrations, from 2.5 to 50 µg mL−1, to infer the optimal concentration to proceed with the detection experiments. The selection was made by choosing the concentration for which the PL signal was maximized, which corresponded to 5 µg mL−1. Once again, the NBE PL peak was the one selected to be monitored. Then, this signal was probed after immobilizing the T-lymphoblasts MOLT-4 cells in a range of concentrations between 10 to 1000 cells per sample. Analogously to what was reported in their previous work with the IM9 cell line [51], an increase in the PL intensity was observed for concentrations up to 500 cells, experiencing a saturation of the signal for higher values. However, control tests carried out with anti-IgG2a AB and the MOLT-4 cells also displayed an enhancement of the PL intensity. Nevertheless, this increase was seen to be significantly lower than in the case of the specific anti-CD5 AB, as in the previous work [51], attesting the sensing ability.



An immunosensor for the detection of bovine leukemia virus (BLV) AB were also reported by Viter et al. [33]. For this sensor, BLV proteins gp51 were used as biorecognition elements, as they correspond to the antigens specific for the AB against BLV. ZnO samples modified with poly(allylamine hydrochloride) (PAH) and then incubated with BLV protein gp51 were also prepared to compare the results between both functionalization approaches [33]. Similarly to previous results by these authors [34,50], when excited with 337 nm photons, the ZnO PL spectrum was dominated by the narrow NBE emission band in the UV spectral region, with an additional broad visible band, whose intensity was much weaker than the UV emission. Hence, the main analysis was dedicated to the NBE emission behavior upon incubation with either ‘BLV-positive’ or ’BLV-negative’ (control without anti-gp51 AB) cattle serum. In the first case, a decrease in the PL intensity signal was observed for ZnO either with or without PAH. However, in the case of the nanorods modified with PAH, this decrease was seen to be fairly linear with the logarithm of the analyte concentration (see Figure 4), while for the samples prepared without PAH a signal saturation was observed [33]. This behavior was explained by the fact that, for direct binding, the random orientation of BLV-antigens significantly reduces the sensitivity of the sensing platforms as fewer binding sites are available for the AB when compared with the PAH-assisted case. PAH is expected to provide a better alignment of the BLV-antigens, as well as enhanced electrostatic attraction of gp51 protein to the surface of the ZnO. Conversely, when the ‘BLV-negative’ probe was incubated onto the sensing platforms, the PL signal experienced an increase in its intensity, similar for either the samples with or without PAH. The PL behavior for the gp51&BSA/PAH/ZnO structures upon incubation with different concentrations of ‘BLV-positive’ or ’BLV-negative’ cattle serum is depicted in Figure 4.



In 2021, Myndrul et al. [106] used polyacrylonitrile (PAN)/ZnO nanofibres as the transducer integrated into a microfluidic cell to detect Aflatoxin B1 (AFB1), which is a toxin with a harmful effect in human health. The anti-AFB1 AB were covalently immobilized onto PAN/ZnO fibers and the PL properties were assessed using a He-Cd laser (325 nm) as the excitation source. The emission was seen to be dominated by a broad visible band peaked at ~565 nm. The detection experiments were then conducted by flowing different analyte concentrations through the microfluidic cell and recording the resultant PL signal. Concentrations in the range between 0.1 and 100 ng mL−1 were evaluated [106]. Similar to what happened in the case of the human leukemic cells [49,51], the PL intensity increased with the AFB1 concentration, displaying a 25% increase between the references and the concentration of 100 ng mL−1. A saturation in the signal occurred for concentrations above 20 ng mL−1, suggesting that all the AB became bound to the analyte at such concentration, hampering probing higher analyte contents and establishing an upper value for detection. Therefore, a detection range from 0.1 to 20 ng mL−1 was accomplished for those sensors, presenting a LOD of 39 pg mL−1, considerably lower than the values stipulated for the presence of such toxins in alimentary products [106].



Recently, our research group has also devoted great efforts studying ZnO-based transducers to be explored into optical biosensors [9,107]. In 2020, we investigated a PL-based immunosensor for the detection of the human chorionic gonadotropin (hCG) hormone [9]. In this case, the anti-hCG AB were physically adsorbed onto ZnO tetrapods produced by LAFD. As in the case of some of the above-mentioned works, the NBE emission was selected to be monitored since it was the dominant emission under 325 nm excitation and also the one that evidenced a more reproducible and distinct behavior during the performed tests. When hCG was added to the sensors, the intensity of the ZnO NBE signal progressively decreased with increasing concentrations of hCG, in the range from 1 to 100 ng mL−1 (see Figure 5a). Such behavior was seen to be reproducible and was attributed to the formation of a link between the anti-hCG AB and hCG hormone, forming the immunocomplex. Conversely, barely any changes were verified in the PL response of the control samples that were prepared without AB or with one non-specific to hCG (see Figure 5b), confirming that non-specific interactions between the ZnO surface and the target analyte are negligible. The PL dependence of the ZnO/anti-hCG/BSA samples with the hCG concentration can be better perceived in Figure 5c, where the response of the sensors was plotted as a function of the logarithm of the hCG concentration. This response was defined as


  Response =    I  U V     0  −  I  U V      A n a l y t e    ( C )     I  U V     0     



(1)




where    I  U V     0     stands for the integrated intensity of the NBE for the blank/reference (without any analyte) and    I  U V      A n a l y t e     corresponds to the integrated intensity of the same emission after analyte immobilization for each concentration C [9,107]. Therefore, the data demonstrated that the developed biosensor can be employed in hCG quantification, presenting fairly results in the range between 5 and 50 ng mL−1 [9].



Similar ZnO tetrapodal structures were also employed in the exploitation of a biosensing platform for the detection of tetracycline (TC) [107], which is a broad-spectrum antibiotic that can sometimes be present in freshwaters or animal food products [108]. Here, the anti-TC AB were covalently immobilized on the ZnO transducer. The PL response of the sensor under UV excitation (325 nm) and when in the presence of TC revealed a gradual decrease in the NBE PL intensity with increasing analyte concentration in the range between 0.001 and 1 µg L−1, in line with the previous results obtained for hCG. Higher TC concentrations were tested (up to 500 µg L−1), however, the signal was seen to reach a plateau in the high concentration regime (above ~10 µg L−1), which suggests that the majority of the antigen-binding sites were already engaged with TC antigens at such concentrations. Indeed, TC concentrations usually found in freshwaters are in the range of 0.008–1 µg L−1 [108], which is in agreement with the one obtained for our sensors [107]. A LOD of ~1.2 ng L−1 was estimated in this case, corresponding to one of the lowest LOD values reported so far for TC. Control experiments were carried out by (i) successive incubations of the sensors in physiological solution (PS), (ii) the use of a non-specific antibiotic (ciprofloxacin) in the test solution, and (iii) incubating the different analyte concentrations into samples that did not include the AB bioreceptors. In all cases, the PL signal barely changed, which points to the specificity of these biosensors. Moreover, some sensors were also incubated with TC solutions containing a fixed concentration of ciprofloxacin, evidenced an analogous behavior as the one observed for the sensors evaluated only in the presence of TC, showing that the presence on the additional antibiotic did not affect the sensing response and attesting their specificity.



Finally, due to the promising results obtained for both hCG and TC detection described above, biosensors for the detection of human serum albumin (HSA) were also prepared. HSA is the most abundant protein in plasma and an important biomarker for many diseases, including cancer, rheumatoid arthritis, ischemia, and post-menopausal obesity, among others [109].



In this case, both ZnO and ZnO/laser-induced graphene (LIG) composites, like the ones reported in [48], were tested as transducers. The same functionalization methodology used for the TC biosensors (covalent binding) was also applied using anti-HSA AB as the biorecognition elements [107]. In brief, 10 µL of (3-aminopropyl)triethoxysilane (APTES) were added in a mixture of ethanol and deionized water (70:30% v/v) and placed on the surface of the transducers for 1 h. Next, the samples were rinsed and placed in an oven at 120 °C for 20 min. After this time, 12.5 μL of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) was mixed with 12.5 μL of N-Hydroxysuccinimide (NHS, 0.25 M) and 25 μL of AB diluted to a concentration of 0.5 mg mL−1 in PS. A 50 µL drop of this solution was in contact with the surface of the transducer for 2 h. Finally, 50 µL of BSA were placed on the surface of the previous samples during another 2 h [48].



