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Abstract 

Zinc oxide (ZnO) is a semiconductor metal oxide nanoparticle with inherent optical properties. 

Among the different zinc oxide nanostructures, nanoflowers have greater surface area. Utilizing 

this property a reagentless biosensor has been developed for the detection of beta amyloids, a 

hallmark of neurodegenerative diseases like Alzheimer’s disease, Creutzfeldt-Jakob Syndrome, 

insulin dependent type II diabetes etc. The poor fluorescence quantum yield and photobleaching 

effect of Thioflavin T (ThT) upon binding to the model insulin amyloid beta sheets in solution 

can be overcome by the present engineered biosensor where ThT acts as a target as well as a 

reporter to detect amyloids adsorbed on a solid template based on ZnO nanoflower. ThT was 

adsorbed on ZnO NFs grown over nano-silver thin film coated glass slide. The in vivo imaging 

system was used to detect and quantify the fluorescence intensity generated from the substrates 

upon binding with insulin amyloid. ZnO NFs have the waveguiding property which increases the 

local field intensity caused by a resonance between the guided fundamental mode and evanescent 

field associated with high- order modes. This resonance phenomenon reinforces the excitation of 

the fluorophores in close proximity of the NFs thereby exhibiting enhanced fluorescence like 

Fabry Pero´t Resonator (FPR). Considering the engineering and sensitivity, the reported 

nanobiosensor developed on ZnO nanoflower can be treated as faster and cost effective amyloid 

sensor. 

Keywords: ZnO nanoflower; amyloid detection; insulin amyloid; amyloidosis.  
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1. Introduction 

Amyloids are the misfolded protein aggregates having predominant crossed β-sheet rich structures 

typically found in different diseased conditions called amyloidosis. Amyloids are associated with 

various neurodegenerative disorders like Alzheimer’s disease (AD) (1, 2), Parkinson’s disease 

(PD) (3), Creutzfeldt- Jakob Disease (CJD), Prion- associated diseases (4) as well as Type II 

diabetes (5, 6). Insulin injections are taken subcutaneously in type II diabetic patients chronically. 

The repeated use of such injections induces localized amyloidosis. These insulin amyloids also 

share the same β-sheet rich structure as other amyloids (5) and are considered as a model amyloid 

protein for the study of different amyloidosis. The detection of amyloids in biological fluids at a 

very low concentration is warranted for the diagnosis and treatment of different amyloid related 

disorders. In the present study, we have developed a nanobiosensor for the detection of amyloids 

designed with zinc oxide (ZnO) nanoflower grown on various substrates and compared the 

efficacy. Fluorescent dyes are commonly used for labeling and detection of various disease 

biomarkers such as IgG, β-Amyloid etc., but has limitations in terms of low intensities and photo-

stability. Nanostructures based ZnO nanorods are being used recently for fluorescence 

enhancement (FE) (7, 8), exploiting the large surface area of ZnO nanorods (8), interfacial 

electron transfer (9), and their waveguide structures (10-12). The fluorescence from the 

fluorophores near nanorods can be captured and guided by waveguide structures (13). To achieve 

the enhanced fluorescence, we have grown ZnO nanoflower with ZnO nanoparticles as seed, 

which has higher surface area compared to ZnO nanorod, over a high reflectance substrate coated 

with nano silver (Ag) thin film.  

The detection of amyloid so far is very laborious, time consuming and involves expensive 

chemicals and very less sensitive. Biochemical techniques like ELISA and mass spectrometry 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

(MS) is been used for the quantification of amyloid-beta peptides present in the brains of humans 

and transgenic mice (14). ELISA can detect as low as picomolar concentrations of amyloid beta 

