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In this work, the behavior of bovine serum albumin (BSA) interacting with zinc oxide (ZnO) particles functional-
ized with 3-mercaptopropionic acid (3-MPA) and without any coating has been investigated. Two kinds of ZnO
particles of different size and morphology were obtained: microwires (MW) and nanoparticles (NP). The effect of
surface modification on the fluorescence properties of ZnO was studied. Typical ZnO green emission due to de-

fects was not observed in the functionalized NP spectrum. Structure alterations of the protein interacting with
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ZnO particles were evaluated by fluorescence spectroscopy and circular dichroism (CD). Though BSA structure
was not significantly perturbed in any case, some conformational changes were observed for BSA interacting
with not functionalized MW.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is being widely studied because of its interesting
properties for technological applications. It is a wide gap semiconductor
(3.37 eV) with a large exciton binding energy, it has intrinsic ultra violet
(UV) photoluminescence and green emission due to defects, is piezo-
electric and can be ferromagnetic if it is suitably doped [1]. In addition,
it can be obtained in many different nanostructured morphologies [2],
with conductivity sensitive to environmental gases [2,3] and antibacte-
rial effects [4,5]. Due their size, ZnO nanostructures can be used to inter-
act with biomolecules and cells, which makes them interesting for
biological applications as biosensing [6-8], drug delivery [9,10] or fluo-
rescence imaging [11,12]. For the latter application, semiconductor
probes have better photostability than organic fluorophores [13].

However, adverse effects of nanoparticles (NP) are not well known.
As ZnO is currently being used in cosmetic products or as food additive,
Zn0 nanoparticles should have low toxicity and good biocompatibility.
Surface properties, as well as the size and shape of particles are very im-
portant for their biocompatibility [14-16]. Protein adsorption and
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surface modification of NP appear to reduce their cytotoxicity [17]. Par-
ticles in a wide range of sizes and morphologies are of biological inter-
est. For instance, NP of diameters less than 10 nm penetrate normal
tissues but particles in the range of a few hundreds of nm to a few um
can penetrate tumor vessels [18,19].

Surface functionalizations of ZnO nanostructures have been report-
ed. In [20] a series mono or bifunctional linkers were bounded to ZnO
nanotip films and studied by Fourier transform infrared spectroscopy
(FTIR) and UV spectroscopy. It is concluded that a potentially useful bi-
functional linker is 3-mercaptopropionic acid (3-MPA) since it binds
Zn0 by the COOH group, leaving the SH group available for further mod-
ifications. In [21] ZnO quantum dots were successfully covered with
mercaptoacetic acid, as evidenced by the modification of their lumines-
cence properties.

3-MPA was used in [11] to introduce thiol groups onto the surface of
Zn0 nanowires for further functionalization to be specifically targeted
to cell surface receptors for imaging of cancer cells.

As for biomedical applications NP interact with proteins or other bio-
molecules it is necessary to assess the effect the NP produce on the pro-
tein. Serum albumin is one of the most abundant proteins in plasma and
plays an important role in many physiological functions [22].

Bovine serum albumin (BSA) is a protein that consists of three
intrinsic fluorophores: tryptophan (trp), tyrosine (tyr), and phenylala-
nine (phy). Conformational changes of the protein can be evaluated
exploiting photoluminescence properties of trp and optical activity of
secondary structure composition. In [23] it was reported that BSA
retained most of its a-helical structure after conjugation with gold NP
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of 40 nm of diameter. Similar results were obtained for similar size ZnO
NP in [24,25]. For ZnO NP of 7.5 nm of diameter, the formation of aggre-
gates of BSA-ZnO NP induces some conformational modification of BSA
[26]. In [27] very little alterations in the ellipticity values in BSA circular
dichroism (CD) spectrum were found on binding to 6 nm diameter NP
of ZnO functionalized with polyethyleneimine (PEI), suggesting only a
minor change in the three-dimensional configuration of the protein.
The conformational behavior of albumin on conjugation with NP is of
great importance and needs further understanding before such com-
plexes are used in biomedical applications. This behavior is influenced
by the size, morphology and surface properties of the particles [28].

