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Abstract

Zinc Oxide (ZnO) nanoparticles find wide field applications in various areas including
protein-molecule interactions. Green methods of synthesis which include hydrothermal
synthesis techniques are gaining importance due to cost effectiveness and reduction in usage
of toxic chemicals. Diethylene Triamine Pentaacetic Acid (DTPA) can be used for surface
modification of metal oxides which can alter their properties. This work focusses on the
synthesis of DTPA functionalised ZnO nanoparticles using microwave assisted
hydrothermal synthesis method. The synthesised nanoparticles were characterised using
UV-Visible spectroscopy, Fluorescence spectroscopy, Scanning Electron Microscopy
(SEM), Fourier Transform Infrared Spectroscopy (FTIR), Powder X-Ray Diffraction
Spectroscopy (P-XRD) and X-Ray Photoelectron Spectroscopy (XPS). The Bovine Serum
Albumin (BSA) binding capacity of the nanoparticles was investigated and the Stern-
Volmer constant (Kg,) of interaction was calculated as 7.93 x 10° M. Further the effect of

time on ‘Protein Corona’ system was studied.

1. Introduction

Metallic nanoparticles have been used in several medical applications like biosensing,
bioimaging, sustained drug delivery, photoablation therapy and hyperthermia'. The metallic
nanostructures are more useful as compared to the other nanomaterials due to the ability to
control their dimensions, morphology, composition, and tunable optical properties. The
functionalisation of nanoparticles with specific functional groups make them capable to bind

to ligands, drugs and antibodies making them useful applicants in several biomedical
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applications’. Among the various nanoparticles, Zinc Oxide (ZnO) is extensively used
because of its biocompatibility, biodegradability, ease of synthesis, low cost and easier
functionalisation due to its -OH rich surface’. It finds many biomedical applications in drug
delivery, biosensing, anticancer activity, wound healing, antimicrobial activity, etc. ZnO
nanoparticles possess good luminescent properties. ZnO nanoparticles possess a band gap of
3.37 eV, exciton binding energy of 60 meV, high dielectric constant and Bohr exciton radius
of ~2.34 nm™. The irradiation of ZnO with UV light causes promotion of an electron to the
conduction band producing a hole in the valence band. These electron/hole pairs are
responsible for the photochemical reactions generating Reactive Oxygen Species (ROS)°.
ZnO nanoparticles are fluorescent because of the oxygen vacancies in them. The low
stability of ZnO nanoparticles in aqueous media is due to their aggregation which leads to
the quenching of their fluorescence thus hindering their use in biomedical applications. The
aggregation of the nanoparticles can be overcome by their surface functionalisation’.
However, ZnO nanoparticles release excess Zn®" ions which cause cell death. This can be
reduced by chelation of the metal oxides with a chelating agent. Chelating agents like
Diethylene Triamine Pentaacetic Acid (DTPA), Ethylene Diamine Pentaacetic acid
(EDTA), Citric acid, Oxalic acid, etc. when bound to the ZnO nanoparticles prevent the
formation of excessive Zn®" ions by stabilising the ZnO nanoparticles in the biological
media®. DTPA is a broadly utilized metal chelating agent because it forms a stable complex
with metals. Metal-chelate bonds are made through binding of the metal with the unshared
pair of electrons on oxygen and nitrogen in DTPA, having a potential for eight coordination
sites (from three nitrogen and five oxygen) facilitating further interface with organic
molecules such as proteins™'®,

The most abundant protein available in the blood plasma is albumin. It plays a vital role in
transport of drugs, its adsorption and viability. Bovine Serum Albumin (BSA) consists of
583 amino acids and is a water-soluble protein. BSA has structure homology with Human
Serum Albumin (HSA) and is thus an extensively studied protein. The structure of BSA
consists of three homologous domains (I, II and III). Each domain consists of two
subdomains. The structure of albumin is primarily a-helical in nature. The hydrophobic
pocket in domain II contains Tryptophan, Tyrosine and Phenylalanine amino acids. There
are two tryptophan residues in BSA (Tryptophan-134 in domain I and Tryptophan-212 in

domain II) which possess intrinsic fluorescence properties. Tryptophan-212 and
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Tryptophan-134 are located in the hydrophobic binding pocket and on the surface of the
molecule respectively'".

ZnO is an amphoteric oxide which undergoes hydrolysis in water and forms a layer of
hydroxide on the surface (Zn-OH) by adsorption of water molecules or biofluids causing
agglomeration of the nanoparticles. The hydrodynamic size of the nanoparticles gets
diminished in presence of negatively charged serum protein because of its adsorption on the
nanoparticles and formation of protein corona'’.