(15) but involves expensive enzyme-linked antibody and a carcinogenic substrate. Amyloid 

detection using MS yields less reliable results because of robust MS methods, low sensitivity, 

self-aggregation, difficulties in purification, and adsorption in the sample vials, injector ports, and 

the chromatographic columns etc. (16). The recent techniques of detection of amyloids are- on-

line immunoaffinity liquid chromatography–mass spectrometry (LC/MS/MS) (17), column-

switching liquid chromatographic–tandem mass spectrometry (18), time-of-flight secondary ion 

mass spectrometry (19) and covalent chiral derivatized ultraperformance liquid chromatography 

tandem mass spectrometry (CCD-UPLC–MS/MS) (20). These techniques are time-consuming, 

expensive, labor intensive, and their sensitivity is also compromised. Positron emission 

tomography (PET) is used to detect amyloid β (Aβ) with only three Aβ PET tracers approved by 

the Food and Drug Administration (FDA) for clinical applications (21). The disadvantages of 

these three tracers and other tracers which are under development is that they can bind to the 

insoluble Aβ but not to the more toxic soluble oligomeric Aβ species (22). The detection of 

soluble Aβ peptide is more essential for the early detection of AD. A non fluorescent peptide 

tagged with green fluorescence molecule was used to detect amyloids and was considered 

superior to the conventional ThT assay but had a high signal to noise ratio (23). There were other 

studies on the influence of small peptides on amyloid aggregation where the fibrillar morphology 

of amyloids was visualized using atomic force microscopy (AFM), but no quantifications were 

done (24).  

The use of benzothiazole dyes, mostly thioflavin T (ThT) as whole or part is used for the 

detection of amyloids through histological, imaging, kinetic, and structural studies (25, 26). 
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Organic fluorophores have a limitation because it does not give a reproducible signal for amyloid 

detection at low concentration. In our present work, we have adsorbed ThT dye over ZnO 

nanoflower grown over a nano Ag thin film coated glass surface. Insulin amyloids were used for 

the detection of amyloids using the enhanced fluorescence emitted from this fabricated 

nanobiosensor. The linearity of the sensor is also verified using different concentrations of the 

amyloid and yielded a cost effective, faster and sensitive amyloid biosensor. The characterization 

of the nanostructure was done using UV visible spectroscopy, spectrofluorimetry, dynamic light 

scattering (DLS), infrared spectroscopy (FTIR), X-ray diffractometry (XRD) and scanning 

electron microscopy (SEM). The fluorescence emitted from the fabricated sensor is recorded 

using IVIS Lumia live small animal imaging system.  

2. Materials and methods 

2.1 Glass slide preparation and surface treatment 

The glass slides activation and surface treatment was done according to previously described 

methods by Chitvoranund N et al., (27). Briefly, all glass slides of size 3×1 inch were dipped in 

distilled water and ultrasonicated for 5 min in the water bath at 40 KHz frequency. Then, the 

glass slides were further dipped in 95 % ethanol and ultrasonicated for 5 min and the process was 

repeated three times for activation. The glass slides were air dried and dipped in 1 M 

hydrofluoric (HF) acid for HF etching. After washing with distilled water the slides were air 

dried in a dirt free atmosphere.  

2.2 Electroless deposition of nano-Ag thin film 

Nano Ag thin film was deposited over the activated glass by following method used by 

Koura N et al., (28), with few modifications. 20 ml of 1 % silver nitrate (AgNO3) was mixed 
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with 1 % sodium hydroxide (NaOH) under continuous stirring to form a fine green solution of 

Ag2O. After 5 minutes of stirring 1 ml of ammonia solution was added dropwise until a colorless 

solution was obtained. In the above solution, 2 g of D-glucose was added under stirring 

condition. Next, the HF activated glass slides was immersed in that solution and held for 

different time intervals in order to standardize the optimum thickness of the film. After nano Ag 

thin film deposition the glass slides were gently rinsed with distilled and annealed for 10 min at 

120 °C. 

2.3 Zinc oxide nanoparticles synthesis 

Zinc oxide nanoparticles (ZnO NPs) were synthesized using simple beaker chemistry as 

followed by Ghorbani H. R et al. (29), with slight modifications. To the aqueous solution (0.2 

M) of zinc nitrate (Zn(NO3)2.6H2O), KOH (0.4 M) solution was added dropwise with continuous 

stirring at room temperature. Upon addition of KOH, the solution yielded a white colored 

precipitate which was centrifuged at 5000 rpm for 20 min followed by distilled water washing 

for three times. The final washing was done with 95 % ethanol to remove the interfering 

chemicals and the final product was calcinated at 500 ⁰C for 3 h. The white powder was then 

grinded in a mortar pestle to yield a fine powder of ZnO NPs. The characterization of the 

nanoparticles was done using UV-visible absorbance, fluorescence, FTIR, particle size analysis 

and XRD according to Girigoswami K et al. (30). 