The sensing experiments were conducted using the same procedure as the one mentioned above for the case of TC [107]. Briefly, an aliquot of 50 µL of the HSA solution was placed onto the surface of the sensors and left to incubate for 30 min. Then, the samples were rinsed with PS to remove analyte not bound to the bioreceptors and dried in air for 5 min prior to the PL acquisition. Control tests were conducted using samples prepared without anti-HSA and incubated with the same analyte solutions, or fully functionalized samples (ZnO/LIG + APTES + anti-HSA + BSA) incubated in the PS solution several consecutive times. Figure 6a shows the behavior of a representative ZnO/LIG composite sample (see reference [48]) subjected to different HSA concentrations. In agreement with the results obtained for hCG and TC, also in this case, the intensity of the UV emission decreases with increasing HSA concentration, from 0.001 to 1 µg mL−1. For the concentration of 10 µg mL−1 the signal seems to stabilize and further increases for higher concentrations (100 µg mL−1). It is worth mentioning that such a tendency was observed for all tested samples. Figure 6b displays the evolution of the sensing response (see Equation (1)) as a function of the HSA concentration, for selected sensors and control samples.



As in the preceding cases, a distinct behavior between sensors and controls was identified. Such response with the HSA concentration suggests that the prepared sensors are indeed capable of identifying and quantifying this analyte in concentrations up to 1 µg mL−1. From the present results, a response curve was constructed in line with Equation (1), as depicted in Figure 6c. Once again, the integrated intensity of the NBE emission was considered. From this data, one can clearly see that, when plotted in a semi-log scale, a linear calibration curve can be defined in the range from 0.001 to 10 µg mL−1, in line with the previous works with similar ZnO-based samples [9,107]. As the HSA concentration typically found in healthy individuals should be higher than 0.04 µg mL−1, the prepared sensors are well in line with the target values [110]. According to the approach reported for the TC detection [107], a LOD value of ~2.6 ng mL−1 was determined (see green dashed lines in Figure 6c). Additionally, this study allowed us to confirm that an analogous behavior for the UV PL intensity with increasing analyte concentration is being observed for all of the ZnO-based optical immunosensors prepared by our research group when modified with different bioreceptors. These results are also in agreement with other works reported in the literature [34,51,52,105,111]. This constitutes a strong indication that the phenomena that are playing a role in the transduction signal are similar in nature [9,107].



From the reported examples, one can infer that the application of ZnO (nano)structures already led to functional PL-based biosensor systems, presenting an interesting alternative to the more traditional (e.g., electrical and electrochemical) transduction approaches and offering further room for improvement.



Proposed Sensing Mechanism


A likely explanation for the physical phenomena underlying the PL intensity dependence with the analyte concentration described above can be provided by considering that ZnO micro/nanostructure are known to possess several surface defects that may influence their optical properties [32]. Hence, the presence of such defects will lead to a surface charge density that differs from the one of the bulk region. This inhomogeneity in the charge density distribution creates a built-in electric field that it is responsible for the formation of a potential barrier and charge separation in the region near the surface, resulting in a depletion region. As such, the position of the Fermi level at the surface will be ruled by the charge induced by the surface defects and bending of the semiconductor electronic energy bands occurs near this region [32,112,113,114,115], as is illustrated in Figure 7a. Alterations to the surface band bending due to the presence of external agents (e.g., proteins, molecules, gases) at its proximity can reduce or even hinder the radiative recombination between photogenerated carriers in that region, affecting the intensity of the PL outcome [9,33,34,51,107,111,116].



Upon surface modification to introduce the biorecognition layer, a change in the surface charge density will take place, with new implications in the ZnO PL spectra. For instance, in the case of our ZnO tetrapods, it was observed that the addition of APTES led to an increase in the intensity of the UV emission, accompanied by a decrease in the GL intensity, which we attributed to the passivation (of part) of the surface defects initially present in the bare ZnO transducer [107]. Further functionalization with AB and BSA originated a decrease in PL intensity (especially in the UV region) due to the additional charge introduced by the proteins and the new electrostatic interaction that arise between them and ZnO. Nevertheless, the PL intensity remained higher than the bare ZnO case, as can be seen in the spectra depicted in Figure 7a,b. Thus, we proposed that the presence of the proteins induced variations on the charge distribution at the surface of the ZnO transducer, changing again the surface potential and, therefore, the band bending (Figure 7b).



When the analyte is immobilized and reacts with its specific bioreceptors, i.e., complementary AB, AB-antigen immunocomplexes are formed. In the formation of an AB-antigen complex (immunocomplex), the antigen-binding sites (or paratope) present in the AB antigen-binding fragment (Fab) regions interact with the antigenic determinant (or epitope), i.e., the part of the antigen that is specifically recognized by the AB. This interaction can be driven by several intermolecular forces, like hydrogen bonding, ionic bonding, Van der Waals forces, hydrophobic interactions, dispersion, and induction. Besides, steric repulsion forces will appear due to the interpenetration of the electron clouds of nonbonding atoms [117]. This repulsive force is extremely sensitive and defines the affinity of the AB, since, for a non-homologous antigen site and epitope, the repulsive force between them will be maximized. On the other hand, when the electron clouds of both paratope and epitope are complementary, the repulsive force is minimized and the AB presents a high affinity to that specific antigen [117]. Hence, as the AB charges will now participate in these interactions with the antigen, a significant alteration in the electrostatic interactions with the transducer surface will be experienced [9,111,116], leading to new charge density distribution and a new variation in the band bending (Figure 7c).



As the PL intensity is seen to decrease with increasing analyte concentration (see spectra in Figure 7c), an increase in the band bending is most likely to take place. The bending will be as pronounced as the quantity of the antigen/analyte present to react with the AB, up to a certain threshold where saturation occurs. Thus, the resultant PL intensity quenching can be correlated with the analyte concentration, providing the means for sensing. Hence, the transduction mechanism in immunosensing devices relies essentially on electrostatic interactions at the surface of the semiconductor. These phenomena are expected to be similar for all the ZnO PL-based immunosensors, either functionalized via covalent binding or physical adsorption [9,33,51,107]. It is worth mentioning that the charge transfer processes are unlikely in this case as neither the AB nor BSA proteins, as well as the analytes tested so far, are able to participate in electron transfer reactions [9,34,111].





3.2. Enzymatic Sensors


Another important type of biosensors corresponds to the enzymatic ones, which uses enzymes as bioreceptors. Enzymes are proteins that are able to catalyze specific reactions where the specific molecule, known as substrate, is converted into a product, while small by-products can also be formed as a result of this enzymatic reaction. Since the enzyme can only act upon its target substrate due to its complementary properties, this reaction confers specificity to the biosensor using such proteins as biorecognition elements [118]. In this case, the detection is frequently considered indirect, as one monitors the formation of one or more by-products that result from the reaction between the enzyme and the substrate.



Unlike the previously described immunosensors’ case, upon the formation of the enzyme-substrate complex, the substrate is transformed into the reaction products and is released from the active site of the enzyme, letting the enzyme free to further react with other target molecules, promoting the reaction until the conversion of all the substrate present [118].



Advantages of the enzymatic biosensors include continuous real-time monitoring, as the enzymes are not consumed in the reaction, high catalytic activity, high specificity, fast reaction speed, among others. On the other hand, these proteins have a limited lifetime and their reactions are greatly dependent on pH, ionic strength of the solution in which there are placed, and temperature [118].



Though less explored than in the case of the immunosensors, ZnO PL-based transducers have also been studied in the development of enzymatic biosensors, particularly for the detection of glucose [52,119,120]. When the enzyme glucose oxidase (GOx) is in contact with glucose, a catalytic reaction takes place, leading to the formation of reaction by-products, as hydrogen peroxide (H2O2), following the reaction [121]


  D − glucose +  O 2  +  H 2  O  →  GOx      gluconic   acid  +      H   2   O 2   



(2)







Therefore, it is possible to indirectly quantify the target analyte by monitoring the quantity of one of these by-products.



In 2012, Kim et al. [120] developed a biosensor for glucose detection where carboxyl-terminated ZnO nanocrystals were employed as a fluorescent transducer for the detection of glucose. The ZnO nanocrystals capped with mercaptoundecanoic acid (MUA) were functionalized with GOx via covalent immobilization The PL signal was assessed under 325 nm excitation in PBS solution prior to and after the addition of successive volumes of the glucose stock solution up to a concentration of 50 mM [120]. Overall, a steady decrease in the PL intensity of the UV maximum (~357 nm) was identified with increasing glucose concentration. When plotted against the glucose concentration, the PL intensity quenching revealed apparent linearity between 1.6–33.3 mM, which covers the typical glucose values for healthy individuals (~4 mM), as well as the range experience for people with diabetes (nearly from 5 to 20 mM) [120]. It is worth mentioning that no further decrease was observed above 40 mM, which is likely related to the limited amount of ZnO-MUA-GOx bioconjugates that are able to react with glucose. The observed reduction in the PL signal was attributed to the ZnO reaction with H2O2, which is formed during the catalytic oxidation reaction of glucose by GOx, as described in Equation (2). The authors proposed that H2O2 acts as a luminescence quencher by capturing electrons from the excited state of the semiconductor (e.g., conduction band), thus inhibiting their radiative recombination with the photogenerated holes. Consequently, this quenching will be proportional to the quantity of H2O2 in contact with ZnO. As the molecules of H2O2 formed is stoichiometrically equal to the number of glucose molecules, the quantity of glucose present in the solution can be estimated by the detection of this by-product. To verify that the PL intensity reduction was indeed due to the H2O2 formation, the ZnO-MUA-GOx samples were analyzed when in contact with different concentrations of H2O2, showing a similar behavior as the one recorded for glucose. Finally, to infer the specificity of the biosensors, a fixed concentration of cholesterol was added to the buffer solution and barely any change was detected in the PL intensity, while for the same concentration of glucose a substantial decrease had been observed [120]. Hence, the authors concluded that such sensors exhibit the potential to be used as glucose biosensors.