In this work we study photoluminescence properties and the inter-
action with BSA of two different kinds of ZnO particles: microwires and
nanoparticles. Both of them are functionalized with 3-MPA and the ef-
fect of the surface modification on the mentioned properties is evaluat-
ed. To reach this goal, the particles were synthetized, functionalized and
characterized by means of SEM, XRD, EDS, FTIR and fluorescence spec-
troscopy. To study the interaction with BSA both fluorescence spectros-
copy and circular dichroism techniques were used.

2. Materials and method
2.1. Preparation of ZnO samples
Two different methods were used to obtain the ZnO samples:

2.1.1. Microwires of ZnO (MW)

Microwires of ZnO (MW) were prepared by direct carbothermal
growth [29]: a pellet mixture of ZnO (Puratronic® 99.9995% Alfa
Aesar) and graphite (powder 99.9995% Alfa Aesar), mass ratio of 1:1
was introduced in a quartz tube inside a furnace at 1150 °C during
45 min in air and at atmosphere pressure. The wires grow directly on
the pellet.

2.1.2. ZnO nanoparticles (NP)

ZnO nanoparticles (NP) were obtained from a colloidal suspension
prepared following the method described in [30]. Briefly, a 1 mM of
zinc acetate dihydrate (99.5%) was dissolved in 80 ml 2-propanol
(99.9%) at 50 °C and later diluted to 920 ml. 80 ml of a 0.02 M of sodium
hydroxide (99.5%) solution in 2-propanol was then added at 0 °C within
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1 min under continuous stirring. The mixture was immersed for 2 h into
a water bath preheated to 65 °C. After three days of further aging at
room temperature, the solvent was removed by rotary evaporation.

2.2. Functionalization

ZnO MW and NP were functionalized with 3-MPA as described in
[11]: 3 mg of 3-MPA (Sigma Aldrich) were added to suspensions of
5 mg of MW and NP in 2 ml of dichloromethane (DCM) each. The reac-
tion mixture was stirred at room temperature for 1 h. After evaporation
of DCM, the white solid was collected and washed with ethanol three
times.

2.3. BSA solutions

BSA fatty acid free was purchased from Aldrich and was directly
used. We have used Millipore water for preparing solutions. BSA con-
centration was 2.10~% M in PBS-K (pH = 6.8) and ZnO particles were
added in the range of 6.106 M-4.10"> M.

24. Characterization

The morphology and composition of the samples before and after
functionalization were characterized by Scanning Electron Microscopy
(SEM) and Energy Dispersive Spectroscopy (EDS) (Carl Zeiss Supra
40). Crystal structures of the samples before functionalization were an-
alyzed using X-ray diffraction (XRD) (Panalytical Empyrean with PIXcel
3D detector, high stability Cu source). The infrared absorption spectrum
was recorded in KBr using a Perkin-Elmer GX FTIR instrument. An F-
2500 Hitachi spectrofluorometer was used for fluorescence spectros-
copy. Circular dichroism (CD) has been recorded by JASCO, CD spec-
trometer, model J-815 using a 1 cm path length. All experiments were
performed at room temperature.

3. Results
3.1. Characterization of bare and functionalized MW and NP

High crystalline MW and uniform size NP were obtained, as shown
in figure S1 (Supporting Information). MW have diameters between

4 5
ull Scale 1462 cts Cursor: 10,358 (6 cts)
Spectrum 1

0 1 2 3 4 5
ull Scale 1462 cts Cursor: 10.355 (6 cts)

Fig. 1. Left: SEM images of ZnO 3MPA-MW (top) and 3MPA-NP (bottom). Right: corresponding EDS spectra.
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Fig. 2. Detail of FTIR spectra of MW and 3MPA-MW in the range of 1000-2000 cm ! taken
from spectra performed between 400 and 4000 cm ™~ .

0.5-5 um and length of some hundreds of um. NP have a diameter
30 nm. X-ray diffraction patterns in figure S2 (Supporting Information)
correspond to a high crystalline wurzite structure of MW and present
not so well defined peaks for the NP. After functionalization, MW and
NP did not change their morphology. SEM images are presented in
Fig. 1. In that figure, EDS spectra of the functionalized samples are also
presented. In both samples, the presence of sulfur from the 3-MPA is de-
tected. However, it is suggested from the figure that the coverage of MW
with 3-MPA is less effective than for NP.