To study the protein nanoparticle interactions, the adsorbed proteins can be broken down
with fluorescence quenching. The fluorescence quenching is an effect that happens because
of the protein binding to nanoparticles forming corona and subsequently losing its
fluorescence. Changes in fluorescence of the nanoparticles are additionally demonstrative of
the arrangement of protein corona, since the adsorption of proteins on nanoparticles results
in quenching of the fluorescence of the nanoparticles'>'.

Thus, this work focusses on the synthesis of DTPA functionalised ZnO nanoparticles
prepared by microwave assisted hydrothermal synthesis which is a faster, cleaner and a
green method for the synthesis of nanoparticles. The nanoparticles were optimised by
fluorescence spectroscopy to find the optimum nanomaterial having highest emission
intensity which was then further characterised using various analytical techniques and used
for protein binding studies. The BSA binding capacity of the nanoparticles was investigated
and the Stern-Volmer constant of interaction (Ks,) was calculated. Further the change in the

fluorescence properties of BSA with time in presence of the nanoparticles (Protein Corona

formation) was studied.

2. Experimental

2.1 Materials

Zinc Chloride (ZnCl,) [M.W. of 136.286 g/mol], Diethylene Triamine Pentaacetic Acid
(DTPA) [M.W. of 393.349 g/mol] were purchased from Spectrochem Pvt. Ltd. Bovine
Serum Albumin (BSA) [M.W. of 66430.3 g/mol] and all other reagents used in this work
were of analytical grade and were purchased from commercial suppliers. Deionized water
was used for all the experiments.

2.2 Synthesis of DTPA functionalised ZnO nanoparticles

In a conical flask, 4.77 mmol of ZnCl, was weighed and dissolved in 50 mL deionised

water. 0.25 mmol of DTPA was dissolved in ammonia (1:1) and added to the ZnCl,
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solution. Ammonia (1:1) was used for adjusting the pH to 10. The system was stirred for 15
minutes and then microwaved for different times, ranging from 1 minute to 10 minutes at
intervals of 30 seconds to prepare the nanoparticles of varying microwave times. The
contents were allowed to come to room temperature each time after microwaving for 30
seconds. It was then centrifuged at 10,000 rpm for 10 minutes. The particles were dried in
oven for 24 hours. The DTPA functionalised ZnO nanoparticles prepared at different
microwave times from 1 minute to 10 minutes were termed as ZnOD1m to ZnOD10m.

2.3 Optimisation of the nanoparticles by fluorescence spectroscopy

The synthesised nanoparticles were further characterized for their absorption and
photoluminescence characteristics at excitation wavelength of 270 nm. The nanoparticle
having highest fluorescence intensity was selected for further BSA binding studies.

2.4 Characterization

The UV-Visible spectrum was recorded using Lambda 35 UV/Vis Spectrometer. Jasco FP-
6300 Spectrofluorometer was used to record fluorescence spectra. The morphology of the
nanoparticles was identified by Scanning Electron Microscopy (SEM) using JEOL (JSM-
7600F). The Fourier Transform Infrared Spectroscopy (FTIR) analysis was done using
Bruker ALPHA-T IR spectrometer. The crystallinity and particle size were determined by
Powder X-Ray Diffraction Spectroscopy (P-XRD) using Bruker D8 Advance spectrometer.
The X-Ray Photoelectron Spectroscopy (XPS) analysis was conducted using Physical
Electronic PHI 5000 VersaProbe III.

2.5 Investigation of BSA binding capacity of DTPA functionalised ZnO nanoparticles

To investigate the maximum amount of BSA that can effectively be adsorbed on the DTPA
functionalised ZnO nanoparticles, 1 mL of varying concentrations (0.0 ppm to 150 ppm) of
BSA solution were added to 2 mL 0.2 mg ZnOD2m and fluorescence was measured at
excitation wavelength of BSA (280 nm). From this study, the maximum amount of BSA that
can be adsorbed on the nanoparticles was determined.

2.6 Effect of time on BSA bound ZnOD2m (Protein Corona) system

The effect of time on protein corona complex was studied by adding 4 mg ZnOD2m to 25
mL 10 ppm BSA solution and stirring. After every 30 minutes, the contents were
centrifuged and change in fluorescence of the supernatant liquid was measured at excitation

wavelength of BSA (280 nm).
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3. Results and Discussion

3.1 Optimisation of the nanoparticles

Fig. la shows the fluorescence spectra of the prepared nanoparticles (ZnODIm to
ZnOD10m) excited at 270 nm. The peak at 300 nm could be due to the band gap transition
of ZnO. The emission peak observed at 330 nm could be ascribed to the -OH terminations
which confirmed the formation of -OH passivated ZnO nanoparticles. The broad peak
observed at ~400 nm was attributed to the strong interactions of -OH groups with surface
zinc defects. The peak observed at 470 nm was attributed to the oxygen vacancy defects.
Further it was observed that with the increase in microwave time for preparation of the
nanoparticles, the fluorescence peak observed at 330 nm was quenched suggesting the
destruction of -OH terminal groups and hydrogen bonding'”. Thus, the DTPA functionalised
ZnO nanoparticles prepared at 2 minutes microwave time (ZnOD2m) was optimum and was
further used for investigating its interaction with BSA.