In 2015, Sodzel et al. [52] reported an analogous work, also devoted to the exploitation of H2O2 and glucose sensors based on the PL intensity quenching of the UV and visible luminescence of ZnO NP. As a first detection approach, different volumes of H2O2 were added to a dispersion of GOx functionalized ZnO NP, corresponding to a range of concentrations from 0.05 mM to 100 mM. The PL signal (355 nm excitation) was evaluated for each concentration and it was observed that its intensity decreased with increasing H2O2 concentration (Figure 8a,b). This quenching occurred both in the NBE, as well as in the visible emission band peaked at ~525 nm [52]. A concentration as low as 0.05 mM of H2O2 could be detected using such procedure.



As in the work of Kim et al. [120], this behavior was justified by the catalytical decomposition of H2O2 on the ZnO surface [52]. Such reaction is aided by the well-known photodegradation mechanisms of ZnO, in which when irradiated with energy equal to or higher than the bandgap, highly active holes (   h  VB  +   ) and electrons (   e −   ) are photogenerated (Equation (3)). Then sequential reactions where highly active radicals are formed can occur depending on the species adsorbed on the ZnO surface. For example, for adsorbed water the surface reactions are represented from Equation (3) to Equation (7). Indeed, H2O2 can be one of the products of these reactions that can (i) be slowly decomposed, forming water and molecular oxygen, (ii) react with other radicals (Equation (8)) or (iii), under UV radiation, form more hydroxyl radicals (Equation (9)). However, H2O2 can also play as an electron acceptor (Equation (10)), and, in this case, electrons from the conduction band of ZnO are transferred to the H2O2 reaction (see illustration in Figure 9), thus fewer carriers will be available to recombine with the holes and the PL signal experiences a quenching that correlates with the quantity of the catalyzed analyte.


  ZnO +  h ν  →  e −  +  h  VB  +   



(3)






   h  VB  +  + [  H 2  O  (  ads  )  ⇔   OH  −  +  H +  ] →  O     •  H +  H +   



(4)






   e −  +  O 2   (  ads  )  →  O     •    2 −   



(5)






   O     •    2 −  +  H +  →   HO  2 •   



(6)






    HO  2 •  +  H +  +      e   −  →  H 2   O 2   



(7)






   H 2   O 2  +  O     •    2 −  →  O     •  H +   OH  −  +  O 2   



(8)






   H 2   O 2  +    h ν  → 2    O     •  H  



(9)






   H 2   O 2  +      e   −  →  O     •  H +   OH  −   



(10)







Then, Sodzel et al. [52] added successive volumes (20 μL) of the glucose stock solution to the GOx-functionalized ZnO dispersion. In this way, glucose concentrations from 10 to 300 mM were assessed. In a similar fashion to what was observed for the case of H2O2, a steady decrease in the PL intensity was recorded as the glucose concentration increases (Figure 8c), revealing a linear response up to 130 mM (Figure 8d), with a LOD of 10 mM [52]. This quenching was linked to the production of H2O2 during the catalytic reaction, as described above. Nevertheless, it is worth mentioning that a slight difference was observed in the sensitivity of the pure H2O2 and glucose that can be explained by the fact that for the case of glucose+enzyme+ZnO interaction, the H2O2 present in the solution is obtained only from the part of glucose that is decomposed by the GOx and this reaction may not be 100% efficient. Moreover, both the GOx enzyme immobilized at the surface of the ZnO, as well as the remaining by-products of the reaction, are likely to “cover” part of the ZnO active area, limiting the access of the H2O2 and the subsequent interaction [52]. Even so, these results seem promising as H2O2 is produced in several enzymatic reactions, namely by using oxidases specific, for instance, for cholesterol and lactose as substrates [118], and the reported results may be translated to the detection of several other analytes.



On the other hand, an opposite behavior was reported by Sung et al. [119], in 2012, that hypothesized that PL enhancement occurs due to direct electron transfer from the enzyme to ZnO during the glucose oxidation. These authors used ZnO/ZnS nanowires modified with mercapto-acetic acid (MAA), activated by esterification of N-hydroxysulfo-succinimide (Sulfo-NHS) and covalently functionalized with GOx for glucose sensing. In this work, they studied both ZnO–MAA–GOx and ZnO/ZnS–MAA–GOx samples and tested them in the presence of different glucose concentrations. PL analysis (325 nm excitation) of these sensing platforms prior to the incubation with the analyte revealed a strong UV emission (~380–383 nm) in both cases, which correspond to the NBE transition [119]. For the ZnO–MAA–GOx, a broad visible band peaked near 500 nm was also identified. The UV intensity was seen to be higher in the case of the ZnO/ZnS–MAA–GOx, likely related to the passivation of the surface dangling bonds by the ZnS coating. Likewise, the formation of this coating may also be accounted for defect healing of pre-existing defects in the bare ZnO, for instance, surface VO. The authors claim that, when in the presence of glucose, its catalytic reaction promoted by GOx (Equation (2)) leads to the release of two protons and two electrons that are transferred from glucose to the flavin moiety of the enzyme [119,122]. Then, those electrons can be further transferred to the transducer, increasing the number of carriers, and thus the PL intensity will be enhanced. Yet, as stated by G. S. Wilson in 2016 [123] and later, in 2018, demonstrated by Barlett et al. [124], direct electron transfer does not occur from GOx to the surface of the transducer as the cofactor flavin adenine dinucleotide (FAD), which enables the occurrence of the redox reaction, is deeply buried in the active site of GOx. Therefore, other mechanisms should be playing in this case. In fact, a similar PL enhancement behavior was observed using ZnO and ZnO/LIG composites for the H2O2 detection [48], i.e., without the presence of an oxidorreductase. As represented by Equations (3)–(9), several surface reactions can take place forming highly active radicals that can provide oxygen atoms (Figure 9) to (partially) fill VO that are likely to be present at the ZnO surface, contributing to the surface band bending mentioned above. Therefore, as such defects are removed, the band bending decreases and the NBE recombination is enhanced [48,125,126]. As the number of passivated defects will be associated with the amount of H2O2 providing active oxygen atoms, the increase in the PL intensity can be correlated with the quantity of this compound. A similar explanation can also be attributed to the results of Sung et al. [119]. A LOD of 0.14 mM was estimated for the ZnO/ZnS–MAA–GOx, while the ZnO–MAA–GOx sensors exhibited a LOD value of 0.23 mM. The linear detection range in both cases corresponded to 3.51–24.1 mM, well in line with the physiological glucose range of interest for this analyte [119].



In 2020, Briones et al. [127] conducted a work where ZnO-based fluorometric enzymatic assays were developed for the sensing of either lactate or cholesterol via the detection of H2O2 produced upon the enzymatic reactions with their complementary enzymes, lactate oxidase (LOx) and cholesterol oxidase (ChOx), respectively. The authors used ZnO nanowires produced by chemical vapor transport. The nanowires were dispersed in a phosphate buffer (pH 7) and then mixed with different concentrations of either LOx or ChOx [127] to optimize the ZnO/enzyme ratio. In such detection tests, the PL signal was monitored before and after the addition of the target analytes, exciting the samples at 330 nm. A total of 5 μL of lactate or cholesterol stock solutions were successively added to the test cuvette with the functionalized ZnO dispersion, recording the PL outcome in each step. The PL intensity was monitored at the maximum of the visible band, at ~520 nm. The authors observed a decrease in the intensity of this band after adding either the lactate or cholesterol and attributed the quenching to the H2O2 generated in the enzymatic reactions [127]. As well, the quenching of the ZnO PL intensity correlated with the concentration of analyte present in the sample. In the case of lactate, a linear response of the PL intensity quenching was observed up to 1.9 μM and a LOD of 0.54 μM was estimated. For cholesterol, the linear response was accomplished up to 1.1 μM, with a LOD of 0.24 μM [127]. Finally, the authors also tested their sensors in human serum samples with known concentrations of lactate and cholesterol and the values obtained agreed well with the expected ones, attesting to the applicability of their method in real samples.




