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Albumin  nanoparticles  can  be pre-
pared by ionizing  radiation  (gamma
rays or  electron  beam).
Protein  dynamic  aggregation
depends  on  ethanol  concentration.
Ionizing  radiation  stabilizes  albumin
nanoparticles.
Albumin  nanoparticles  do  not  lose
protein structure-function.
Protein  nanoparticles  can  be pre-
pared  from  a mixture  with  albumin.
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a  b  s  t r  a  c  t

Globular  proteins  can  be considered  as nanotools  useful  to perform  a  variety  of chemical  reactions.  These
biological  macromolecules  have  very  complex  and detailed  topological  characteristics  responsible  for
their  several  functions,  which  can  be used  for technological  applications.

Albumin  is  one  of the  few  commercially  available  proteins  with  potential  use  in  the  preparation  of  nano-
materials  by  the  bottom-up  strategy.  Albumin  nanoparticles  (NPs)  can  be prepared  by several  methods,
but  the preservation  of the  structure  of the  native  protein  in the  final  structure  has  not  yet  received  too
much  attention.

Our  research  group  has  recently  reported  the  use of  ionizing  radiation  to obtain  albumin  NPs.  The  irradi-
ynamic protein aggregation

lectron beam irradiation
ysozyme/BSA nanoparticles

ation  of  an  ethanol  solution  of  bovine  serum  albumin  (BSA)  allows  obtaining  protein  NPs  in  the  size  range
of  20–40  nm.  However,  a  plausible  mechanism  to explain  the  process  of  preparation  of  protein-based  NPs
has  not yet been  described.  In this  work,  we performed  a series  of  experiments  to  prepare  protein  based
NPs  in  two  independent  steps:  (i)  dynamic  aggregation  of  BSA  by ethanol  and  (ii)  radiation-induced
cross-linking  by  gamma  or electron  beam  irradiation.  Dynamic  light  scattering  (DLS),  circular  dichroism
(CD),  Fourier  Transform  Infrared  Spectroscopy  (FT-IR)  and  UV spectroscopy  measurements  provided
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additional  information  about  the  conformation  of  BSA.  No  spectroscopy  signal  changes  of aromatic  amino
acids  were  detected  by  UV and  a loss  of 20%  of  the  alpha  helix  secondary  structure  was  determined  by
CD.  Drug-carrier  functions  were  studied  by binding  and  releasing  assays  of  Merocyanine  540.  BSA-NPs
showed a  drug-carrier  behavior  similar  to that  of BSA.  Finally,  we  evaluated  the  possibility  to  prepare
protein  NPs  containing  more  than one  protein  using  the  same  procedure.  Bi-protein  NPs  were  prepared
from lysozyme  and  BSA. The  bi-protein  NP  showed  enzymatic  activity  of lysozyme,  which  confirms  the
functionality  of the  NP  prepared  by this  novel  method.
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. Introduction

From the technological point of view, globular proteins can be
onsidered as nanotools useful to perform a variety of chemical
eactions, such as hydrolysis of different molecules, catalysis of
xidation or reduction processes. These biological macromolecules
ave very complex and detailed topological characteristics respon-
ible for their several functions.

Preparation of nanomaterials from proteins by the bottom-up
trategy is difficult as a consequence of the reduced availabil-
ty of these materials. However, commercially available proteins
btained from natural or recombinant sources, such as gelatin, col-
agen, albumin or papain, can be used as starting building blocks
o prepare nanomaterials. In addition, proteins represent excel-
ent raw materials considering biological applications because they
ave advantages such as absorbability and low toxicity of the degra-
ation end products [1,2].

Serum albumin is the most abundant plasma protein in the
lood of mammals. It is also one of the longest known and prob-
bly the most studied of all proteins [3,4]. Its numerous functions
ave attracted the interest of scientists and physicians for gener-
tions [5]. Albumin in its native monomeric form is a commercial
roduct with many laboratory and industrial applications. In vitro
pplications include its use as medium component for cell culture,
ryopreservation and stem cell expansion [6]. In these applications,
lbumin works as a natural carrier to deliver important nutrients to
ells, and binds toxins to avoid toxic effects and excessive amounts
f proteins such as hormones and growth peptides, acting as slow-
elease agent to keep these substances stable. Also, the coagulation
roperties of albumin allow its use in many implantable biomateri-
ls, surgical adhesives and surgical sealants [7]. Elzoghby et al. have
ecently reviewed several in vitro and in vivo studies performed
ith albumin NPs in which these NPs showed exciting results about

he controlled delivery of therapeutic agents, high drug loading
apacity in combination with biodegradability, biocompatibility
nd the possibility of covalent link of drug targeting ligands [8].
lbumin NPs can be prepared by several methods. Three of these
ethods involve classical protocols such as desolvation, emulsifica-

ion and thermal gelation [9]. Novel approaches such as nano-spray
rying [10], nab-technology [11,12] and self-assembly [13,14] have
lso been reported. To improve the stability of NPs and avoid parti-
le dissolution, chemical crosslinking with glutaraldehyde or heat
enaturation are standard stabilization steps. However, the use
f chemical agents may  lead to toxic or undesirable reactions if
he compound is not properly removed and the thermal process
nvolves protein denaturation [15].