2.4 Seeding of ZnO NPs 

Spin coating of ZnO nanoparticles was done as described by Ibupoto Z H et al. (31). At first ZnO 

NPs seed solution was prepared with ZnO NP in 1% acetic acid solution followed by 

ultrasonication for 30 min. The nano Ag- coated and uncoated slides were then spin coated with 
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the seed solution of ZnO NPs at 3000 rpm for 30 s, three times. The substrates were then 

annealed at 120 °C for 20 min, after seeding. 

2.5 Growth of ZnO nanoflower on substrates 

ZnO nanoflowers (NFs) were grown on the seeded substrates by following the method used by 

Khun K et al. (32) with slight modification. Aqueous solutions of zinc nitrate hexahydrate (75 

mM) and hexamethylenetetramine (HMT) (75 mM) was prepared and 30 ml of each solution was 

mixed in a beaker to yield the growth solution. To this growth solution, the annealed substrates 

were dipped vertically and kept in a preheated water bath at 96 °C for 5 h. After 5 h the growth 

solution was replaced with fresh growth solution and kept for another 5 h at the same condition. 

After complete growth process of ZnO NFs, the substrates were washed with distilled water, 

followed by air drying. 

2.6 Adsorption of Thioflavin T on different substrates 

The solution of 20 μM ThT was prepared in PBS (pH=7.2). The adsorption of dye to a substrate 

was done according to Yin Y et al., 2014 (13). In a coplin jar 30 ml of ThT solution was taken 

and four different types of substrate, Only Glass (activated glass slide), Substrate-A (ZnO NFs 

grown on activated glass slide), Substrate-B (nano Ag coated glass slide) and Substrate-C (ZnO 

NFs grown on nano Ag coated glass slide) was immersed into it and kept at 4 °C for 12 h. Then, 

the ThT adsorbed substrates were air dried in a dirt free atmosphere. 

2.7 Growth of insulin amyloid and its confirmation 

To analyze the detection capacity of the ThT adsorbed surface, insulin amyloids were used. The 

insulin amyloids were formed in vitro according to Metkar S K et al., (33). 1 ml of Huminsulin 
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(1.388 mg/ml) was taken in a 2 ml tube and incubated at 65 °C (wet heat) for 24 h. After the 

incubation, amyloid fibril formation was confirmed by conventional ThT fluorescence assay in 

solution (34). In a typical ThT assay, 30 µl of insulin amyloid was added in 200 µl of ThT (20 

µM). From this solution, 20 µl was further added in 3 ml distilled water and the fluorescence 

spectra was recorded at excitation 412 nm (absorption peak of ThT) and emission 478 nm (33). 

BSA was taken as an example of non amyloidogenic protein in previous studies (34). BSA at a 

concentration similar to insulin amyloid was taken as a negative control. 1 ml of 1.4 mg/ml BSA 

solution was prepared and 30 µl of BSA solution was mixed with 200 µl of 20 µM ThT solution. 

From the above solution, 20 µl was added in 3 ml distilled water and the fluorescence spectra 

were recorded in a similar way as described above. 

2.8 Detection of insulin amyloid on different substrates using in vivo imaging system: 

Three sets of ThT adsorbed substrates was taken and marked as set-1, set-2 and set-3. Each set 

containing four substrates, one from each type (Only glass, Substrate A, Substrate B and 

Substrate C). Then before adding the sample all the substrates was arranged on the sample 

stage-D (1.5 cm) of Lumina IVIS and the fluorescence image was acquired using the excitation 

filter as GFP (Green Fluorescent Protein) (excitation at 430 nm and emission from 480 nm) 

(33). After taking the fluorescence image all the substrates was taken out and the set-1 

substrates were left as blank. 10 µl of BSA (1.4 mg/ml) solution was added to set-2 and 10 µl of 

insulin amyloid was added to set-3. After sampling, the substrates were kept at room 

temperature for 15 min and fluorescence images were captured in the same manner. All the 

experiments were conducted in a dark room and repeated three times. The quantification of the 

amount of fluorescence was done by obtaining the fluorescence of the region of interest (ROI) 

of each substrate.  
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2.9  Linearity of Substrate-C as amyloid sensor 

To five Substrate-C, five different amount of insulin amyloid (02 µl, 05 µl, 10 µl, 20 µl and 40 µl 

respectively) was added and the fluorescence images were acquired using Lumina IVIS. The ROI 

was selected and the fluorescence intensity was quantified to compare in between the different 

amount of amyloid added. 