3.3. Other Sensors


3.3.1. Other Receptors


Besides AB and enzymes, other biorecognition biomolecules have been employed in ZnO PL-based biosensors [128,129,130,131]. In 2020, Vasudevan et al. [129] used ZnO nanoparticles functionalized with cysteamine (Cys) for the detection of N-acyl homoserine lactone (AHL). AHL can be used as a suitable biomarker for the detection of urinary tract infections, as they are released by bacteria, including the pathogenic ones, as signaling molecules during the infection process [129]. The sensitivity of the prepared sensing platform was evaluated by the variation of the PL intensity, which was seen to be dependent on the AHL concentration. The excitation wavelength selected to probe the sensors was 320 nm and AHL with different chain sizes were tested (C4, C6 and 3-oxo-C12 HSLs) in the presence of the ZnO–Cys sensors [129]. Moreover, the optimal cysteamine concentration for the functionalization of the ZnO was also explored by monitoring the PL output of the system when varying concentrations of AHL (from 10–40 nM) were added to the solution containing the ZnO–Cys particles. The selection was made taking into account the ratio ZnO/Cys that led to a higher sensitivity when in the presence of the analytes. In this case, the emission peaked at 468 nm was the one that exhibited more pronounced changes in its intensity and, therefore, was chosen for the monitorization of the biosensing measurements. This intensity was found to increase with the concentration of AHL C4-HSL, while for the remaining ones (C6 and 3-oxo-C12 HSLs) the intensity decreased when compared to the functionalized ZnO. As the carbon chain length differs in the three types of AHL, their hydrophobicities are different, which impacts their interaction with the surface of the semiconductor. Thus, the PL intensity was seen to be inversely proportional to the hydrophobicity of the analytes. A linear dependence of the sensitivity was observed in the range 10–40 nM for the three AHL assessed. Finally, the ZnO–Cys platforms were tested in artificial urine media, showing that the sensitivity of the biosensor increased linearly with AHL concentration up to 120 nM. For higher values, the signal remained nearly constant, suggesting that the cysteamine active sites were occupied, hampering a further interaction with the AHL.



Another example is the immobilization of diphenylalanine (FF) peptide on the surface of ZnO nanoparticles to detect trypsin [130]. Trypsin is a serine protease that is present in the digestive system. Pancreatic disorders often result in high levels of trypsin in urine. This enzyme can cleave the peptide bond, particularly at the carboxyl end of amino acids. Thus, when using peptide-functionalized ZnO, the presence of such an enzyme will weaken the interaction between the peptide and ZnO, which is translated into the change of the ZnO optical properties. In this work, the authors probed the defect-related visible emission at 550 nm. For the detection measurements, trypsin was added to the FF-functionalized ZnO solution (in deionized water) at concentrations varying from 0 to 160 ng mL−1. The PL spectra for each concentration were recorded by exciting the samples with a wavelength of 325 nm [130]. With the increasing concentration of trypsin, the PL intensity increased, likely due to the cleavage of the FF-peptide bond, which is accompanied by a change in the FF-ZnO surface interactions. A LOD of 0.1 ng mL−1 was estimated for a linear detection range of 0 to 160 ng mL−1 [130].




3.3.2. Without Bioreceptor


Finally, there are also several reports of ZnO PL-based biosensors where no biorecognition elements were used [3,27,42,132,133,134,135,136,137]. For instance, Sarangi et al. [27] claimed that ZnO can act as a photocatalyst for the glucose oxidation reaction (photo-oxidation) in a similar fashion as GOx, releasing H2O2 and gluconic acid (see Equation (2)). For this purpose, the authors used hydrothermally synthesized ZnO nanorods as transducers and immobilized different glucose concentrations on their surface (0.25, 0.5, 5, 10, 20, 30, and 40 mM) via drop-casting. The PL spectra of the resultant samples were then assessed, selecting the wavelength of 250 nm for excitation. Similarly, samples treated with H2O2 in the same concentration range between 0.25 and 40 mM were also prepared and analyzed for comparison. In line with previous reports of the enzymatic sensors for glucose detection [52,120], the PL intensity of the NBE emission decreased linearly with the increased concentration of H2O2 in the range from 0 to 40 mM. In the case of glucose, a progressive decrease with increasing concentration was also observed, displaying good linearity in the range from 0.5 to 30 mM, corresponding to 9–540 mg dL−1, in agreement with the typical value range for monitoring glucose in patients with diabetes [27]. It is worth noting that this linear concentration range is similar to that found for H2O2, pointing to the same phenomena ruling the PL behavior. From the defined calibration curve, it was possible to estimate the sensitivity of the studied sensors (slope of the calibration line) as 1.4% mM−1. Therefore, the authors concluded that when the ZnO nanorods were exposed to UV irradiation, photo-oxidation of glucose takes place even in the absence of GOx. A photocatalytic process is claimed to occur, in which electron-hole pairs are generated in the semiconductor upon UV excitation (see Equation (3)). The photogenerated electrons can promote the formation of negatively ionized oxygen, which then is dissociated into atomic oxygen, being highly reactive as an oxidizing species and conducting to the oxidation of glucose and the formation of H2O2 [27]. Then, the PL quenching results from H2O2 acting as an electron acceptor, as mentioned in the case of the enzymatic sensors [27,120,127].



Additionally, control tests with BSA, ascorbic acid, and uric acid were conducted. No changes were identified neither in the shape nor intensity of the ZnO PL spectra. Nevertheless, in the case of BSA an additional emission band peaked at ~340 nm arose, related to the protein emission. Accordingly, the authors claimed that the obtained results showed significant prospects for application in monitoring glucose levels in human serums, as the influence of the glucose in the PL signal was markedly different from the one promoted by other substances likely present. Accordingly, such an approach can provide a wide linear detection range and a high sensitivity with no need for additional biomolecules for recognition. To further prove this point, the feasibility of these sensors was tested using real human blood samples. The results show that the values estimated from the PL quenching were slightly higher when compared to the traditional clinical analysis. Nonetheless, a good correlation between the two methods was obtained [27].



Mai et al. [132] also reported a non-enzymatic PL sensor for the detection of glucose using ZnO nanotubes as the transducer platform. The results obtained were in agreement with the ones of Sarangi et al. [27], with the intensity of the UV emission peaking at 384 nm (under 325 nm excitation) decreasing linearly with increasing glucose concentration in the range of 0.1–15 mM (see Figure 10). This decrease was seen to be more pronounced in the case of the NBE recombination than for the broad green band (peaked at 575 nm), in line with other works already mentioned [9,34,49,50,51,107]. A sensitivity of 3.5% mM−1 was estimated, considering the response as the percentage of the decrease of the PL intensity per mM when compared to the blank sample (before glucose addition). A LOD of 70 μM was attained for these sensors [132]. The developed sensors were also applied in the real blood samples, as in the case of Sarangi et al. [27], and the results were fairly coincident with the ones obtained from the conventional clinical analysis. The authors refer that as this is a non-enzymatic sensor, it will be less influenced by environmental conditions such as temperature, pH, etc., which is frequently a concern with the biosensors using biological elements, like enzymes or antibodies as bioreceptors. In this case, the transduction signal is only dependent on the interaction efficiency between the ZnO transducer and the analyte [132]. However, and despite the fact that both Sarangi et al. [27] and Mai et al. [132] performed control studies with other possible interferences (BSA, ascorbic acid and uric acid) with no significant effect on the ZnO spectra, it is important to stress that such sensors do not provide specificity. Hence, if another analyte prone to photo-oxidation and whose oxidation reaction releases H2O2, as lactate or cholesterol, is also present in the sample under analysis, it may not be possible to selectively distinguish between the reactions and conduct a proper assessment of the concentration of the target analyte, making it rather difficult to obtain reliable outputs.



Besides glucose, Zhao et al. [133] reported the use of ZnO quantum dots (QDs, ca. 3–5 nm) capped with APTES as probes to detect and quantify dopamine without the need for any bioreceptor. The APTES modified ZnO QDs presented a broad emission band peaked at 530 nm (bandwidth ~120 nm) when excited with 337 nm. When 5 µM of dopamine were added to the APTES-ZnO QDs aqueous solution, a decrease in the PL intensity was observed to ~10% of the initial one, together with a slight shift of the peak position. Uncapped ZnO QDs samples were also analyzed in the presence of the dopamine and, in that case, the signal experienced a decrease to about 67% of the initial PL intensity, indicating that the presence of APTES has a significant effect on the quenching process promoted by dopamine. The authors related this effect with the hydrogen bonding interaction between the amine group of APTES and dopamine [133]. UV absorption and Fourier-transform infrared (FTIR) spectroscopy confirmed that the dopamine- APTES/ZnO QDs complex is formed via non-covalent interactions, namely hydrogen bond interaction, inferred by the blue shift observed in the absorption peak of QDs when the dopamine was added. Moreover, a broadening of the N–H bending and stretching vibration peaks is observed, attributed to the hydrogen-bonding interaction of the amino groups in dopamine and APTES-capped ZnO QDs [133].