3.2 Characterization

3.2.1 UV-Visible spectroscopy

Fig. 1b shows the absorption spectrum of ZnOD2m nanoparticles. It showed a maximum
absorbance at 270 nm due to the intrinsic band gap absorption in ZnO. The shift of the
absorption peak to shorter wavelength as compared to the bulk indicates that the particles

are of nanoscale. The absorption band at 366 nm could be attributed to the band-to-band
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Fig. 1: (a) Fluorescence spectra of ZnOD1m to ZnOD10m and (b) Absorption spectrum of
the optimised nanoparticle (ZnOD2m)
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3.2.2 SEM analysis

The morphology of ZnOD2m was determined using SEM. Fig. 2a suggested that the
nanoparticles formed were amorphous and porous in nature with uniform particle
distribution. The large number of ZnO crystallites finally arranged to a nonporous uniform

structure as seen in Fig. 2b.
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Fig. 2: SEM images of ZnOD2m
3.2.3 FTIR analysis
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Fig. 3: FTIR of ZnO and ZnOD2m
The FTIR spectrum of ZnO and ZnOD2m are depicted in Fig. 3. The peak corresponding to
the transverse stretching modes of Zn-O were observed at 478 cm™ and 693 cm™  which
shifted to 438 cm™ and 632 cm™ in ZnOD2m. The peak due to the out of plane -OH
bending was observed at 780 cm™ in ZnO shifted to 731 cm™ in ZnOD2m. The peaks
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observed at 3401 and 3418 cm™ respectively in ZnO and ZnOD2m were attributed to -OH
stretching vibrations'®".

An additional peak corresponding to the C-N stretching vibrations was observed at 1056 cm”
"in ZnOD2m. Further, the peaks observed at 1330 cm™ and 1400 cm™ corresponded to the
C-0O asymmetric stretching and C-O symmetric stretching vibrations respectively of DTPA.
The peak observed at 1599 cm™ corresponded to the C=0 stretching of carboxyl group of
DTPA.

The additional C-N stretching, C-O asymmetric stretching, C-O symmetric stretching and
C=0 stretching vibrations observed in ZnOD2m confirmed the successful binding of DTPA

and ZnO through amino and carboxyl groups of DTPA.

3.24 P-XRD

The synthesised nanoparticles were subjected to X-Ray diffraction studies. Fig. 4 show the
P-XRD pattern of ZnO and ZnOD2m. The diffraction peaks were observed at 26 = 31.80°,
34.52°, 36.34° 47.59° 56.62°, 62.77°, 66.47°, 67.45°, 68.90°, 72.44° and 77.01° for ZnO
while for ZnOD2m the diffraction peaks were observed at 20 values of 31.86°, 34.57°,
36.37°, 47.63°, 56.66°, 62.83°, 66.86°, 67.92°, 68.99°, 72.59° and 77.04° which
corresponded to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202)
diffraction planes of ZnO indicating hexagonal wurtzite structure of the ZnO nanoparticles.
The small positive shift in the 26 values observed in ZnOD2m as compared to ZnO was
attributed to chelation and surface modification of ZnO by DTPA which could affect the
lattice structure of ZnO by inducing compression strain and a resultant decrease in
interplanar spacing®. The average particle size was found to be 28.52 and 22.03 nm for ZnO
and ZnOD2m respectively using the Debye-Scherrer equation (Equation 1)-
KA

b= Bcosb M

Where D is the average crystallite size of the nanoparticles, K is the Scherrer constant equal
to 0.9, ) is the wavelength of X-ray beam (1.54 A), B is the Full Width at Half Maximum
(FWHM) of the diffraction peak and 0 is the Bragg angle of diffraction peak®'.
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Fig. 4: P-XRD of ZnO and ZnOD2m
3.2.5 XPS analysis