3. Results  

3.1 Characterization of zinc oxide nanoparticles (ZnO NPs)  

Fig 1 (A) shows the UV – visible spectrum of the synthesized ZnO NP. The SPR band centered 

at 368.8 nm confirms the formation of ZnO nanoparticles with a band gap of 3.17 eV and that 

indicates the semiconducting nature of ZnO NP. The fluorescence emission maxima peaked at 

394 nm upon excitation at 368 nm Fig 1 (B). The FTIR spectrum of ZnO NP was recorded in 

transmittance mode and the characteristic bands were noted (Fig 1 (C)). The IR spectrum peaks 

are given in Table I and confirms the presence of ZnO nanoparticles. 

Table I: FTIR spectral characteristics of ZnO NPs 

IR Band (cm
-1

) Description 

2906.13 C-H stretching vibration 

1663.66 C=O symmetric stretching vibration 

1384.05 C=O asymmetric C=O stretching vibration 

841.75 Due to the formation of tetrahedral coordination of Zn. 
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915.69 C-O stretching vibration 

762.39 Attributed to the C-O bond stretching 

653.27 and 692.95 Indicates the stretching vibrations of ZnO NPs 

 

 The size distribution of synthesized ZnO NPs was determined using DLS analysis (Fig 1 (D)). 

The major scattering peak obtained for synthesized ZnO NPs at 380 nm indicating the 

hydrodynamic diameter of the NPs. The  X-ray diffraction patterns (Fig 1 (E)) of  ZnO NPs were 

obtained at 2θ = 34.4192°, 37.739°, 36.2185°, 47.421° and 56.561° are associated with lattice 

parameters (hkl) of (002), (100), (101), (102) and (110). The (hkI) values are agreed well with 

the standard JCPDS pattern of ZnO powder sample (JCPDS file No: 36- 1451). The mean 

crystallite size (D) of the prepared ZnO NP was calculated by using Debye-Scherrer’s formula 

(30). 

D = 0.9 λ/βCosθ 

Where, 

λ = the wavelength of X-rays used (1.54060 Å), β = the full width at half maximum 

(FWHM)  and θ = the angle of diffraction.  

The mean crystallite size of the prepared ZnO nanopowder is calculated to be 18 nm. 

3.2. Fabrication of amyloid sensor  

The electroless deposition of nano Ag thin film coating was done using simple wet chemistry 

yielding a fine Ag layer on activated glass substrate (Fig 2(A)). UV-visible spectroscopy confirms 

the Ag thin film coating (Fig 2(B)) and the morphology of thin film were determined by SEM 

(Fig 2(C)). The SEM image of the nano Ag thin film shows a uniform coating of Ag throughout 
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the surface with the metallic shine. The activated glass substrates and nano Ag coated activated 

glass substrates were then spin coated with a seed layer of ZnO NPs and ZnO NFs were grown 

above the ZnO seeded layer. Deposition of seed layer was confirmed by SEM (Fig 3A). The ZnO 

NPs are indicated with red circles and is found to be seeded in the thin nano Ag layer. The SEM 

image of ZnO NFs that were physically etched out from the one grown over glass substrate and 

the SEM images of ZnO NFs grown on activated glass substrate via hydrothermal method is 

shown in Fig 3B and Fig 3C respectively. The SEM picture of the nanoflowers shows the 

formation of nanoflowers with the petals in the shape of hexagonal rods. The SEM of ZnO NFs 

grown on Ag coated activated glass substrate is shown in Fig 3D indicating that the nano Ag thin 

film is not altered after the flower growth. The SEM images give the structural confirmations of 

grown ZnO NFs over different substrates and the shape of the flower petals are hexagonal 

cylinders which are grown from a ZnO core. The whole fabrication process was schematically 

represented in Fig 4. The target fluorophore, ThT, was the allowed to adsorb over the ZnO NFs 

and the analyte (insulin amyloid) was added over it. The fluorescence image (Fig 4 G) was taken 

using Lumina IVIS. 