The PL behavior of the APTES-capped ZnO QDs was further assessed under different concentrations of dopamine (0, 0.05, 0.1, 0.5, 0.8, 1, 3, 5, 8, and 10 mM). The intensity of the PL signal decreased as the concentration of dopamine increased (Figure 11), presenting a linear response in the range from 0.05 to 10 mM. The PL quenching was associated with electron transfer from the ZnO QDs to the dopamine since this analyte presents redox activity [133]. As the experiments were conducted at pH ~7, dopamine can be easily oxidized by ambient O2, forming oxidized dopamine (quinones), which can act as an electron acceptor. When the ZnO QDs are excited by the UV light, photogenerated electrons can be transferred to the oxidized dopamine-quinone, leading to the PL quenching. This quenching is therefore proportional to the concentration of dopamine present.



The APTES-capped ZnO QDs were also employed in the analysis of real human serum samples to verify the possible interferences from common molecules present in human blood serum (e.g., uric acid, ascorbic acid, cysteine, tyrosine, glucose, lactase, and so on). None of them evidenced any effect on the PL intensity or spectral shape, attesting to the selectivity of the APTES-ZnO QDs to probe dopamine [133]. As in this case no reaction was seen to the glucose presence, one may infer that the presence of APTES and/or the surface properties of the ZnO nanostructures likely play a decisive role in the selective detection of different bio-analytes, as in the case of the gas sensors [138].



Recently, Soundharraj et al. [135] also used ZnO NP as the transducer in an optical biosensor for the detection of different biomolecules, in particular urea. N-doped ZnO NP (particle size of ~10 nm) were produced by a chemical precipitation method [135]. The sensing experiments were carried out by dispersing the N-doped ZnO into deionized water and then adding the targeted molecule at various concentrations. The PL spectra were recorded prior to analyte addition and for each concentration, using an excitation of 340 nm. The biomolecules evaluated included urea, glucose, sucrose, thiourea, and BSA. The emission band peaked at 385 nm was seen to decrease in intensity with increasing concentration for all the biomolecules evaluated. In the case of urea, a linear detection range of 2.6–26 mM was achieved, evidencing a decrease of ~50% between the initial (reference) and the final concentration. Total intensity reductions of 35%, 33%, 26.9%, and 13.7% were estimated for glucose, sucrose, thiourea, and BSA, respectively [135]. As seen, urea demonstrated the highest quenching efficiency and the lowest LOD, corresponding to a value of 4.9 µM. As in the previous case of dopamine detection, this quenching was attributed to electron transfer between the biomolecules and the N-doped ZnO. Although appealing as they are not restricted by the preservation conditions of the bioreceptor, since the PL behavior was similar for all the analytes tested, such sensors present important limitations in real samples, like blood for instance. These biomolecules are likely to be all present in the same sample and it will not be possible to discriminate the influence that each one has on the PL intensity quenching, hampering their proper selective identification and quantification.






4. Influence of the Buffer Solution


During the ZnO functionalization and sensing experiments performed by our research group, slight changes in the spectral shape of the ZnO-related PL signal were perceived even when only exposed to the buffer solutions (phosphate buffers). This observation raised some questions regarding the effect that the species present in such solutions could have on the ZnO stability. Phosphate-based buffers are widely used in biosensing experiments to keep a constant pH, as well as an ion concentration that mimics the human blood [139]. However, it was seen that when ZnO micro/nanostructures are in contact with solutions containing phosphate ions, the ZnO structures suffer a phase conversion toward zinc phosphate [104,140,141], which significantly affected their transduction signal, particularly in the case of the PL output. As such, errors may be induced in the analysis of the transducing results, hampering the utilization of this semiconductor as a transducer if such phenomena are not well understood. Hence, a systematic study to understand these effects was conducted and the detailed analysis of the obtained results can be seen in [104].



ZnO transducers like the ones reported in [9,107] were immersed in phosphate-containing solutions at different pH values (pH = 5.8 and pH = 7.4) for several times (up to 72 h). Notable differences in the morphology of the samples were observed, particularly after 72 h of immersion (see Figure 12). On one hand, in the case of pH 7.4, besides the initial ZnO tetrapods, randomly distributed spherical-like shaped particles with diameters around 500 nm were also detected, evidencing some agglomerates mixed with the tetrapodal structures, which continue to be abundantly present. According to the Raman spectroscopy and X-ray diffraction (XRD) structural data, these particles are mostly amorphous, although traces of crystalline phases were also identified [104]. On the other hand, for the structures immersed in the solution with pH 5.8 during the same time, profound changes took place. New morphologies, with a flower-like morphology, appeared randomly distributed throughout the whole surface of the sample. These structures exhibited higher dimensions, in the range of tens to a few hundred µm and seemed to grow radially from a common center, being organized in a hierarchical branched structure. The newly formed crystal displays a parallelepiped shape with well-defined facets, presenting widths below 1 µm and lengths with tens of µm (Figure 12) [104].



Such changes were explained by the fact that when ZnO is placed in aqueous environments, some zinc ions are released to the solution at the same time that adsorption and precipitation of phosphate ions take place. Therefore, a reaction between them takes place, leading to the progressive conversion of ZnO into zinc phosphate, as more Zn ions are released to the media. This release of Zn ions increases for lower pH, explaining the important role of this parameter in the conversion [140,142,143,144]. On the other hand, for a pH = 7.4, the lower dissolution rate of Zn2+ makes the complexation with the     PO  4  3 −     less favored and the formation of zinc phosphate is limited and with poorer crystalline quality [145]. Nonetheless, this amorphous phase also plays an important role in the overall properties of the transducers, as was attested by the changes in the PL signal (Figure 13) [104].



Indeed, Raman and XRD data corroborated the enhancement of the phase transformation from ZnO to zinc phosphate with increasing immersion time in the case of the solution with pH = 5.8, while for pH = 7.4 only a crystalline ZnO phase was detected, with the Raman spectra suggesting the formation of the amorphous zinc phosphate [104]. The FTIR spectroscopy characterization indicated that the observed changes at the surface of the transducers were similar for both pH and analogous surface states are likely to be promoted by those groups/species [104].



As the main goal was to use the PL response of the ZnO structures as the transduction signal in biosensors, the analysis of the effect of this transformation in the optical properties was of utmost importance. Hence, the optical properties of such samples were thoroughly assessed by PL and PL excitation (PLE) [104]. Taking into account the RT PL spectra (Figure 13a, first and last spectra), the distinction between the spectral features of Zn3(PO4)2·xH2O and ZnO may not be straightforward at first glance, which can lead to misleading conclusions. A close inspection of Figure 13a reveals that the UV emission suffers a slight shift to higher energies as the immersion time progresses and differences also arise in the visible spectral range with increasing immersion time, particularly in the pH = 5.8 case, where 3 h of immersion time are sufficient to observe a reduction in the visible/UV intensity ratio and the appearance of a week emission band peaked at ~430 nm (see black arrow in Figure 13a). As the immersion time in the buffer solutions proceeds, this feature becomes more prominent. For 72 h, the band at ~430 nm prevails for the (pH = 5.8) solution, while the GL emission almost vanished. In the case of the samples at pH = 7.4 solution for the same time, the differences are less obvious, but the band at ~430 nm is also present, corroborating that some phase conversion also takes place. The most remarkable differences arise when low-temperature PL studies were carried out, as displayed in Figure 13b. In such a case, the differences in the spectral shape are particularly noteworthy, especially in the UV range, allowing a clear distinction between the different stages of this phase transformation [104]. Hence, this conversion will undoubtedly affect the final sensing signal as the contact times assessed in this work can be easily met during the functionalization process together with the sensing experiments, and must be carefully evaluated.



As a suitable buffer for ZnO, we selected the physiological solution (containing only NaCl and KCl salts) to handle the sensing tests, as no differences in the morphological, structural, or optical properties were identified, even after a 72 h immersion [104].



