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ABSTRACT

Nanochemistry offers stimulating opportunities for a wide variety of applications in the biosciences. Understanding of
the interaction of nanoparticles with biomolecules such as proteins is very important as it can help better design and
fabricate nanocomposites for applications in diagnostics, drug delivery, and cell monitoring. In this work, the interaction
of Bovine Serum Albumin (BSA) and two types of metal oxide nanoparticles (titanium and tin) have been studied using
the intrinsic fluorescence of tryptophan residue from the proteins measured by steady state and time resolved
fluorescence techniques. The nanoparticles which were fabricated using a novel synthetic process have average sizes of
~2 nm (SnO,) and ~6 nm (estimated for TiO,) and have very high solubilities in a variety of solvents. The Stern-Volmer
plots indicate an effective quenching process by TiO, nanoparticles whereas SnO, nanoparticles have a lower quenching
efficiency for BSA fluorescence. Static quenching is the major contribution in the overall process which may indicate a
high degree of association between protein and nanoparticles. The difference in BSA fluorescence quenching efficiency
between the two types of nanoparticles can be explained by the non-covalent interaction differences and the thermal
stability of protein-nanoparticle associated species for both materials.
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1. INTRODUCTION

Nanoparticles (NP) have many diverse applications in the life and physical sciences'. The small size and the large
surface areas confer very specific chemical, physical, and spectroscopic features. Metal nanoparticles are widely used
for a variety of applications like Surface Enhanced Raman Spectroscopy (SERS), while semiconductors (quantum dots)
are used for biomedical imaging. Metal oxide NPs are another class in which chemical properties can be manipulated,
and their surface properties can be tailored by introduction of ligand functionality to provide versatility with regard to
target specificity'. NP-based probes have been used as labels in biological systems, with great potential for bioimaging,
diagnostic and therapeutic purposes. Understanding the interactions of NP with biological molecules is important for the
sensor applications.

It is well documented that protein adsorption is the first process which occurs upon implantation of a biomaterial into a
biological system. Protein molecules adsorbed onto the interface between a biomaterial and the physiological
environment can greatly influence and control subsequent reactions and even determine acceptance or rejection of an
implant material>. Hence, cells do not contact the biomaterial directly, but interact with the adsorbed protein layer.
Control of the protein structure on adsorption, with regard to properties such as orientation, conformation, and packing
arrangement, is imperative in relation to the number of bioactive sites and cellular response’. In situations where protein
adsorption is desirable to reduce immunogenicity and induce cellular integration, retention of the native protein structure
and function is of paramount importance. The function and form of proteins is dependant on their tertiary structure
which is determined by the precise way in which the protein chains fold about each other. This tertiary structure can be
influenced by the surrounding environment, and this can dramatically influence the effect of the protein on the host
organism. Proteins which have become midfolded, and changed their tertiary structure through chemical or physical
distortion can have adverse effects on the organisms metabolism, particularly at the cellular level”.

Serum albumin is the most abundant protein in mammalian plasma, with a well-known structure. BSA is an ideal
protein for intrinsic fluorescence measurement due to the presence of two intrinsic tryptophan (Trp) residues. It is also
the main protein contributing to the colloid osmotic pressure of the blood’. In crystal form, the serum albumin molecule
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is postulated to be heart-shaped or triangular, with dimensions of 8.0x8.0x4.0 nm. However, in solution, it is assumed to
be ellipsoid in shape, with a predicted size of ~3.8x15 nm. BSA is a single polypeptide chain (583 amino acids) with a
molecular mass of 66.4 kDa. The serum albumin molecule is built from three structurally homologous domains: I, II,
and III. There is a net charge gradient along the molecule, with decreasing net negative charge from domain I to domain
III. At physiological pH, the net charges for domains I, IT and III are =9, —8, and —2, and —11, —7, and +1 for human and
bovine serum albumin, respectively. The isoionic point of albumins, i.e. the pH of a thoroughly deionised solution, is
~5.2°. Hence, in neutral solution, the molecule is, as a whole, negatively charged.