 

3.3 Growth of insulin amyloid 

The growth of insulin amyloid in solution was confirmed by conventional ThT assay (Fig S1). 

The fluorescence spectrum of ThT along with the grown insulin amyloid fibrils was compared 

with ThT alone. The increment in intensity of emission spectra was observed in the case of ThT 

with insulin amyloid whereas the non-amyloid protein, BSA, did not show any increment in the 

fluorescent intensity upon binding with ThT. 

3.4 Insulin amyloid detection using various substrates 
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The fluorescence image of various substrates; Only Glass (activated glass slide), Substrate-A 

(ZnO NFs grown on activated glass slide), Substrate-B (Ag coated glass slide) Substrate-C (ZnO 

NFs grown on Ag coated glass slide), with and without insulin amyloid and BSA were taken by 

Lumina in-vivo animal imaging system and the fluorescence intensity was recorded by selecting 

ROI (region of interest).  

The fluorescence images of Only Glass substrates without and with insulin amyloid binding, and 

the fold increase in fluorescence intensity is shown in Fig 5-I (A) and Fig 5-I (B) respectively. 

The fluorescence intensity was not changed as visualized and the fold increase in the 

fluorescence intensity was 1.1 times which insignificant (p≤0.001). The images of fluorescence 

emitted from bare Substrate A, upon BSA binding and upon insulin amyloid binding respectively 

is shown in Fig 5-II (A). The increase in fluorescence intensity was found to be 2.7 fold higher 

(Fig 5-II (B)) upon insulin amyloid binding compared to bare Substrate-A. However, binding of 

BSA to Substrate-A did not increase the fluorescent intensity (0.95 fold) significantly (p≤0.001). 

The fluorescent detection of insulin amyloid using Substrate-B is shown in Fig 5-III (A). Upon 

insulin amyloid binding, the increment in the fluorescence intensity was about 1.31 times (Fig 5-

III (B)). Fig 5-IV (A) shows the fluorescence images captured for bare Substrate-C, upon BSA 

binding and upon insulin amyloid binding respectively. The fold increase in fluorescence 

intensity upon binding with BSA and insulin amyloid respectively is shown in Fig 5-IV (B). 

There was an increment in the fluorescence intensity after binding with insulin amyloid (2.71 

fold). 

3.5 Fold increase in fluorescence intensity from different substrates 
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In the various substrates same amount (10 µl) of insulin amyloid was given and fluorescence 

images were interpreted. It was observed that the maximum fluorescence intensity was 

produced by Substrate-C (Fig 6). Compared to Only Glass, 9.81±0.29 fold higher fluorescence 

signals were produced by Substrate-C. 

3.6 Linearity of Substrate-C as amyloid sensor 

Substrate-C was found to be an efficient amyloid sensor compared to other substrate and its 

linearity was studied using fluorescence imaging. Before and after adding different amount of 

insulin amyloid in different Substrate-C, the fluorescence images were taken (Fig 7 (A)) and the 

fluorescence intensity for different amounts of insulin amyloid was plotted (Fig 7 (B)). 

 

4. Discussion 

Biosensors have captured a huge market in the field of bionanotechnology exploiting the unique 

properties of nanostructures to their bulk counterparts. Several sensing mechanisms are being 

developed using different molecules, microbes, enzymes, DNA, proteins, peptides, cells etc. to 

detect the desirable end points. Our present study exploits the nanostructure developed by ZnO 

NFs grown on various substrates and comparing the efficacy of the substrates to act as a sensitive 

amyloid biosensor. Amyloids are the misfolded protein aggregates found in the 

pathophysiological conditions of the individuals with amyloidosis. The proteins responsible for 

amyloidosis are present in soluble form in normal individuals but get converted to its insoluble 

form at the time of the diseased condition. The reason behind the transformation of normally 

soluble proteins to its abnormally misfolded insoluble form is still unknown. Thus, to detect 

these insoluble amyloids in biological fluids can lead to an early prevention of the onset of 
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amyloidosis. In the present study, we have taken insulin amyloid as our analyte which we wanted 

to detect by our fabricated amyloid sensor. 