Eixenberger et al. [146] also conducted a study concerning the stability of ZnO nanoparticles in several biological buffers that are frequently used in biological studies to keep physiological pH in cell culture and other biological media. Real-time dissolution kinetics measurements were carried out using buffers as HEPES (N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)), MOPS (3-(N-morpholino)propanesulfonic acid), PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)), PBS, TES (2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]ethanesulfonic acid), sodium bicarbonate, and tricine (N-[tris(hydroxymethyl)methyl]glycine), and the pH was adjusted to 7.4. The same volume of each buffer was added to the ZnO solution (in nanopure water) [146]. A rapid dissolution of the ZnO nanoparticles was observed for all the biological buffers with exception of PBS and sodium bicarbonate. After ~20 min, HEPES, MOPS, PIPES, TES, and tricine exhibited a dissolution rate over ~72%, contrasting with the 3.3% and 1.4% evidenced for PBS and sodium bicarbonate, respectively. Hence, such a high level of dissolution is likely to have a very significant impact on the data collected when using these buffering systems, and this knowledge must be regarded before using them in biosensing experiments [146]. Besides the buffers, according to the same study, the presence of the ZnO nanoparticles in a common cell media (RPMI 1640) promoted also a phase conversion, similar to what was found in our work [104]. The samples were evaluated several times up to 24 h. FTIR studies on the immersed samples revealed that, among others, a strong peak at 1050 cm−1 emerged with increasing immersion time, being associated with a convolution of the     PO  4  3 −     symmetric and antisymmetric stretching modes, indicating the formation of a phosphate-related phase. This was seen to occur in cell culture media both with and without HEPES, thus, the conversion should be mostly promoted by the media [146]. As no new maxima were identified in XRD, the phosphate-related phase is expected to be amorphous in either case [146], which is in line with the observations at the same pH = 7.4 mentioned above and reported in [104].



The above-mentioned works put in evidence the crucial need for a proper evaluation of the effects of any buffers or testing media prior to initiating the sensing experiments as the impact of the former in the ZnO transduction properties should be correctly separated from the one resulting from an effective biorecognition event.




5. Conclusions & Future Perspective


In this review, we gave a broad overview of the various studies that have been conducted in the scope of ZnO PL-based biosensors. Several ZnO nanostructures have been applied for the development of different types of biosensors, ranging from immunosensors to enzymatic sensors and even to biosensors that only rely on the ZnO itself and its properties, e.g., photocatalytic, to selectively detect the target analytes. The sensitivity and LOD outcomes of some of these sensors can rival the ones found for the more traditional electrochemical biosensors, foreseeing excellent prospects for the implementation of this transduction method in future biosensing devices.



Even though there are still many open questions regarding the physical phenomena that rule the PL behavior in correlation with the concentration of the probed species, there seems to be a consensus in the literature regarding the mechanisms behind the operation of the immunosensors. In this case, the electrostatic interactions between the immunocomplex that is formed when the AB react with their specific antigen and the surface of the transducer play a major role. As changes in charge distribution occur at the surface of ZnO during this biorecognition event, changes in the band bending will take place, thus affecting the number of the photogenerated carriers able to recombine and, consequently, the PL intensity. Such variation in the PL intensity is proportional to the analyte concentration, enabling the calibration of the sensor. However, for the other types of sensors, the detection phenomena remain less clear. Nevertheless, charge transfer processes involving catalytic reactions are likely to govern the transduction of enzymatic sensors and even others where direct interaction between the ZnO and the analytes is reported. In those cases, electrostatic interactions may also be involved in the PL behavior, being highly dependent on the type of biomolecule probed and the surface properties of ZnO.



Despite being extremely attractive to be used as a transducer in biosensing devices, ZnO poses some concerns, not only limited to the field of optical transduction. As discussed in Section 4, the influence of the buffer solution and the solution media where the sensors are tested is quite relevant in the feasibility of ZnO-based transducers as this material was seen to react easily with some of the solution components. All the reactions external to the sensing, as the phosphate-induced conversion discussed above, must be carefully evaluated. Adequate knowledge of such effects on the transduction signal for each sensing condition (e.g., pH, other species present in the target sample, overall contact time with the solution, and so on) is mandatory and will require massive research. Only in this way should it be possible to distinguish other phenomena from the effective sensing and design of a device that can deliver a trustworthy sensing outcome that can be reliable when operating in real biological fluids or real water samples (e.g., from streams, rivers or wastewater), for instance, as those typically contain phosphate species, which will then promote the mentioned conversion. Therefore, although the results reported in the literature and here presented seem very appealing, several important issues must be overcome before implementing this semiconductor in real-life applications.
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Figure 1. 14 K PL spectra and respective scanning electron microscopy (SEM) images of distinct morphologies, nanoparticles (NP), tetrapods (TP) and microrods (MR), of ZnO crystals grown by the LAFD method under different laser powers in air atmosphere. More details can be found in [80]. 
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Figure 2. RT PL spectra of the ZnO nanorods modified with anti-Salmonella AB and bovine serum albumin (BSA), monitored in the NBE spectral region for different concentrations of Salmonella. Copyright 2014 IEEE. Reprinted, with permission, from Viter et al. [50]. 
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Figure 3. RT PL spectra of the ZnO nanorods monitored after the incubation of the different concentrations of OTA and registered at steady-state conditions under 337 nm excitation. Reprinted from Viter et al. [34]. Copyright (2018), with permission from Elsevier. 
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Figure 4. RT PL spectra of the gp51&BSA/PAH/ZnO structure when incubated with the (a) ‘BLV-positive’ probe and (b) ‘BLV-negative’ (without any specific anti-gp51 AB). (c) Calibration plots of immunosensor gp51&BSA/PAH/ZnO-NR/glass upon incubation with ‘BLV-positive’ and ‘BLV-negative’ probes. S corresponds to 1-Inorm(C), where Inorm(C) is the normalized PL intensity (at the NBE maximum) at corresponding probe concentration C. Adapted from the work of Viter et al. [33]. Copyright (2019), with permission from Elsevier. 
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Figure 5. RT PL spectra for ZnO samples incubated with different hCG concentrations (a) sensor (ZnO/anti-hCG/BSA) and (b) control samples (ZnO/anti-E. coli/BSA). (c) Mean variation of the sensing response with the logarithm of the hCG concentration. Adapted from Rodrigues et al. [9]. Copyright (2020), with permission from Elsevier. 
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Figure 6. (a) RT PL spectra of a ZnO/LIG composites representative sample incubated with different HSA concentrations. (b) Sensing response (Equation (1)) as a function of the logarithm of the HSA concentration for representative sensors and control samples ZnO/LIG composites (1 mg of LIG [48]). (c) Average evolution of the sensing response and the respective calibration curve. The average evolution of the control samples was also added for comparison. In figures (b,c) the “0” value corresponds to the intensity of the blank and was added to simplify the representation. 
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Figure 7. Schematic illustration of the band bending phenomena occurring near the surface of ZnO upon surface functionalization and analyte incubation and respective representative PL spectra: (a) bare ZnO transducer, (b) after complete surface functionalization, i.e., silanization followed by immobilization of the AB and BSA proteins, and (c) after incubation with the target analyte. CB and VB stand for conduction and valence bands, respectively. h corresponds to the height of the potential barrier, while w denotes the width of the depletion region. The full circles illustrate electrons while the open circles denote holes and the straight arrow represent radiative recombination. 
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Figure 8. RT PL spectra of the ZnO NP in the presence of different concentrations of (a) H2O2 and (c) glucose. (b) Semi-logarithmic plot of PL intensity of the NBE and visible emission (DLE) as a function of the H2O2 concentration. (d) PL intensity of the NBE and DLE as a function of glucose concentration. Adapted from Sodzel et al. [52]. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Microchimica Acta [52]. COPYRIGHT (2015). 






Figure 8. RT PL spectra of the ZnO NP in the presence of different concentrations of (a) H2O2 and (c) glucose. (b) Semi-logarithmic plot of PL intensity of the NBE and visible emission (DLE) as a function of the H2O2 concentration. (d) PL intensity of the NBE and DLE as a function of glucose concentration. Adapted from Sodzel et al. [52]. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Microchimica Acta [52]. COPYRIGHT (2015).



[image: Chemosensors 10 00039 g008]







[image: Chemosensors 10 00039 g009 550] 





Figure 9. Schematic representation of electron transfer from ZnO to H2O2 under UV illumination and the formation of oxygen active species that may passivate the oxygen vacancies (VO) at the surface of ZnO, in accordance with Equations (3) and (4). 
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Figure 10. (a) Normalized PL spectra of the ZnO nanotubes when in contact with different glucose concentrations and the respective (b) response curve given by the change in the PL peak intensity. Image from Mai et al. [132]. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Microchimica Acta [132]. Copyright (2019). 
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Figure 11. RT PL spectra of the APTES-capped ZnO QDs with different dopamine concentrations. Inset: relative intensity of APTES-capped ZnO QDs at 530 nm versus the concentration of dopamine. Reprinted from Zhao et al. [133]. Copyright (2013), with permission from Elsevier. 
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Figure 12. Representative SEM images of the ZnO samples prior and after 72 h of immersion in solutions containing phosphate ions at different pH. 
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Figure 13. (a) RT and (b) 14 K PL spectra for the ZnO samples immersed in the solutions containing phosphate ions with different pH and during different times. The spectra were vertically shifted for clarity. The vertical dashed lines indicate the positions associated with the ZnO recombinations. Reprinted from J. Rodrigues et al. [104]. Copyright (2022), with permission from Elsevier. 
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Table 1. Summary of the works reported in the literature concerning ZnO immunosensors with PL transduction.
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	Type of ZnO Structures
	Growth

Methodology
	Excitation

Wavelength
	Functionalization Approach
	Bioreceptor
	Analyte Tested
	Publication Year
	Ref.





