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Abstract. Commercially available zinc oxide nanoparticles (ZnO NPs) with
different sizes (7–13 nm and < 100 nm) were selected for this study in order to analyze
the interaction with serum albumin of bovine or human origin (BSA and HSA). The
composition, morphology and surface of particles were characterized by transmission
and scanning electron microscopy, X-ray diffraction and energy dispersive X-ray
spectroscopy. Further, the hydrodynamic size and zeta potential were assessed after
their dispersion in ultrapure water. The proteins were incubated with ZnO NPs for 10,
30 or 60 min at 37℃. The secondary structure of albumin that were adsorbed on the
particles surface was evaluated using Fourier transform infrared spectroscopy. The
supernatant with unbound proteins was used for an indirect evaluation of protein corona by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Our study revealed that
the features of nanoscale surface topographies created by ZnO NPs agglomeration in
clusters can significantly influence the protein adsorption and secondary structure.
Key words: zinc oxide nanoparticles, serum albumin, biocorona.

1. INTRODUCTION

Nanoparticles (NPs) are used in a wide range of applications such as: paint
and food industry, packaging products and pharmaceuticals [1, 2]. NPs contact with

Article no. 602

M.S. Stan et al.

2

the blood vessels inside the human body its possible through almost all routes
associated with NPs exposure (skin pores, debilitated tissues, injection, olfactory,
respiratory and intestinal tracts) [3]. Adsorption of biomolecules on the NPs
surface occurs rapidly and causes the formation of a phospholipidic and protein
corona on the surface of the NPs [4]. It has been observed that the molecular
properties and protein corona’s structure have a major influence on the behavior of
NPs in biological environments, especially on their cellular uptake. The main
proteins in the structure of the stable protein corona are albumin, immunoglobulins
and fibrinogen. These proteins bind tightly to the surface of NPs and form a stable
structure [5].
The major effects of ZnO NPs at the cellular level are consequences of their
specific physicochemical characteristics [1]. Size, shape and aggregation of
nanoparticles, are several factors that can influence how NPs interact at the
biological level with proteins [6], lipids and cell membranes. Increased solubility
of ZnO NPs can trigger a release of a large number of Zn ions, which have the
ability to interact with enzymes, causing cytotoxic effects by inducing oxidative
stress, mitochondrial dysfunction and lysosomal-induced degradation [7].
To provide a comparative analysis between the different characteristics of
NPs and the effects induced on structure of protein adsorbed onto the particle
surface, we selected for our study two types of ZnO NPs which were characterized
by transmission and scanning electron microscopy (TEM and SEM), scanning
electron X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDXS),
hydrodynamic size and the zeta potential measurements. In addition, the interaction
with two proteins (bovine serum albumin – BSA and human serum albumin – HSA)
was investigated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and by Fourier transform infrared spectroscopy (FTIR).
2. METHODS
2.1. NANOPARTICLES CHARACTERIZATION

ZnO powder (noted as ZnO NPs 7–13 nm) was purchased by Alfa Aesar
(TermoFischer, Kandel, Germany), and contains NPs of 7–13 nm size with a purity
> 99%. ZnO liquid dispersion (NanoSunguard™ in water; noted as ZnO
NPs < 100 nm) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and
contains NPs with average sizes < 100 nm as measured by dynamic light scattering
(DLS) and < 40 nm as counted on TEM images, a value of pH ~ 7.5 ± 1.5, and a
density of 1.7 ± 0.1 g/ml at 25°C. Both types of NPs were homogenized in Milli-Q
water at a concentration of 1 mg/ml.
The NPs were dispersed in distilled water and small drops were added
consecutively on top of a pure carbon film copper grid (Ted Pella, Inc., Redding,
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CA, USA) for TEM analysis, and the liquid excess was carefully removed with a
filter paper. The samples were viewed in bright field mode using a Tecnai F20 G2
TWIN Cryo-TEM (FEI, Hillsboro, OR, USA) at an acceleration voltage of 200 kV.
In addition, these were subjected to energy-dispersive X-ray spectroscopy (EDXS)
(Oxford Instruments, Abingdon, UK).
SEM observations were performed on Zeiss Auriga microscope (Carl Zeiss,
Jena, Germany). Images were acquired at a voltage of 2 kV and contrast-enhanced
for a better analysis. The samples were analyzed using the D8 Discover X-ray
diffractometer (Bruker AXS, Karlsruhe, Germany), Cu-anode X-ray tube (40 kV,
40 mA) and LYNX EYE detector. The crystallite size was calculated using the
Debye-Scherer formula.
The hydrodynamic size and zeta potential of ZnO NPs at a concentration of
100 µg/ml in ultrapure Milli-Q water were measured using a Malvern Nano-ZS
instrument (Malvern Instruments, Malvern, Worcestershire, UK). The
determinations were performed in triplicate at 25 °C.
2.2. SDS-PAGE