ZnO NPs were synthesized using zinc nitrate hexahydrate as a precursor by co-precipitation 

method and characterized biophysically. The absorbance peak, fluorescence emission, FTIR 

peaks and XRD pattern (Fig 1) concluded that the synthesized nanoparticle was ZnO NP with 

typical metal oxide semiconductor properties. These nanoparticles were used as a seed for ZnO 

NF growth. Previous studies have shown a typical absorption band around 370 nm corresponds 

to ZnO NPs (29, 30). To prepare different substrates for comparison of efficacy of fluorescence 

enhancement, glass slides were HF activated and then coated with nano Ag thin film. Ag, at its 

nanoscale has large reflectance and can enhance fluorescence by acting as a reflecting mirror. On 

the other hand, the bare glass substrate has high refractive index which enables it to absorb most 

of the UV light falling on it for the sensor application. This limitation is overcome by Ag thin 

film coating on glass substrate (13). Studies have also shown that Ag nanostructure can directly 

contribute to enhance fluorescence (35, 36). Thus, compared to bare glass, Ag thin film coated 

glass can be effective in enhancing even a small amount of fluorescent signal. The typical 

snapshot of Ag thin film over activated glass substrate (Fig 2(A)) shows a uniform coating and 

mirror formation over the sensor region of 1 inch × 1 inch. The absorption spectrum of Ag thin 

film coated at different time intervals (Fig 2 (B)) shows a typical absorption peak at 370 nm 

corresponding to Ag thin films on solid substrates (37). As the time of coating increases the 

intensity of absorption also increases revealing that with an increase in time the thickness of the 

nano Ag thin film increases, not the particle size of the constituent Ag nanoparticles. We have 

typically selected the nano Ag thin film that is deposited at 10 min for our further studies. To 

grow ZnO NFs, the bare glass and the nano Ag thin film coated glass were seeded with ZnO 
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NPs. The SEM image of ZnO NP seeded nano Ag thin film coated glass substrate (Fig 3(A)) 

reveals the spherical nature of the ZnO NPs (marked as red circles) and confirms that the seeding 

was successful and ZnO NF can be grown. ZnO NFs were grown atop activated glass (Fig 3(C)) 

as well as Ag thin film coated glass (Fig 3(D)) and the structural stability of the nanoflowers was 

tested by scraping the ZnO NFs from the bare glass and observing their structure by SEM (Fig 

3(B)). The SEM images show a typical growth of ZnO NFs with hexagonal tips that can act as 

reflecting mirrors of a Fabry-Pero´t Resonator (FPR). ZnO NFs have been synthesized by some 

researchers through solution route (38, 39), but the flower tip produced in such processes are 

either flake like or needle shaped respectively and thus not suitable to act like a FPR. To enhance 

the low intensity fluorescence signals, metal nanostructures are often coupled with fluorophores 

by the process called metal enhanced fluorescence (MEF). ZnO is a metal oxide that can be 

fabricated into various nanostructures such as nanorods (10), nanowires and nanobelts (40), 

nanotubes (41) and nanoflowers (42), but the nanoflowers with hexagonal tips are more 

promising to be used for MEF. ZnO nanoflowers have many shapes. Usually the petals of the 

nanoflowers are like sheets or needle shaped. We have synthesized hexagonal tipped flower 

petals which can act as a reflecting surface itself compared to needle shape which does not have 

any face to reflect light at its tip. 

The fluorophore we have used in our study is ThT, which is highly specific to detect amyloids. 

ThT can bind to amyloids and increase the intensity of fluorescence whereas when it interacts 

with non amyloidogenic proteins the fluorescence is unaltered. In our study, we have induced 

fibrillation in insulin and confirmed its amyloid structure by monitoring the ThT fluorescence in 

solution using spectrofluorimeter (Fig S1). This insulin amyloid was taken as our analyte and 

ThT as the fluorophore and target. Our sensor is based on the coupling of two concepts for the 
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enhancement of ThT fluorescence. The first is the metal enhanced fluorescence which can be 

achieved by immobilizing the fluorophore over ZnO NFs. The second concept is further 

enhancement of this signal by proximity with nano Ag thin film as it is known in earlier studies 

that Ag nanostructures have the capacity to increase fluorescence (43). We have compared the 

fluorescence intensity change of insulin amyloid at a particular concentration (10 μl of 1.388 

mg/ml) upon binding with ThT adsorbed over (i) activated bare glass (Only Glass), (ii) ZnO NF 

grown over activated glass (Substrate-A), (iii) Ag thin film coated glass (Substrate-B) and (iv) 