	Nanorods
	GDS
	355 nm
	Physical adsorption
	Anti-Salmonella AB
	Salmonella sp.
	2014
	[50]



	Films
	ALD
	355 nm
	Physical adsorption
	Anti-Grapevine virus A-type AB
	Grapevine virus A-type
	2017
	[105]



	Nanorods
	GDS
	337 nm
	Covalent

immobilization
	Anti-Ochratoxin A AB
	Ochratoxin A
	2018
	[34]



	Nanorods
	GDS
	337 nm
	Physical adsorption
	BLV 1 protein gp51
	anti-gp51 AB
	2019
	[33]



	Nanorods
	GDS
	337 nm
	Covalent

immobilization
	Anti-human CD19 AB
	Human leukemic cells (B-lymphoblastoid cell line IM9)
	2019
	[51]



	Nanorods
	GDS
	337 nm
	Physical adsorption & Covalent immobilization
	Anti-CD5 AB
	Human leukemic T-cells (cell line MOLT-4 2)
	2020
	[49]



	Tetrapods
	LAFD
	325 nm
	Physical adsorption
	Anti-hCG AB
	hCG
	2020
	[9]



	Polyacrylonitrile/ZnO nanofibres
	Electrospinning + ALD
	325 nm
	Covalent

immobilization
	Anti-aflatoxin B1 AB
	Aflatoxin B1
	2021
	[106]



	Tetrapods
	LAFD
	325 nm
	Covalent

immobilization
	Anti-tetracycline AB
	Tetracycline
	2022
	[107]



	Tetrapods
	LAFD
	325 nm
	Covalent

immobilization
	Anti-HSA AB
	HSA
	-
	Present

work







1 Bovine leukemia virus (BLV) 2 Derived from patients with acute lymphoblastic leukemia.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(a) BareZnOtransducer (b) Fully functionalized (c) Upon analyte incubation
biosensor
(APTES+AB+BSA)

- ®
@ @ @ ;:4
sV
ve ve ve ¢y
= i e
Depletion reion
Y aeety @ 85A
- sy SEY

5]

I

JRC W






media/file4.png
PL Intensity, arb.u.

35000
1 o 0% ZnO:Ab-1/10-BSA
4% Im 10
30000 - salm
9% salm 100
salm 1000
25000 - ~ salm 10000
29 ——— salm 100000
> 20000 ~ salm 1000000
15000 -
10000 -
5000 -
0 -

- » 1 ' 1 ' 1 N I N 1 v I v 1 v 1
360 365 370 375 380 385 390 395 400
A, NM





media/file18.png
.................................................

. e“transferred to H,0, in solution !
. — fewer carriers recombine

. production of highly reactive radicals
. = Vg passivation

. = band bending reduction

' = enhanced PL intensity

'
e s s s r r r e e e o= === - ===






media/file21.jpg
Flourescecne intensity / a.u.

3000 4

2000 o

1000

[DA]/pM
0

R=0.99%

G
DA}/ M

5w

450

500

T T
550 600
Wavelength / nm

T
650

T
700

750






media/file26.png
a
(a) Energy (eV)
3432 3 28 26 24 22 2
| : Aexc=325 nm; RT
|
- I
|
|
> 1/ N Zn,(PO,), xH,0
= : R
o | 72 h, pH=5.8
= |
= : 72 h, pH=7.4
O |
o 1/
= ! 24 h, pH=5.8
©
Cg) i 10 h, pH=5.8
Z |
|
1/ / 3 h, pH=5.8
| \
|
: 3 h, pH=7.4
- |
: o ZnO
1 D s i aam o

350 400 450 500 550 600 650
Wavelength (nm)

(b)

Normalized intensity

Energy (eV)
34 33 32 31 3 2.9

: A

=325 nm; 14 K

exc

Zn,(PO,), xH,0

72 h, pH=5.8

72 h, pH=7 .4

24 h, pH=5.8

Al 10 h, pH=5.8

3 h, pH=5.8

3 h, pH=7.4

3.31 eVline

Zn0O

360 370 380 390 400 410 420 430 440
Wavelength (nm)





media/file3.jpg
..

:

PL Intensity, arb.

g

:

9%

20000

:

10000

4%

0%

—— ZnO:Ab-1/10-BSA|
———salm 10

~——— salm 100
—— salm 1000
~ salm 10000
~——— salm 100000

~ salm 1000000

375

380
2, nm

385

390

395

400





media/file22.png
Flourescecne intensity / a.u.

[DA] / pM

0

R=0.996

R
[DA] / pM

8

10

550 600
Wavelength / nm






media/file19.jpg
zrop@ | g

£ i | 2o

H i | Fo

0 o | B o

H | 2

%n.t %n.&

Eos £

2 =03

n'nﬂn 380 390 400 410 420 0 2 4 6 8 10 12 14 16

Wavelength (nm) Glucose Concentration (mM)





media/file7.jpg
Normalized PL intensity (a.u.)

®

08 —Noprobe 210 —Noprobe
—c, (1000000 3 e (io00000)
0s —c, (100000 2 05 —c, (1100000)
—c,(1:10000) £ o —c, (110000)
04 % c,(1:1000) g G (161000)
——c, (1:100) Foa — e, (1100)
4 £ oz
00 2.
S0 S0 a0 a0 a0 ek Qo m——m
3om om
034(@) §
'
02 5
= 5 BLV-posiie sorum
3 *_BLV-negatie’sorum
200
o






media/file10.png
(a)

2.0x10"%

~1.5x10"3

1.0x10"3

IntenS|ty (arb units)

0.0

Wavelength (nm)

5.0x10'? -

Wavelength (nm)

400 450 500 550 600650 (b) 400 450 500 550 600 650
Ar.=325 NM [hCG] ZnO#1 3_0X1013_7\'3XC=325 nm Control #3
o 0 ng mL™ [hCG]

i s A 0 ng mL""
+1 ng mL™’ £ | g
+5 ng mL"’ T 251071 +1ng mL™
+10 ng mL"! > +5 ng mlL"
+25 ng mL™ £ 2.0x1077 *10 ng mL"
+50 ng mL"™" 2 *25ngmL”
+100 ng mL" 21.5x10" 1 +50 ng mL"
g) +100 ng mL™’
g, D 1.0x10" + \ »
/{41’ ‘\ﬂ‘\ h E e A"\\\
o % A
e 5.0x10"2 \ it
ot hpmaren s
oo oo o o0 v o o0 oc0~+——7—"—"7—""7T—7T T T T
34 32 30 28 26 24 22 20 18 34 32 30 28 26 24 22 20 1.8
Energy (eV) Energy (eV)
(€) o6-
05 [
- |
_:) .
—
&> 0.3- i}
O ] I
e
3 0.2-
1 o
o
3 0.1- T I
001 |
'01 1 1 | I ! |
0.0 0.5 1.0 1.5 2.0

Log([hCG])





media/file14.png
(a)

Bare ZnO transducer

ZnO surface

h1I"

CB

VB

Wiy
Depletion region

Energy (eV)
5x 108 3432 3 28 26 24 2.2
heye=325 M
§4x105—
= s ZNO
-
£ 3x10°
L
-
&% 2x10°
|
2
=
1x10° 4
0 1 1 T |l
350 400 450 500 550 600

Wavelength (nm)

(b)

Fully functionalized

biosensor
(APTES+AB+BSA)
hz< hy I ¢
cB et
ry
&
vV =
VB 0000 ‘
Z
+—>
W2<W1
1 Antibody ¢ BSA
Energy (eV)
5x10° 3432 3 28 26 24 22
Ko =325 Nm
§4x106- 70
g —ZNO-APTES-AB-BSA
£ 3x10°
8
2
@ 2x10°
c
o
£
1x106 -
0 . : . ,
350 400 450 500 550 600

Wavelength (nm)

(c) Upon analyte incubation

1

cB >
~3 4
o
$
4
VB L ¢y
‘—
4
—>
W3
‘ Analyte
Energy (eV)
3432 3 28 26 24
5x108 ————————————— : .
hexc=325 nm
§4x105- a0
g ——2ZnO-APTES-AB-BSA
. w—+ANAlytE
9 3x10° -
&
2>
gzxwﬁ-
Q
=
1x10° -
0 T I I 1
350 400 450 500 550 600

Wavelength (nm)





media/file11.jpg
Intensity (arb. units)

3432 3

ot

4

gy ()

28 26 24 22 (),
T R s
iE
Zrous o 128 .
s o =t
—owm 3 =
—owonen' | X oa 3
T N < -
——01pgmL’ = o0z >
— g 3 .
—ogm z, 4
——100pgmL" o
ord s
R
w0 w0 s 6w & oor oor o1 1

Wavelength (nm)

© 1o

095639

20072156109 19 (G0 + (596102246109

S ooot oot 01 1
Concentraggo (ug mL"")

o

Concentration (ug mL"")





media/file6.png
Normalized PL intensity (a.u.)