The XPS survey spectrum of ZnOD2m is depicted in Fig. 5a. The deconvoluted XPS
spectrum of Zn2p state (Fig. 5b) exhibited peaks at 1019 eV and 1042.10 eV corresponding
to the Zn2p1/2 and Zn2p3/2 states of zinc respectively. The binding energy difference of
~23 eV confirmed the presence of zinc as Zn (II). The deconvoluted Ols spectrum (Fig. 5c)
depicted a peak at 527.99 eV due to the oxygen ions present in the lattice of ZnO. The peak
observed at 528.67 eV was attributed to the oxygen vacancies while that observed at 529.60
was attributed to the surface adsorbed oxygen and hydroxyl groups®. The deconvoluted C1s
spectrum (Fig. 5d) showed three peaks. The peak at 281.58 eV was due to the C-C bonds in
DTPA. The peak observed at 283.03 eV corresponded to the C-O bonds while the peak
observed at 285.46 eV was due to the C=0 bonds>. The deconvoluted N1s XPS spectrum
(Fig. 5e) showed three peaks due to the N-Zn bonds and different bonding configurations of
nitrogen with zinc at 395.81 eV, 397.16 eV and 398.47 eV**.
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Fig. 5: (a) XPS Survey spectrum; (b) Zn2p XPS spectrum; (c) Ols XPS spectrum; (d) Cls
XPS spectrum and (e) N1s XPS spectrum of ZnOD2m

3.3 Investigation of BSA binding capacity of DTPA functionalised ZnO nanoparticles

The fluorescence spectra of ZnOD2m on addition of BSA (Fig. 6a) showed that the intensity
of peak at 330 nm increased on addition of varying concentrations of BSA upto 60 ppm.
Also, a decrease in fluorescence intensity at 370 nm and 470 nm was observed. The higher
stokes shift was related to the enhancement of exciton localization in smaller particles of
ZnO stabilized by BSA. At higher concentration of BSA the emission of ZnO was
completely quenched®. The Stern-Volmer constant (Ky,) of interaction was calculated using

the formula (Equation 2):
F

== 1+ Ksv[A]

2)

Where F, is the fluorescence intensity in absence of BSA, F is the fluorescence intensity in
presence of BSA, Ky, is the Stern-Volmer interaction constant of interaction and [A] is the
concentration of analyte BSA. Fig. 6b shows the Stern-Volmer plot showing the interaction

between BSA and the nanoparticles. The Ky, was calculated to be 7.93 x 10° M! which
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suggests efficient complexation between BSA and ZnOD2m resulting in quenching of

fluorescence.
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Fig. 6: (a) Fluorescence emission of ZnOD2m with varying concentration of BSA and (b)
Stern-Volmer plot for interaction between BSA and ZnOD2m
3.4 Effect of time on BSA bound ZnOD2m (Protein Corona) system

Protein coatings can cause a change in the surface properties of the nanoparticles. It has
been established that protein coatings are not static entities. They undergo continuous
adsorption and desorption in which originally adsorbed protein desorbs and other adsorbs.
The hard corona consists proteins having high affinity for the nanoparticles. This results in
the formation of a strong and tight bonding between the nanoparticles and protein leading to
the formation of a more stable complex. On the other hand, soft corona is constituted by the
proteins having lower affinity for the nanoparticles and thus take more time for the
formation. From a physicochemical point of view, the adsorption and desorption of protein

can be interpreted in the form of a chemical reaction as (Equation 3)-

P +nS < PnS (3)

where P is the protein binding to the adsorbent (nanoparticle) S, n is the binding sites of the
adsorbent and PnS is the protein corona formed***’.

The fluorescence quenching is an effect that occurs due to the protein binding to the
nanoparticles i.e., protein corona formation thus losing its fluorescence. On centrifugation
the soft corona or the loosely bound proteins will be present in the supernatant liquid and
can be separated from the protein corona complex and detected by studying the fluorescence
of the supernatant liquid. It was observed that the fluorescence of BSA did not change with

time in absence of ZnOD2m (Fig. 7a). While in presence of ZnOD2m (Fig. 7b), the
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fluorescence intensity at 330 nm was observed to decrease with time on interaction between
BSA and ZnOD2m.

Thus, fluorescence of proteins is an interesting parameter, since the adsorption of proteins
on nanoparticles usually leads to quenching of the native fluorescence of proteins. Upon
formation of protein corona complex in case of intrinsically fluorescent nanoparticles, the
fluorescence of nanoparticles can be quenched while in case of fluorescent proteins, the

fluorescence of the protein can be quenched.
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Fig. 7: Quenching of 10 ppm BSA in (a) absence and (b) presence of ZnOD2m

Conclusion

DTPA functionalised ZnO nanoparticles were successfully synthesised using microwave
assisted hydrothermal synthesis technique which is a green method for the synthesis of
nanoparticles. Fluorescence studies revealed that the nanoparticles synthesised at 2 minutes
microwave time showed the maximum fluorescence intensity and were further used for BSA
binding studies. The nanoparticles were amorphous and porous in nature with uniform
particle distribution. The BSA binding studies revealed the Stern Volmer constant (Kgy) of
interaction between BSA and ZnOD2m to be 7.93 x 10° M"'. On addition of BSA to the
nanoparticles, the fluorescence intensity was observed to decrease which confirmed the
binding of BSA to the nanoparticles (protein corona formation).
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