The intrinsic fluorescence of albumin molecules is largely attributed to Tryptophan (Trp) residues, with only a minor
contribution by the numerous tyrosines depending on the excitation wavelength selected. Trp is highly sensitive to its
local environment, and can be used to observe changes in the fluorescence emission spectra due to protein
conformational changes, binding to substrates, and denaturation.®

The main objective of this work was to assess the intrinsic Trp fluorescence of BSA in the presence of TiO, and SnO,
NPs in solution. With regard to the protein and NPs in solution, the type of quenching observed implies that a complex
is formed between the NPs and BSA, and this effect was much stronger for TiO, NPs than for SnO, NPs. Up to the
present time, these NPs had not been tested with regard to protein interactions; the work carried out in this study was
quite exploratory. The results are discussed below with regard to potential reasons behind the observations of the present
study, with related findings and possible explanations from the literature to date.

2. MATERIALS AND METHODS
2.1 Materials:

Bovine serum albumin (BSA) of purity 99+ % (catalogue no. A7638) and N-acetyl-DL-tryptophan (NAT) were
purchased from Sigma-Aldrich. All reagents were used without further purification. Phosphate buffered saline tablets
for 0.01 M phosphate buffer (PBS), 0.0027 M potassium chloride, and 0.137 M sodium chloride at pH 7.4 were
purchased from Aldrich. All solutions were made up with purified water from a Milli-Q Millipore system. The soluble
metal oxide nanoparticles were synthesised in-house using a proprietary method developed at NUL Galway.’

2.2 Sample preparation:

Stock solutions of 10~ M serum from bovine albumin in PBS were prepared and recalibrated by measuring the
absorbance at 280 nm (= 43,600 M"' cm™"). Stock solutions of TiO, (0.4g/1) and SnO, (4.13 g/l) in deionised water
were prepared from which further dilutions were made for experimental purposes prior to measurement. On dissolution
of the TiO, nanocrystalline powder in PBS buffer, flocculation occurred, presumably due to the salt concentration. Other
buffers, such as HEPES and Tris-buffered saline, were then prepared to determine suitable alternatives for use in
solution-based experiments; however, all displayed cloudiness and flocculation with TiO, in solution. A 1:100 dilution
of PBS in water was also prepared which appeared clear upon addition of TiO, nanocrystalline powder; however, its
buffering ability appeared to be lost at this dilution as determined by testing with a pH meter and dropwise addition of
acid (1 M HCI) and base (1 M NaOH) solutions. For this reason, deionised water was used in all solution-based
experiments utilizing TiO,. In general, the samples were prepared and used at same day. In the experiments where a
mixture of BSA and nanoparticles were required, the concentrations of protein were 2.5x10°M, while in a mixture of NP
and tryptophan compound concentration was around 10> M. The prepared solutions were allowed to equilibrate for a
time period of 30 min to 1 hour prior to measurement.

2.3 Absorption measurements:

Absorbance measurements were made using a Shimadzu UV-1601 UV-Visible spectrophotometer (Shimadzu, Kyoto,
Japan). Unless otherwise stated, a wavelength range of 200—500 nm was used and absorbance was measured in 0.5 nm
steps. For solution measurements, baseline was always set and measured using the relevant blank (i.e. PBS or water) in
both the reference and sample cuvettes prior to absorbance measurements of samples. The final spectrum is an average
of three independent measurements.
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2.4 Steady-state fluorescence measurements:

Fluorescence emission measurements were made using a Cary Eclipse Fluorescence Spectrophotometer (Varian,
Mulgrave, Victoria, Australia). Unless otherwise stated, the following settings were generally used: Agx, 295 nm; scan
range, 305—-450 nm; scan rate, 600 nm/min; excitation and emission slits, 5 nm; data interval, 1 nm. Alternative
measurement settings are indicated in the relevant experimental procedures. The inner filter effect was minimised by
ensuring that the sample absorbance at the excitation wavelength was less than 0.1 in a square quartz cuvette or by using
a triangular cuvette (for high absorption samples) in fluorescence measurements. In the case of square cuvette the filter
inner effect was also reduced by correcting the fluorescence intensity using the follow expression”:

If(con’) = If(meas) X antilog[(ODeX-i-ODem)/Z] (1)

Where, OD,, and OD,,, are the optical density of excitation wavelength and emission wavelength. In this work, we
assumed that the emission optical density is very low by comparison to the excitation wavelength. All the fluorescence
spectra were corrected using a blank solution. The final spectrum is an average of three independent measurements
where the intensity is also corrected by the optical density value at the excitation.