ZnO NF grown on Ag thin film coated glass (Substrate-C). The schematic diagram of the 

synthesized amyloid nanosensor is shown in Fig 4. When a small amount of insulin amyloid (10 

μl) is added to ThT adsorbed bare glass, there is no significant increment in fluorescence (1.11 

times fold increase) (Fig 5 I (B)). This shows that the fluorescent signal obtained from this 

amount of insulin is almost undetectable. Our target is to increase this intensity to a reproducible 

amount that can be recorded. Next, to substrate B the same amount of insulin amyloid is added 

and it showed increment in the fluorescent signal (Fig 5 II(B)) that can be attributed to the wave 

guiding nature of the ZnO NFs. The wave guiding nature of the ZnO NFs increases the 

evanescent field, thereby increasing the fluorescence of the fluorophore. It is also seen that there 

is no increment in fluorescence intensity due to binding of ThT with BSA which proves the 

specificity of ThT binding towards the amyloids. To normalize the fluorescence increment 

contributed by only Ag thin film we have taken Substrate B containing ThT adsorbed over only 

Ag thin film. Upon binding with the same amount of insulin amyloid there is an increase in 

fluorescence (1.47 fold) (Fig 5 III(B)) which can be due to the enhancement caused by the 

fluorophore remaining at the vicinity of the Ag nanostructure. It has been proposed earlier that 

whenever there is a Ag nanostructure present near a fluorophore, its fluorescence increases (43). 
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To further enhance the intensity of ThT fluorescence we have used Substrate C which is based 

on the dual concept of MEF caused by the ZnO NFs as well as Ag thin film based enhancement 

which can act as a reflecting mirror like that in a FPR. The local field intensity of the fluorophore 

in proximity of the ZnO NFs is increased due to the resonance caused by the waveguided 

fundamental modes and the evanescent field associated with higher-order modes that can 

eventually reinforce the excitation of the fluorophore which is near and adsorbed on the flower 

surface (44, 45) . This causes the fluorescence enhancement of ThT. The addition of reflecting 

surface to Ag thin film can also be due to the hexagonal end surfaces of the ZnO NFs that can 

also act as reflecting mirror.  It is seen that the fluorescence has increased upon binding with the 

same amount of insulin amyloid to 2.6 fold compared to Ag thin film coated glass substrate (Fig 

5 IV(B)). In this case also BSA did not increase any ThT fluorescence. Thus, on comparing in 

between the Only Glass, Substrate A, Substrate B and Substrate C, we have found that Substrate 

C could enhance the fluorescence of ThT up to 9.8 fold compared to Only Glass (Fig 6). These 

results make Substrate C suitable to be used as a sensitive amyloid sensor as it can detect the 

signal which is almost undetectable by bare glass based sensor and has the capacity to amplify 

the signal about 10 times. 

A biosensor is valid only if it can detect the signals in a linear fashion with respect to increase in 

the concentration of the analyte. Our Substrate C is the sensitive amyloid sensor and we have 

checked its linearity by varying the amount of insulin amyloid to be detected. The biosensor is 

linearly sensitive up to an amount of 20 μl (of 1.388mg/ml) of insulin amyloid (Fig 7B). At 40 μl 

(of 1.388mg/ml) insulin, the intensity is lower than the linear part which can be due to saturation 

of ThT amount. The amount of ThT available for amyloid binding may not be sufficient to give 

signal. Thus, our sensor is sensitive for detection from 2 μl (of 1.388mg/ml) to 20 μl (of 
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1.388mg/ml) of insulin amyloid. The detection by our sensor is 2.76 µg which is nearly 

comparable with other detection techniques like ELISA that can detect upto picomolar 

concentration of amyloid Aβ (15). 

There are few techniques known to detect amyloids like- ELISA, Western Blot, mass 

spectroscopy, PET scan etc., but all these techniques have some limitations in some aspect or 

other. Thus, it is warranted to develop a technique which can detect amyloids with high 

sensitivity, faster, simple and cost effective. Our amyloid sensor can detect the amyloids with 

very high sensitivity, through nanostructure based enhanced fluorescence, by detecting a low 

amount of amyloid which is otherwise almost undetectable by a conventional substrate (Only 

Glass). We can thus propose a simple, sensitive, cost effective and a faster technique to detect 

amyloids using our fabricated biosensor. 