The level of protein adsorption on the surface of NPs was investigated by
SDS-PAGE. ZnO NPs (100 μg/ml) were incubated with BSA or HSA (1 mg/ml of
protein in PBS) at 37°C for 10 min, 30 min and 60 min. At the end of each time
point, the suspensions were centrifuged at 14,000 × g for 10 min. A volume of 5 µl
of the supernatants consisting of proteins which were not adsorbed onto the surface
of NPs were mixed with Laemmli loading buffer. This mix was loaded with a
Hamilton syringe on a 10% SDS-PAGE and run under reducing conditions. The
gels were stained in a solution of 0.025% w/w Coomassie Brilliant Blue. The bands
were imaged on a ChemiDoc MP Imaging system (Bio-Rad, Hercules, CA, USA)
and were quantified. using the Image Lab 5.0 software (Bio-Rad, Hercules, CA,
USA). BSA and HSA (0.25 – 4 μg protein) calibration curves were obtained by
SDS-PAGE under the same conditions and these were used in order to calculate the
amount of protein adsorbed on ZnO NPs. All of the samples were run at least in
triplicates.
2.3. FTIR

Serum albumins (BSA and HSA) were incubated with the two types of ZnO
NPs (1:1 ratio) for 15, 30 and 60 min. Samples were centrifuged in order to remove
the solvent and unbound proteins and the sediment was dried. The protein-NPs mix
were analyzed by attenuated total reflection (ATR) – FTIR using a Bruker Tensor
27 spectrometer (Bruker Optik GmbH, Ettlingen, Germany). The spectra of
samples were acquired with 4 cm–1 resolution during a collection time of 1 minute.
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3. RESULTS AND DISCUSSION
3.1. MORPHOLOGICAL AND PHYSICO-CHEMICAL PROPERTIES OF NANOPARTICLES

A comparative TEM analysis between the two types of ZnO NPs showed the
difference between the size range of particles. The powder sample from
ThermoFischer (Fig. 1a) contained smaller particles than the liquid sample from
Sigma (Fig. 2a), the primary sizes observed on TEM images being in accordance
with the details provided by manufacturers. The small NPs measured an average
diameter of 10 nm according to TEM images, with preponderantly hexagonal
shape, but being also variable in size. The same shape was evidenced for the larger
NPs, that have sizes between 25 and 50 nm. The NPs tend to agglomerate, as they
are not uniformly distributed at nanometric level, the cluster sizes being around
150 nm for the powder sample (Fig. 1b), and more than 500 nm for the liquid one
(Fig. 2b).

(a)

(b)

(c)

Fig. 1 – Characterization of ZnO NPs (7–13 nm) by TEM:
a) scale bar of 50 nm; b) scale bar of 500 nm; c) EDXS.

(a)

(b)
Fig. 2 – Characterization of ZnO NPs (<100 nm) by TEM:
a) scale bar of 50 nm; b) scale bar of 500 nm; c) EDXS.