2.5 Fluorescence lifetime measurements:

Fluorescence lifetime measurements were made using a FluoTime 200 Fluorescence Lifetime Spectrometer (PicoQuant),
using time correlated single photon counting (TCSPC). The protein solutions were excited using Light Emitting Diode
with centre wavelength of 295 nm, which was pulsed at 20 MHz using a PDL-800B laser/LED driver (PicoQuant,
Germany). Ludox solution (Aldrich) was used to generate an instrument response function (IRF) prior to measurement
of sample lifetimes. The measured count rate (proportional to the intensity of the sample) was monitored during data
collection to ensure that they remained less than 1% of the pulse rate to prevent pulse pile-up effects to maintain Poisson
statistics. All measurements were stopped at a count of 10,000 in the time channel of maximum intensity. Results were
analysed using the FluoFit, Version 3.2.0 (PicoQuant) software package, which implements multi-exponential
fluorescence decay fitting using nonlinear least-squares error minimization analysis. The goodness of the fit was
assessed by the chi-squared value of less than 1.2 and a residual trace that was symmetric about the zero axes. The final
result is an average of three independent measurements.

3. RESULTS AND DISCUSSION
3.1 TEM of nanoparticles:

Metal oxide NPs can be prepared by a number of different methods, including the sol—gel method (which involves
arrested precipitation), chemical vapour deposition and physical vapour deposition. In this work soluble TiO, and SnO,
NPs were prepared in the Chemistry Department, NUIG using a patented aqueous based method.” These nanoparticles
are fully characterized and the size determined by X-ray powder diffractometry and transmittance electron microscopy.
In Fig. 1, SnO, clusters with an average size of less than 10 nm can be observed at a magnification of 200K. An accurate
determination of size by X-ray powder diffractometry shows that the individual SnO, nanoparticles are ~ 1.9 nm in size.
The TiO, nanoparticles have multiple crystalline phases (at room temperature) which cause inaccuracy in size
determination. After annealing at high temperature, a particle size ~ 6 nm was estimated. For the purpose of this work,
we assumed the same size at room temperature. In the calculation for Molar concentration, oxide metal densities of 6.95
g/em’® and 3.89 g/cm’ are assumed for SnO, and TiO, nanoparticles, respectively.®
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Fig. 1. Transmission Electron Microscopy images of SnO, nanoparticles magnified 200k times.

3.2 UV Absorption and Fluorescence Spectra of Nanoparticles and Nanoparticles/BSA:

Steady state absorption measurements were made for aqueous solutions of SnO, NP and TiO, NP in the presence of BSA
(Fig. 2). It is clear that the NP absorption edge occurs very close to the Tryptophan (Trp) absorption band of BSA. The
wavelength edge is around 270 nm for SnO, NP and around 280 nm for TiO, NP, while the protein band absorption
maximum is also around 280 nm (Fig. 2C). The interaction between BSA and NP was verified by subtracting the NP
UV absorption spectrum from the BSA/NP mixture UV absorption spectra at the same nanoparticles concentration. The
BSA absorption band calculated from the mathematical subtraction in BSA/NP mixture did not show any changes with
different NP concentration, that is, no red or blue shift was observed. On the other hand, the nanoparticle concentration
effect on the overall spectra in presence of protein can be better observed if the protein UV spectrum is subtracted from
BSA/NP mixture UV spectra, and compared with the absorption spectra of nanoparticle in absence of BSA, as shown in
figure 2D. If no interaction occurs, it would be expected that the calculated absorption spectrum of BSA/NP mixture
(BSA/NP spectrum minus BSA spectrum) be similar to NP absorption spectrum, at the same NP concentration. The UV
spectrum of 100 mg/l SnO, NP is observed not to be perturbed by the presence of BSA. However, the presence of BSA
protein produces an increase in the optical density at long wavelengths for 50 mg/l TiO, NP solution. This may indicate
that the protein is inducing an increase in TiO, NP size probably by cluster formation (aggregation) which leads to
increased light scattering. In the absence of protein, the nanoparticle absorption is linear with the concentration in the
range studied.’
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Fig.2. UV absorption spectra of BSA with SnO, (A), and TiO, (B) nanoparticles at different concentrations. The
Nanoparticle normalised UV spectra at 250 nm is displayed with normalised BSA UV spectrum in (C). The
normalised mathematical subtracted spectra for BSA/SnO, and BSA/TiO, mixture by BSA spectrum is displayed
with normalised 50 mg/l TiO, and 100 mg/l SnO, NP’s (D).