[OTA]

w—— () Ng/nl
== 0.0001 ng/ml
w=(0.001 ng/m|
= 0.01 ng/ml
~—0.05 ng/mi
s (0.1 NQ/Ml
~0.5ng/ml
——1 ng/ml
=5 ng/ml
= 10 ng/ml
w20 ng/ml

0 ng/ml

—_
o

o
oo

S
(o)

- 20 ng/ml

<
n

gt
N






media/file15.jpg
) B

PL ntensity (a. u)

o

PL intensity (a. u.)

i

R R Y
°l a
o o lis
P oy
Say
W e v e ar

150, concantration inog scalo(M)

PLintensity (a. u)

(d)

o 5 e

10000 {58 2D
n

oo oo

6000, P

4000, °o &

0 8 & o

Wavelength (nm)

Glucose concentration (mM)





nav.xhtml


  chemosensors-10-00039


  
    		
      chemosensors-10-00039
    


  




  





media/file16.png
(@) 20000

PL intensity (a. u.)

—
2)
S

15000

PL intensity (a. u.)

10000

DLE

|

[H,0,]

o
450

e
500 550

Wavelength (nm)

600

DLE

w0 MM
w— 10 MM
e 30 MM
— 50 mM
s 70 MM
w400 MM
s 130 mM
— 150 MM
w— 200 mM
w— 300 mM

400

450 500 550 600

Wavelength (nm)

PL Intensity (a. u.)

PL Intensity (a. u.)

(b)

160004 . O NBE|
A DLE
A
12000 o FaY
O
A
8000 o 1
()ZS
(o) A
4000 - 0] A
I 0 0oy,
- Ly )
1E-5 1E-4 1E-3 0.01 0.1

(d)

H,0, concentration in log scale(M)

B © NBE
' A DLE
10000 -
| a
10
8000 { ¥ o A
| A
6000 - o A
: o
o
4000 -
a
| 5
2000 -
| © 6
0 40 80 120 160 200 240 280

Glucose concentration (mM)






media/file2.png
Normalized intensity

Wavelength (nm)
450 500

550 600 650 700

400
A

. |
exc =329 M
114 K

3.31 eV line

" LAFD.

NP (20 W)

TP (60 W)

TP (30 W)

34 32 30 28 26 24 22
Energy (eV)

MR (35 W)
20 1.8





media/file20.png
Normalized Intensity(a.u.)

10k () —=—ZnONTs [ 0.9} (b)
| 3 i
S 08
0.8 > |
i g 0.7F
0.6 3 '
£ 06
. = _
0.4 N 05}
L g E
E 04F
0.2 z° _
,,,,, 0.3}
0-0  — 1 ) S G — b 4 1 o 1 . 1 o ) o 4 . 1 .
370 380 390 400 410 420 0 2 4 6 8 10 12 14 16

Wavelength (nm) Glucose Concentration (mM)





media/file23.jpg
ZnO (original) After72hpH7.4

After72hpH5.8 £

—






media/file5.jpg
[OTA]

0 ng/ml

310 ——0nghnl

s ——10.0001 ng/mi
2 ~——0.001 ng/ml
2 08 ——0.01 ng/ml
g ~——0.05 ng/ml
7 06 = 0.1 ng/ml
5 -~ 0.5ng/ml

e —— 1 ng/ml

T 04 20ngml 5 ng/ml

g —— 10 ng/ml

z =20 ng/ml

o
N





media/file24.png
SN AR
!q

NS

LA 2 F -
o7 }-. . BB et .
AL l‘.'\‘.‘:‘h T 5 WS Al AL Y T A 3 s
o =, : Sl ! ~ls B ‘k 3
o L e PN 3 i 2 Fﬁ
- “ v~ - e ¢ » .,v
1 \ Ly, it

,(:".,\

o After 72 h pH

- 3 \ " - Rage w "r "y 4 f"‘, N
SN g - 5 3 8 ) A VA :
- b 5






media/file1.jpg
3
X
T
E
o
2

Wavelength (nm)
400 450 500 550 600 650 700

74,=325 nm (AFD

14K

NP (20 W)

TP (6O W,

P (30 W)

i MR (35 W),
34 32 30 28 26 24 22 20 18
Energy (eV)






media/file25.jpg
@ Energy (eV) ® Energy (eV)
3432 3 28 26 24 22 2 A 3 a8
[Epm—— i ez K
P00l
> angpou >
i nan sl 5
E 2 i £ 720 prr4
3 H
H 2 g 24n. sl
£
£ Ton s 5 Ton e
H H an s
s anpss)
anpr
w0
= w0 @0 s %o a0 6 30 30 %0 W0 40 40 0 40 40

Wavelength (nm) ‘Wavelength (nm)





media/file12.png
Energy (eV)

(@) 3432 3 28 26 24 22 B) 10
S )_.=325nm;RT Lo
4x10° + ZnO/LIG 089 | su3 < B
—_ < < e |
ﬂ 4 S#4 <
= [HSA] 0.6 1 > >
= 3x10° - ——O0pug mL™ o_% A
o ——0.001 ug mL™" = 04- 1
S ——0.01 ug mL” 5> < <
> -1 :I:_:) prigs
= 2x10° 4 —0lugml L 0.2 -
D —TugmL? o5 A K
— - ~— <
£ 180ug mLL-1 e ) 2
— E— m
1%10° - M9 5
-0.2 1 o
©  Control#1 o
O Control#2
0 1 1 1 1 '04 T T T T T T T T T T T T TTTTT]
350 400 450 500 550 600 0 0.001 0.01 0.1 1 10

Wavelength (nm)

(C) 10

Concentration (ug mL™)

0.8 +

0.6 -

uv

0.4 +

0 _|HSAy/0
(IGv-loy™ )/

0.2 -

0.0 -+

-0.2 1

:, i

| y=(1.2x107"£1.5x10®) log (Cygp) + (5.9x107+2.4%x10%)

R2=0.95639

Sensors

Controls

0 0001 001
Concentracéo (ug mL™)

0.1 1






media/file9.jpg
Wavelength (nm)

Wavelength (nm)
(@ 400 450 500 550 600650 400 450 500 550 600 650
o] A=325nm Gl Znow1) S0eton | o325 01 Control #3
L ol
z e B —omm:
g lsngmt B “tngmL’
o J—o) S s
H Tsramt geoow — o
i s e
oo -1 it S “omgmt
] £ i

34 32 30 28 26 24 22 20 18

Energy (eV)

34 32

30 28 26 24 22 20 18
Energy (V)

© o5

os

o

04

3

00 05

Log(InCG)

7o

s

20





media/file0.png





media/file8.png
Normalized PL intensity (a.u.)

|(a b
o] @ ()
¢, 1.24 t C
. 3 ]
0.8 No probe o 1.0 No probe
c, (1:1000000) > —c¢, (1:1000000)
0.6 1 - 2 0.8- :
c, (1:100000) S ¢, (1:100000)
. c, (1:10000) E 0.6- ¢, (1:10000)
0.4 - c, (1:1000) % ] c, ~———¢, (1:1000)
c. (1:100) g 0.4+ c. (1:100)
5 — 5
0.2 © 1
£ 0.2
@]
> ]
0.0 1 X 1 1 | ] I = I L I 0 O
360 380 400 420 440 460 '

360 380 400 420 440 460

A, M A, NM
0.3 (C)
. 4
0.2 ;
. et i = 'BLV-positive' serum
= ' e 'BLV-negative' serum
2 0.0 .
7))
-0.1-
-0.2 - : 4 ; '
'03 1 T I
-6 4 "





media/file17.jpg
“OH + 0H" e transferred to H,0, i solution
> fewer carriers recombine
2

5 reduced L intensity
w é é c
2 g S
v 56 © @ 3 Vopassvation
G = band bending reduction
> enhanced PLintensity