(c)
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STEM was applied to establish the elemental composition by EDXS (Figs. 1c
and 2c). The presence of zinc and oxygen was evidenced in an approximative equal
proportion, and confirmed the ZnO composition for both types of NPs.
The SEM images revealed the surface morphology created by the clusters of
ZnO NPs, that were organized in different shapes for each type of sample studied
(Fig. 3). For ZnO NPs (7–13 nm), the clusters had a grain morphology with a small
rod-shaped smooth surface. Images with 5,000 × magnification showed the formation
of micrometric structures for this type of sample, creating a rough topography. In the
case of ZnO NPs achieved in the liquid form, the SEM images with 100,000 ×
magnification showed a spheroid morphology of particles clusters, the agglomerates
being more equally distributed over the surface of grid. Most probably, these
differences were due to the preparation conditions.

(a)

(b)

Fig. 3 – SEM images (100,000 × magnification – top and 5,000 × magnification – bottom)
of ZnO NPs: a) 7–13 nm; b) <100 nm.

The XRD pattern of ZnO NPs purchased in the powder form (Fig. 4a)
revealed the presence of broad diffraction peaks specific for hexagonal wurtzite
phase of ZnO, with lattice constants: a = 0.33 nm and c = 0.52 nm (Table 1), indicating
that the prepared material consisted of particles in nanoscale range.
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(a)

(b)
Fig. 4 – XRD spectra of ZnO NPs: a) 7–13 nm; b) <100 nm.

In the case of ZnO NPs – liquid form, the XRD profile (Fig. 4b) showed the
characteristics peaks of Miller-Bravais indices for planes (100), (002), (101),
(102), (110), (103), (200), (112) and (201) at 2θ values of 31.8°, 34.4°, 36.3°,
47.6°, 56.7°, 62.9°, 66.2°, 68° and 69.07°, respectively, according to the Joint
Committee on Powder Diffraction Standards (JCPDS) pattern of ZnO which can
be indexed as the hexagonal wurtzite crystal structure of ZnO NPs [8] with lattice
constants: a = 0.52 nm and c = 0.32 nm (Table 1). Using the Debye-Scherrer
formula, the average crystalline size of the ZnO NPs was calculated at 8.3 nm
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and 20.6 nm for the powder and liquid samples, respectively. This observation
regarding the difference between their diameters was shown also by TEM
images.
Table 1
Parameters of ZnO NPs of 7–13 nm and <100 nm obtained by XRD analysis.
Lattice cell
parameters
a [Å]
c [Å]

Nanoparticles
ZnO NPs (7–13 nm)
ZnO NPs (<100 nm)

3.317
5.219

5.278
3.248

Crystal size [Å] and
structure
83.0 / hexagonal
206.2 / hexagonal

ZnO NPs (the powder sample) had the lowest hydrodynamic diameter (580.7 nm)
compared to NPs from Sigma (an average value higher than 1 micron), suggesting
a high agglomeration tendency for both types of samples in water (Table 2).
However, the high value of hydrodynamic size for the liquid sample confirmed the
presence of large and sedimenting particles, as it was noticed also on TEM images.
Due to this issue, we decided not to use this kind of analysis for checking the
protein adsorption on particles surface and for performing measurements in other
media than distilled water, as the results could provide false information. Further,
zeta potential was almost similar for both types of NPs (~ –14.5 mV), estimating
the effective electric charge on the NPs surface and the same colloidal stability in
water (Table 2).
Table 2
Characterization of ZnO NPs of 7–13 nm and <100 nm by hydrodynamic size, polydispersion
index (PdI) and zeta potential measurements. The values shown are averages of three
measurements ± standard deviation
Nanoparticles

Hydrodynamic size (d.nm)

PdI

Zeta potential (mV)

ZnO NPs (7–13 nm)
ZnO NPs (<100 nm)