At the highest NP concentration, no fluorescence signals are observed when the NP’s are excited at 295 nm. In Fig. 3,
the typical fluorescence spectra of the BSA protein are shown. The emission band of the Trp residues in BSA, at around
345 nm, does not shift with the increase of nanoparticle concentration. However, the decrease of fluorescence intensity
is observed in solutions of both nanoparticles, indicating some form of quenching process. Comparing SnO,, and TiO,
nanoparticles, it is observed that a greater reduction of intensity is seen for TiO, NP (fig 3B). This may indicate that
BSA interacts differently with TiO, than with SnO, nanoparticles. N-acetyl-DL-Tryptophan (NAT) fluorescence
quenching by the nanoparticles was also studied to compare with BSA fluorescence quenching results.
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Fig. 3. Fluorescence spectra of BSA with SnO, (A), and TiO, (B) nanoparticles at different concentrations.

3.3 Fluorescence Lifetimes:

The fluorescence lifetimes of BSA in the presence of nanoparticles were measured using the tryptophan aminoacid
residues in the protein structure which have an emission maximum of ~345 nm. The fluorescence decays of BSA were
fitted by two exponential with t; = 6.8 ns and t,= 3.5 ns. The first component is responsible for around 70% of the total
intensity decay. Using the follow expression, the intensity averaged lifetime can be calculated.

"= M )
Z a7

T

where a; is the pre-exponential factor for a component with lifetime 7. Then, the average lifetime calculated for BSA is
6.3 ns. NAT also shows a biexponential decay with t; = 4.8 ns (96.8%) and 1,= 1.8 ns (3.2%), and average lifetime of
4.7 ns. This value is close to the 4.5 ns average lifetime found at pH=8.5."" In contrast to steady state measurements, the
presence of SnO, nanoparticles did not affect the fluorescence lifetime of BSA. This is an indication that there is a static
quenching contribution to the quenching process of BSA by SnO, NP, and similar results were observed for NAT. In
contrast to steady state results, neither nanoparticle species were able to quench the fluorescence decay of NAT at the
nanosecond time scale of the experiments. This also indicates that NAT quenching process is mainly static. On the
other hand, when BSA is excited in the presence of TiO, nanoparticles, the average lifetime is reduced reaching a value
of 5.9 ns with the increase of TiO, NP concentration (Fig 4).
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Fig.4. Time resolved fluorescence decay of 2.5 uM BSA at different concentrations of TiO, nanoparticle. (Grey lines),
biexponential fit (dark lines), and the instrument response function (dotted line). The inset figure shows the residues
from the fit. Data collected at 295 nm excitation with the emission measured at 340 nm and a channel resolution of
70 ps.

3.4 Fluorescence Quenching:

Quenching of fluorescence is a decrease in the fluorescence intensity and can be caused by a variety of mechanisms.®
Quenching can occur due to non-molecular mechanisms, e.g. attenuation of the incident light by the fluorophore itself or
by other absorbing species. Other mechanisms of quenching include a variety of competing processes which induce non-
radiative relaxation of excited electrons to the ground state without light emission. These processes can be
intramolecular or intermolecular. Intramolecular quenching can occur if a quencher group interacts with the tryptophan
aminoacid residue within a distance around 6-10A."" The intermolecular quenching processes can be either dynamic
and/or static in nature, both of which require some form of molecular contact between the fluorophore and quencher.
For this reason, quenching studies can be used as a means of investigation, e.g. to reveal accessibility of fluorophores to
quenchers. Dynamic (or collisional) quenching is the deactivation of a fluorophore in the excited state upon contact or
collision with another non-fluorescent molecule (quencher) in solution. The fluorophore returns to the ground state due
to a diffusional encounter with the quencher; however, the molecules do not undergo chemical modification in the
process. The decrease in fluorescence intensity caused by collisional quenching can be described by the Stern—Volmer
equation (Eq.3), and the relationship between this decrease in intensity and the quencher concentration is linear:

Iy/1=1+Kgy[Q] (3)

where Kgy = ko X 1. kg is the bimolecular quenching constant, 1, is the unquenched fluorescence lifetime, and [Q] is the
quencher concentration. Static quenching can occur where the fluorophore and quencher form non-fluorescent
complexes or they are within a distance where the quenching occurs during the excitation. The first case occurs in the
ground state when the fluorescent species and the quencher molecule form a non-fluorescent complex with an
equilibrium constant K¢, and does not depend on diffusion or molecular collisions. The complex limits absorption by
reducing the number of active, excitable molecules. Static quenching can be a valuable source of information on binding
between a fluorescent sample and a quencher. In the case of static quenching, there is also a linear relationship between
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the decrease in fluorescence intensity (Io/I) and quencher concentration. Equation 4 shows the dependence of
fluorescence intensity with quenching concentration when dynamic and static contributions are present.