FTIR spectra were performed in the range of 400-4000 cm™'. In all
samples, ~OH stretching band at 3300-3600 cm ™! and ZnO band at
460 cm~ ! were observed. For clarity, in Fig. 2 only the spectra in the
range of 1000-2000 cm™~ ! of MW and functionalized MW are present-
ed. In this figure, for both samples a band at 1633 cm ™! is observed
which can be attributed to 60-H bending of sample moisture as ob-
served in other reports [31]. For the functionalized MW sample, a
peak is found at 1700 cm ™! corresponding to the characteristic peak
of C=0 group from the 3-MPA which in our case does not disappear
completely. In addition, important peaks are observed at 1551 cm ™!
and at 1420 cm~ ! which are assigned to the antisymmetric and sym-
metric stretching of the carboxylate group (COO™) [20,32]. These re-
sults suggest that the binding of 3-MPA to ZnO occurs preferentially
by formation of surface bonds by the COOH group rather than through
the SH group, in accordance with [20].

Photoluminescence spectra of bare and functionalized MW and NP
are presented in Fig. 3. These spectra were obtained as a juxtaposition of
emission spectra for A > 410 nm and excitation spectra for N <410 nm. It
is seen that both MW and NP without functionalization show the two
characteristic ZnO peaks [1]: one in the UV range due to the exciton
and the other in the visible range due to defects, with maximum at
520 nm (MW) and 550 nm (NP). In the case of MW, there are no qual-
itative changes in the photoluminescence spectrum before and after
functionalization with 3-MPA. In the case of NP there are major changes
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in the spectrum after functionalization: the UV peak is shifted right and
the green luminescence due to defects completely disappears. In this
case, 3-MPA coating of the particles is complete and quenches the defect
emission. Surface oxygen vacancies or, equivalently, excess Zn? " are the
main responsible of green emission for particles with a high surface/
volume relationship. The effect of the 3-MPA is the passivation of the
dangling bonds of these defect states, as polyvinyl-alcohol does in [33].
In our case, passivation can be explained by the binding of the 3-MPA
molecule to the NP through its carboxyl group, which occupies the oxy-
gen defects at the surface of ZnO nanoparticles as reported in [34] for
amphoteric surfactant molecules. Passivation effects must be taken
into account if ZnO is intended to be used for fluorescence imaging.

3.2. Interaction with BSA

In order to study the interaction between ZnO and BSA, and 3-MPA
functionalized ZnO and BSA, the quenching of fluorescence of a solution
of BSA with the addition of ZnO particles was investigated. The effects of
the addition of MW and functionalized MW to a 2.10~® M solution of
BSA are shown in Fig. 4 a) and b), respectively.

Tryptophan residues of BSA are responsible of its fluorescence. BSA
has two tryptophan residues: trp-212, located within a hydrophobic
cavity and trp-134 on the surface of the molecule. Fig. 4 clearly shows
that the BSA has a strong emission band at 339 nm when excited with
280 nm wavelength. The intensity of the fluorescence band decreases
with increasing concentration of ZnO MW and functionalized ZnO
MW, though the effect is stronger for bare ZnO MW. The quenching of
the BSA fluorescence is due to a static type of quenching mechanism:
the formation of a non-fluorescent ground state complex which
perturbs the fluorophore environment, as reported in [24,26,35]. 3-
MPA is a short linker and it may not shield completely the BSA from
ZnO but, as the overall quenching is less for the functionalized MW, it
is inferred that the interaction BSA-3MPA does not affect the tryptophan
environment as much as the direct interaction BSA-ZnO.