580.7 ± 29.94
1278 ± 98.29

0.593 ± 0.018
0.303 ± 0.076

–14.6 ± 0.907
–14.5 ± 0.100

3.2. PROTEIN CORONA ON NANOPARTICLES SURFACE

Previous studies have shown that ZnO NPs can be coated with BSA [9, 10],
the adsorption being investigated generally by spectrophotometrically approaches,
such as UV-visible and fluorescence spectral measurements, Langmuir isotherm
models, and Bradford assay, or by in silico methods. Within our study, we selected
SDS-PAGE and FTIR methods to investigate the protein adsorption on NPs surface
and the effect on protein secondary structure and conformation.
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The amount of unattached protein in supernatants was quantified and
correlated with FTIR results where we used the whole pellet of NPs-protein mix.
Based on BSA and HSA standard curves (Figs. 5a and 5b, respectively), the band
densities for each time period of incubation were extrapolated and the amount of
free protein was obtained and plotted in the graphs of Fig. 5c. A time-dependent
decrease of free BSA was observed for ZnO NPs (7–13 nm), which correlates with
a gradual adsorption of BSA on the surface of this type of particles. In the case of
HSA, a more significant decrease of the protein content in the supernatant was
evidenced after 60 min of incubation. By contrast, we can notice in the case of ZnO
NPs (<100 nm) a decrease of albumin content in the supernatant for both proteins
after 60 min of incubation. This trend suggests actually a protein adsorption at the
end of incubation. Moreover, the amount of unbound protein in the supernatants
was higher for HSA samples, which was equivalent with a lower amount on the
surface of particles compared to BSA samples, suggesting that the adsorption on
NPs surface was much more intense for BSA, and the affinity of HSA for the NPs
surface were lower compared to bovine protein.
Although the BSA is the most used standard protein for research, we have to
underline the biological importance of HSA. This represents the most abundant
protein in human plasma (3.5 to 5.5 g/dl concentration), having a globular structure
and the highest electrophoretic mobility. With a molecular weight of 66.5 kDa, its
structure consists of 585 amino acids, 17 disulfide bonds, and one free thiol group
(Cys34). There are three homologous domains (I, II, and III) that fold in a heartshape molecule, each domain being divided into two subdomains [11]. HSA is
involved in the maintenance of colloid osmotic pressure and transportation, distribution
and metabolism of many endogenous and exogenous small molecules and ions
[12]. Taking into account the increasing use of ZnO NPs in various products,
especially in sunscreens, cosmetics and personal care products based on their
antibacterial, anticancer and anti-inflammatory activities, and also the biomedical
importance of HSA in human health, our study focused on the toxic effects of ZnO
NPs on the structure of this protein, as the adsorption of proteins on the NPs
surface may result in structural changes and unfolding of proteins and lead to
toxicity. According to previous reports, it was shown that ZnO NPs in the liquid
form (Nanosunguard product) were benefic as antimicrobial tissue adhesive for
skin would closure [13], but were also able to cause toxic effects on the lymphatic
system of adult rats after a sub-chronic administration [14].
Previous spectroscopic analysis methods showed that ZnO NPs induced a
decrease of α-helix content and altered the microenvironment of aromatic amino
acids in BSA, these changes in BSA structure resulting in different biological
responses in vitro [9]. Moreover, another study revealed that the adsorption of BSA
on ZnO NPs was the highest at pH = 5 and was found to be pseudo-second-order
kinetics [10].
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(b)

(d)

Fig. 5 – Time evolution of the interaction between serum albumin and nanoparticles. Representation
of bovine serum albumin – BSA (a) and human bovine albumin – HSA (b) calibration curves
obtained in the range of 0.25–4 μg protein by SDS-PAGE. One-dimensional SDS-PAGE and
the amount of unbound BSA and HSA calculated as μg of protein after extrapolating the band
density on the standard curves of proteins obtained after 10, 30 and 60 min of incubation
with ZnO NPs (7–13 nm) (c) and ZnO (<100 nm) NPs (d). The values are represented
as means ± standard deviation (n = 3).
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3.3. EFFECT OF NANOPARTICLES ON PROTEIN SECONDARY STRUCTURE