IyI= (1 +Ksy [Q]) x (1 + K [Q]) )
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Fig.5. Stern-Volmer plots Io/I (Panel A) and 1/t (Panel B) against TiO, nanoparticle concentration. The filled symbols
represent BSA, while NAT quenching data are represented by open symbols. The dark lines are the best fits for BSA
fluorescence quenching and dashed line are the best fit for NAT fluorescence quenching. The dotted line in Panel A
is the best curve fit data for BSA fluorescence quenching using the sphere of action term (see text).

A second type of static quenching is also possible, this is known as quenching sphere of action (Perrin model).’ In this
quenching process, the diffusion of both fluorophore and quencher molecules are spatially constrained, during the
excitation time scale, in what is termed the quenching sphere of action (QSA) with a molar volume Vm. Therefore, if
some of quencher molecules are inside the QSA with the fluorophore at the centre, the fluorescence is assumed to be
totally suppressed. On the other hand, there is no perturbation of fluorophore fluorescence if quencher molecule is
outside the quenching sphere of action. In the case of the presence of static quenching, the overall quenching process is
represented by the most general expression that is the product of equation 4 by the term exp(V,, [Q]), or as expressed by
equation 5.

I/1= (1 +Ksv[Q]) x (1 + Kc[Q]) x exp(Vm [Q]) )
System Ksv(10° M™) Kc (10° M™)

TiO,-NAT 0 1130

TiO,-BSA 3.38 (3.35)* 1580 (707)*

SnO,-NAT 0 3.6

Sn0O,-BSA 0 4.6

Table. 1. Quenching parameters for Stern-Volmer plots using equation. 4. (*) From equation 5.
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The static quenching in combination with dynamic quenching is responsible by the upward curvature in the Stern-
Volmer plot ((I¢/I) vs. [Q]). The lack of any curvature is a sign that one type of quenching is not involved in the
mechanism. The steady state fluorescence quenching involves the total process (dynamic and/or static). However, in the
time resolved fluorescence quenching only the dynamic quenching is measured. Therefore, lifetime measurements are
the most authoritative method of distinguishing between dynamic and static quenching.® As can be seen from Fig. 5, a
combination of static and dynamic quenching occurs in BSA/TiO, NP case. On the other hand, only static contribution
is observed in NAT fluorescence quenching (Fig 5A). Similar results are obtained for BSA and NAT fluorescence
quenching by SnO, (Fig 6). The quenching parameters using equation 4 are determined by the data fitting and the results
displayed in table 1.
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Fig.6. Stern-Volmer plots Io/I (Panel A) and 1/t (Panel B) against SnO, nanoparticle concentration. The solid symbols
represent the quenching data of BSA, while NAT quenching data are represented by open symbols. The solid lines
are the best curve fit for BSA fluorescence quenching using eq.4 and the dashed line for NAT fluorescence
quenching using eq 4.

Although, the contribution of the dynamic process is quite small, relative to the static contribution, the fluorescence
quenching of BSA by TiO, NP is the only case where the dynamic quenching is consistent (Fig 5B). Taking into
account the average fluorescence lifetime of BSA (1o = 6.3 ns), the bimolecular rate constant of dynamic quenching can
be calculated by using the Ksy (= kq X 1) value in table 1. Therefore, kq = 5.5 x 10" M's™. This value is higher than
the estimated diffusion collision rate constant between the fluorophore and quencher molecule in water solution (~
10'°M's™)®. Values for bimolecular rate constant greater than diffusion rate constant were found also for the serum
albumin protein fluorescence quenching by colloidal gold nanoparticles which suggests a complex formation.'

The complex equilibrium constants obtained from the fit indicate that there is a stronger interaction between the protein
with TiO, nanoparticle than with SnO,. But, it is important to note that these K¢ values are dependent on the particle
size used to calculate the concentration, and as mentioned above, TiO, nanoparticle size determination was based on
conditions different used to those for SnO, size determination.