5. Conclusion 

The present study reveals the development of a sensitive biosensor for the detection of amyloids. 

Amyloids detection is warranted for an early diagnosis of different neurodegenerative disorders 

and can enable researchers for the possible treatment of such diseases. The sensor is based on the 

mechanism of fluorescence enhancement of ThT bound insulin by the waveguiding capacity of 

ZnO NFs by acting as reflecting mirror in Fabry-Perot Resonator. This enhanced signal is further 

increased due to the Ag thin film coating as nano Ag can also act as reflecting mirror rather than 

absorbing the UV light like bare glass. This both enhancement concept has yielded a successful 

ThT fluorescence based amyloid biosensor that has enhanced the intensity of fluorescence by 9.8 

fold. The intensity of fluorescence has been quantified using Lumia IVIS. In future, the study is 

to be done using a fluorescence microscope that can make the use of the same sensor in a much 
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cost effective manner. The future study can also be focused on adsorbing different dye on the 

same platform to detect other analytes. 
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Fig-1: Characterization of zinc oxide nanoparticles (ZnO NPs) synthesized to be used as a seed for ZnO NF growth. (A) 

UV – visible spectrum. (B) Fluorescence emission spectrum. (C) Fourier Transform Infrared (FTIR) spectrum. (D) 

Hydrodynamic diameter using particle size analyzer. (E) X-ray diffraction analysis.  
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Fig-2: Electroless deposition of nano silver (Ag) on activated glass slide and characterization. (A) The silver (Ag) thin 

film coating was done using simple wet chemistry yielding a fine Ag mirror on activated glass substrate. (B)  UV-

visible spectroscopy confirms the Ag thin film coating and (C) the morphology of thin film was determined by the 

Scanning Electron Microscope (SEM). 
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Fig-3: SEM images of different stages of the engineered substrate. (A).Seed layer deposition of ZnO NPs (red circles) on 

activated glass substrate (12, 000X magnification). (B) ZnO NF etched out from activated glass surface (15, 000 X 

magnification). (C) ZnO NF grown on activated glass surface (8100 X magnification). (D) ZnO NF grown on nano Ag thin 

film coated glass surface (3400 X magnification).  
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Fig-4: Schematic representation of amyloid sensor fabrication. (A) Glass slide activation, (B) Nano Ag thin film coating, 

(C) To this coated slide, synthesized ZnO NPs were spin coated and (D) ZnO NFs were grown. (E) Then our target 

fluorophore ThT is adsorbed over the ZnO NFs and (F) the analyte (insulin amyloid) were adsorbed into it. (G) The 

fluorescence image was acquired using Lumina IVIS. 
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Fig-5: Insulin amyloid detection using various substrates. The insulin amyloid (10 µl of 1.388 mg/ml) was 

used as model amyloid protein and BSA was taken as negative control. The fluorescence image captured by 

Lumina IVIS of various substrates (panel A) and the fold increase in fluorescence intensity recorded by using 

ROI (region of interest) tool (panel B) for (I) Only Glass (activated glass slide), (II) Substrate-A (ZnO NFs 

grown on activated glass slide), (III) Substrate-B (Ag coated glass slide) and (IV) Substrate-C (ZnO NFs 

grown on Ag coated glass slide). 
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Fig-6: Fold increase in fluorescence intensity from different substrates. In the various substrates same amount (10 µl 

of 1.388 mg/ml) of insulin amyloid was given and fluorescence images were interpreted. It was observed that the 

maximum fluorescence intensity was produced by Substrate-C. Compared to Only Glass, 9.81±0.29 fold higher 

fluorescence signals were produced by Substrate-C. 
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Fig-7: Linearity of Substrate-C as amyloid sensor. (A) The fluorescent images of Substrate C studied using Lumina 

IVIS after addition of different amount of insulin amyloid. (B) Fluorescence intensity for different amounts of insulin 

amyloid were plotted. 
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Highlights 

Amyloids are responsible for different neurodegenerative diseases; its detection is important for 

early diagnosis. 

Conventional methods are expensive and time consuming 

Present study demonstrates a ZnO nanoflower grown on nano Ag thin film based nanobiosensor 

for amyloid detection 
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