CD spectroscopy evaluates conformational changes in protein on
binding to nanoparticle, so it gives further insight into protein-particle
interaction. In Fig. 5, CD spectra of a 2.10~% M solution of BSA with the
addition of ZnO MW and 3MPA-MW are shown. It is seen that there
are two strong negative bands in the UV region at 209 and 221 nm
[36], which are characteristic of the o-helical structure of the protein.
The addition of particles causes a small reduction of the observed signal,
indicating some decrease in the a-helical structure content. Results for
ZnO MW are consistent with other reports [24,26], being the decrease
in a-helical structure content not significant and, therefore, the struc-
ture of the protein in both cases is virtually preserved. Notice that the re-
duction of the observed signal is greater for not functionalized ZnO
particles. CD spectra for BSA with ZnO NP and 3MPA-NP (not shown)
did not give any significant reduction of BSA signal.
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Fig. 3. a) Photoluminescence spectrum of MW and 3MPA-MW. Emission spectrum excited with 370 nm and excitation spectrum at 510 nm. b) Photoluminescence spectrum of NP and

3MPA-NP. Emission spectrum excited with 350 nm and excitation spectrum at 545 nm.
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Fig. 4. a) Fluorescence spectra of BSA solution 2.10~% M in PBS-K (pH = 6.8) and BSA with the addition of ZnO MW 3.5 10~ M (maximum concentration of ZnO particles, intermediate

concentrations are not shown), Aexc = 280 nm. b) Same as a) for 3MPA-MW 3.5 10~° M.

It is known that the structure of proteins can be affected when they
are adsorbed on nanoparticles. The size of the particles and their surface
curvature, are key issues in the structure alteration, as well as the type of
protein involved: globular or fibrillar [37]. BSA, being a globular protein,
tends to maintain its structure when adsorbed on highly curved sur-
faces, preserving its functional properties [38,39]. This effect can be ex-
plained by a simple model: flat surfaces exhibit more contact area for
adsorbed proteins, according to the side-on model for BSA [40]. There-
fore, a stronger interaction between protein and nanoparticle results
and the perturbation of the protein structure is more important. Our re-
sults indicate that the higher curvature of NP surface with respect to
MW is responsible for the differences in the CD spectrum.

Interestingly, comparing the CD spectra of BSA with ZnO MW and
3MPA-MW, a more important perturbation of the protein structure is
obtained for the former case, for functionalized MW only marginal per-
turbation is perceived. This can be explained considering that for bare
MW, BSA is in direct contact with Zn?>" and -0, after displacing
water molecules. In the other hand, for the functionalized MW, BSA is
anchored by hydrogen bonds between -SH and different possible con-
nection points of BSA. Similarly, some differences in interactions be-
tween BSA and ZnO nanoparticles and BSA and polyethyleneimine-
functionalized ZnO nanoparticles were reported in [27].

4. Conclusions
High crystalline MW were obtained, with diameters between 0.5-

5 um and length of some hundreds of pm and uniform size NP were ob-
tained with diameter 30 nm. After functionalization, MW and NP did
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Fig. 5. CD spectra of BSA solution 2.10~ M in PBS-K (pH = 6.8) and BSA with the addition
of ZnO MW 3.5 10> M and same concentration of 3MPA-MW.

not change their morphology. FTIR results suggest that the binding of
3-MPA to ZnO occurs preferentially by formation of surface bonds by
the COOH group rather than through the SH group.

Photoluminescence studies of bare and functionalized MW and NP
show that in the case of NP, for which the surface coverage with 3-
MPA is greater than for MW, green luminescence disappears with
functionalization due to the passivation of ZnO surface dangling bonds.

Fluorescence spectroscopy of BSA with MW and 3MPA-MW indi-
cates that tryptophan emission is less affected for functionalized parti-
cles. DC spectra indicate that aggregates of BSA with ZnO MW induce
minor conformational changes in BSA. On the other hand, neither
3MPA-MW nor NP or 3MPA-NP induces any significant change in BSA
DC spectrum. This is consistent with our photoluminescence results, in
the sense that functionalization tends to preserve the protein structure.
In addition, the higher curvature of NP surface with respect to MW is
responsible for the preservation of the protein structure interacting
with NP.

Therefore, our results indicate that overall, BSA structure is pre-
served when interacting with ZnO particles. However surface properties
and size of particles are determinant of these interactions and could be
tailored to enhance biocompatibility of the particles.
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