The data in figure 5A can be better fitted (dotted line) if sphere of action static quenching is taken into account (using eq.
5). However, the addition of an extra parameter (V,,) in the model does not change the magnitude of the parameters in
table 1. Moreover, the molar volume obtained from the fit of eq. 5 (V,, ~ 7 x 10°m™) represents a sphere of action of
approximately 2.8 pm diameter (V,,= V,x Na, where V, is the sphere of action volume and N, the Avogadro’s number),
which is around 500 fold larger than the nanoparticle size. This would be possible if the nanoparticles start to aggregate
and flocculate in the presence of protein. In fact, as mentioned in the experiment section, TiO, NP could not be prepared
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in the presence of any electrolyte (buffer salt solution) that became unstable. Also, as mentioned above, the presence of
BSA increases the optical density at long wavelengths in the absorption spectra of TiO, NP.

Differences in the fluorescence quenching of BSA by NP’s and NAT by NP’s are small which can mean that the
tryptophan aminoacid residues in the protein, are arranged as close as NAT to the NP surface for the respective
quenching mechanism. The solubility of TiO, and SnO, nanoparticles in water is mainly due to an organic layer of
trifluoroacetic (TFAc) and acetic (Ac) acids, respectively, bound to the nanoparticle surface.” Due to the fact that the
quenching effect on BSA and NAT fluorescence was much stronger with TiO, NPs than with SnO, NPs in aqueous
solution, the TFAc group present on the TiO, NPs may be considered as a potential cause of the strong and specific
interaction of BSA and NAT with TiO, NPs. It has been reported that trifluoroacetic acid binds strongly to BSA".
Similar compounds such as halothane (a trifluorocarbon compound) have also high affinity in two binding sites where
the two tryptophan aminoacid residues are located in BSA structure'®. TFAc is also described as a strong hydrogen bond
donor", and does not affect tryptophan or tryptophan derivatives fluorescence'®. Therefore, it is possible that the
trifluoroacetic group by hydrogen bonding and/or electrostatic interaction on the TiO, NP may enhance the association
with BSA and consequently leading to the formation of a non fluorescent complex.
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Fig.7:  Temperature effect on BSA fluorescence intensity with and without TiO, and SnO, nanoparticles. The arrows
indicate an inflexion point.

The thermal stability of BSA, measured using fluorescence spectroscopy to observe the thermal unfolding of protein was
also used to probe the protein-NP interaction.'” In figure 7, the intrinsic BSA fluorescence intensity was followed by
increase-decrease cycle of the temperature (from 20°C to 90°C and then back to 20°C). From analysing the first part of
the curves (temperature increase) it is possible to observe a type of sigmoidal unfolding trend as a function of
temperature. A small inflexion was noted at a temperature of approximately 65 °C, which is close to the unfolding mid
point of (T,, = 62.1°C) found for human serum albumin.'” Tt can be seen that in the presence of SnO, NP, the BSA
fluorescence intensity trend curve with temperature does not change. On the other hand, the presence of TiO,
nanoparticles modifies the thermal behaviour of BSA fluorescence. In the TiO, NP - BSA mixture, the inflexion point of
the thermal curve seems to occur at lower temperature (~ 55 °C). The decrease in value for the mid point of unfolding
temperature for BSA in the presence of TiO, nanoparticles may indicate an interaction, such as hydrogen bonding and/or
electrostatic interaction, which can weaken the tertiary protein structure. Consequently, less energy is needed to unfold
the protein.

4. CONCLUSIONS

In this work, the interaction of Bovine Serum Albumin (BSA) and two types of soluble metal oxide nanoparticles
(titanium and tin) have been studied using the intrinsic fluorescence of tryptophan residue from the proteins measured by
steady state and time resolved fluorescence techniques. The Stern-Volmer plots show that quenching process of BSA
fluorescence is mainly static by formation of a non fluorescent complex with both metal oxide nanoparticle species. The
complex association constant were determined and indicated that BSA interaction with TiO, NP is stronger than the
interaction with SnO, NP. The stability of BSA is also reduced if TiO, NP’s are present. No spectral shifts in the UV
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absorption and fluorescence emission spectra were observed for NPs in solution with BSA, this may indicate that an
interaction have to occur in a domain away of tryptophan residues, located at domains I and II, and at same time close to
be statically quenched. In other words, BSA may interact with TiO, NP through domain III, which is also the most
positive charged region of BSA.
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