The interaction of the two types of ZnO NPs with BSA and HSA was
investigated using FTIR. The spectra of pure ZnO NPs with sizes of 7–13 nm and
<100 nm are presented in Fig. 6 a. As it can be seen, the spectra are dominated by a
strong absorption in the 600–400 cm–1 frequency range, with a shoulder centered
around 430 cm–1 that can be assigned to Zn–O stretching vibration [15, 16]. In
addition, other absorption bands are visible on the spectra of the two types of NPs,
but with a significantly decreased intensity (see Fig. 6 b). Both types of NPs
present a broad absorption band between 3500–3200 cm–1 that corresponds to O–H
stretching vibration [15, 16] and a band around 870 cm–1. Small sized ZnO NPs
presented two absorption maxima at 1481 cm–1 and 1390 cm–1, while large ZnO
NPs presented three additional maxima at 1556 cm–1, 1503 cm–1 and 1400 cm–1.

Fig. 6 – FTIR spectra of NPs (7–13 nm and <100 nm), pure proteins (BSA and HSA) and NPs – BSA
samples after 10 minutes of incubation (ZnO NPs + BSA 10 min). The legend of both (a) and (b)
is presented in (b): a – spectra of NPs and NPs – BSA samples presented in full frequency range.
The main absorption bands of pure NPs are labeled; b – detail on the 4000–600 cm–1 frequency
range of the FTIR spectra measured on NPs, NPs – BSA samples after 10 minutes of incubation,
pure BSA and pure HSA. Amide I and II bands of pure proteins are labelled on the image.
Spectra were normalized to the absorbance at 4000 cm–1.
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According to [15], the band centered at 870 cm–1 may correspond to carboxylic
and C–C–O symmetrical stretches and according to [16], the bands at 1556 cm–1 and
1400 cm–1 can be assigned to C=O symmetric and asymmetric stretching vibrations,
in their case reflecting the presence of acetate anionic moieties on the surface of
NPs that were obtained from zinc acetate [16]. In our case, we assume these bands
can be associated with traces of regents from NPs synthesis processes.
The spectra of proteins incubated with NPs are also dominated by ZnO strong
absorption in 600–400 cm–1 (Fig. 6a). For exemplification purposes, in Fig. 6 we
present only the spectra of BSA incubated with NPs for 10 min. In order to address the
contribution of proteins to the spectra of proteins incubated with NPs, we analyzed
in detail the 4000–600 cm–1 frequency range. The infrared spectra of proteins showed
distinctive absorption bands called amide bands; a very detailed presentation of
them is given in [17]. From these, we have chosen to focus on (i) amide A band,
centered ~3300 cm–1, because it overlaps the broad 3500 – 3200 cm–1 band of ZnO
NPs and (ii) amide I (~1650 cm–1) and amide II (~1550 cm−1) bands because they
are strongly influenced by the structure of proteins backbones. Their location on
the spectra of pure BSA and HSA is given in Fig. 6b and Table 4. In the case of
proteins incubated with NPs, in the 3500–3200 cm–1 frequency range we observed
a broad band centered at wavenumbers lower than in the case of pure NPs, but
closer to pure NPs maxima than to pure proteins amide A maxima (Table 3).
Table 3
–1

Central frequencies of: (i) 3500–3200 cm band of ZnO NPs, (ii) amide A, I and II bands of pure
BSA and HSA and (iii) 3500–3200 cm–1 band/amide A band, amide I and amide II bands
of proteins from protein – NPs samples
Sample
ZnO NPs (7–13 nm)
ZnO NPs (<100 nm)
BSA
HSA
ZnO NPs (7–13 nm) + BSA 10 min
ZnO NPs (7–13 nm) + BSA 30 min
ZnO NPs (7–13 nm) + BSA 60 min
ZnO NPs (7–13 nm) + HSA 10 min
ZnO NPs (7–13 nm) + HSA 30 min
ZnO NPs (7–13 nm) + HSA 60 min
ZnO NPs (<100 nm) + BSA 10 min
ZnO NPs (<100 nm) + BSA 30 min
ZnO NPs (<100 nm) + BSA 60 min
ZnO NPs (<100 nm) + HSA 10 min
ZnO NPs (<100 nm) + HSA 30 min
ZnO NPs (<100 nm) + HSA 60 min

Central frequency (cm–1)
3500–3200 cm–1
Amide I
band or Amide A
3380
–
3385
3286
1643
3284
1645
3365
1649
3363
1649
3363
1651
3365
1649
3361
1649
3359
1651
3348
1651
3350
1651
3305
1651
3350
1653
3361
1651
3336
1653

Amide II
–
1530
1531
1511
1511
1511
1511
1511
1511
1546
1546
1542
1546
1546
1544
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In pure proteins, amide II bands central frequencies are 1530 cm–1 (BSA) or
1531 cm–1 (HSA). These frequencies are close to some absorption bands centered
around 1481 cm–1 in the case of ZnO NPs of 7–13 nm and around 1556 cm–1 and
1503 cm–1 in the case of ZnO NPs <100 nm. When proteins are incubated with
small NPs, amide II band shift at lower frequencies (Table 3) and the NPs maximum
at 1418 cm–1 disappears. In proteins incubated with large NPs, amide II bands shift
to higher frequencies, while 1556 cm–1 and 1503 cm–1 bands of NPs disappear.
These changes are evidence to the interaction of proteins with NPs in all analyzed
samples. Protein amide I bands are also affected by the interaction with NPs. As
can be seen in Table 3, amide I bands to higher frequencies. Amide I band holds
information on the secondary structures content of proteins, α-helices absorption
band being centered ~1645 cm–1 and β-sheets absorption bands being centered
~1633 and 1684 cm–1 [17]. The shift that we observed in amide I central frequencies
point toward an increase in proteins helicity due to the interaction with NPs.

Fig. 7 – Amide I / Amide II (black squares) and ZnO / Amide I (blue squares) bands ratios calculated
in the case of BSA and HSA incubated with: a) 7–13 nm ZnO NPs; b) <100 nm ZnO NPs.

Following a method previously described in [6], we investigated the
interaction of proteins with NPs by calculating the ratios between the intensities of
ZnO maxima at 430 cm–1 and the intensities of amide I bands. Results are
presented in Fig. 7. In the case of 7–13 nm ZnO NPs incubated with BSA or HSA,
we observe a decrease of these ratios with incubation time. The ratio is inversely
correlated with the amount of protein in samples, as higher amounts of proteins
lead to the increase of amide I band intensity and to the decrease of the ratio.
Therefore, in the case of proteins incubated with ZnO NPs of 7–13 nm, our results
suggest that proteins continuously adsorb on the surface of NPs. In the case of ZnO
NPs <100 nm, the ratio slightly increases after 30 min of incubation and decreases
after 60 min. These results support an initial adsorption of both proteins to ZnO
NPs (first 30 min), followed by their desorption. Amide II / amide I ratios (Fig. 6)
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also follow the same trend as ZnO / amide I ratio, supporting the continuous
adsorption of proteins on the surface of 7–13 nm ZnO NPs and initial adsorption
followed by the desorption of proteins from the surface of <100 nm ZnO NPs.

4. CONCLUSIONS

The physicochemical characterization of NPs confirmed their composition,
size and shape. The particles tended to form aggregates, which were larger in the
case of ZnO NPs with a higher size. The hydrodynamic diameter correlated very
well with the differences in primary size. The SDS-PAGE results showed that a
time-dependent increase of BSA adsorption was noticed for the smaller particles.
Moreover, we observed different changes in the secondary structure of serum
albumins, that could be correlated with the physicochemical properties of each type
of particle tested. To sum up, our study revealed that the features of nanoscale
surface topographies created by ZnO NPs agglomeration in clusters can significantly
influence the dynamic interactions and kinetics of protein adsorption.
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