Our research group has recently reported the use of ionizing
adiation to obtain albumin NPs [16]. The irradiation of an ethanol
olution of bovine serum albumin (BSA) allows obtaining reaches
rotein NPs in the size range of 20–40 nm.  This method has also

een successfully applied to prepare NPs from papain [17].

So far, no data have been published to explain the role of addi-
ives/radiation in the mechanism of protein-based NP formation.
he aim of this work was to prepare protein-based NPs with main-
©  2015  Elsevier  B.V.  All  rights  reserved.

tained protein functionality by ionizing radiation, by a series of
experiments in two independent steps. The first, by dynamic aggre-
gation of BSA in ethanol and the second by radiation-induced
cross-linking.

2. Materials and methods

Bovine serum albumin (BSA), Fraction V, was  obtained from
Sigma–Aldrich. Lysozyme (Hansozyme) was  kindly donated by
Chris-tian Hansen Argentina. All other reagents were of analytical
grade and used as received. BSA was  dissolved in phosphate buffer
30 mM pH 7. Different amounts of ethanol were added drop-wise
onto the protein solution, keeping the temperature at 0 ◦C under
constant stirring. BSA solutions were irradiated with gamma-rays
from a 60Co source (Planta de Irradiación Semi-Industrial, Centro
Nacional de Energía Atómica Ezeiza, Argentina) at a dose rate of
1 kGy/h at 5–10 ◦C. After irradiation, protein solutions were diluted
to a suitable concentration with phosphate buffer saline (PBS) for
further experiments.

Electron beam irradiation was  performed by short pulses of fast
electrons [pulse duration: 4 �s, pulse frequency: 20 Hz, electron
energy: 6 MeV, absorbed dose of ionizing radiation per shot (irra-
diation times: 6 s): 1 kGy generated by an ELU-6 linear accelerator
(Eksma, Russia)].

Particle size was  determined by dynamic light scattering (DLS)
at 25 ◦C using a 90Plus/Bi-MAS particle size analyzer, with a light
source of 632.8 nm and a 10 mW laser. Each result is the average
of three measurements. Samples were kept at 4 ◦C until analyzed,
and measurements were carried out on days 1 and 30 after sample
preparation.

Circular Dichroism (CD) measurements were carried out at 20 ◦C
on a Jasco 810 spectropolarimeter equipped with a Peltier-effect
device for temperature control (Jasco Corporation, Japan). Six or
ten spectra were recorded and averaged.

Functionality assays were carried out with the fluorescent probe
Merocyanine 540 (MC540) to test binding affinity and kinetic
release profile at room temperature. The encapsulated drug was
separated from the free drug with a Vivaspin 500, 3 kDA  MWCO,
GE Healthcare tubes, by centrifuging samples at different times
in an Eppendorf Centrifuge 5804 R at 12,000 rpm, 4 ◦C for 20 min
(each experimental datum corresponds to triplicate determina-
tions). For the kinetic release profile assay, the methodology was
similar: aliquots of the samples were taken at selected times. Sam-
ples were measured by UV–vis spectroscopy using a Nano-drop
1000 spectrophotometer (Thermo Scientific). Data were analyzed
using GraphPrad Prism 5.0 software and Michaelis–Menten model
was fitted by non-linear regression analysis. FT-IR and fluorescence
spectroscopy were performed to study the protein-probe interac-
tion. FT-IR spectroscopy was analyzed using a multi-reflexion ATR
module. About 500 �l of each sample was blow-dried on ZnSe crys-

tal with 45◦ of inclination. The spectra were recorded with 64 scans
and a 1 cm−1 resolution. Data were analyzed by IRSolution Software
and then by GraphPad Prism 5.0 software. The fluorescence study
was done using a S2 Scinco spectrofluorometer (Jasco). Samples
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ig. 1. Dynamic light scattering analysis. Plots of particle diameter distribution of B
he  addition of 10% v/v ethanol; (c) 20% v/v ethanol; (c) 30% v/v ethanol; (c) 40% v/

easurements of 30 s.

ere excited at 280 and 295 nm,  while emission was set at 337 and
40 nm respectively. The GraphPad Prism 5.0 software was used
o analyze the data collected. The calculation of the dissociation
onstant (Kd) and maximum drug binding (Bmax) was determined
y fitting the experimental data to Michaelis–Menten model as
escribed in Sevilla et al. [18].

. Results and discussion

.1. NP preparation with BSA
Engineered NPs are attracting great interest for application in
ifferent biological fields. The high absorption efficiency to bio-

ogical tissues of these nanosized materials constitutes one of the
utions containing different amounts of ethanol: (a) BSA in buffer solution; (b) with
nol and (d) 45% v/v ethanol. All measurements correspond to the average of three

most relevant characteristics for cosmetic and medical applications
[19–21].

For a long time now, albumin has attracted the attention of the
pharmaceutical industry because it is the most abundant serum
protein and has the ability to bind a wide variety of drug molecules
and alter their pharmacokinetic parameters. Albumin NPs can be
prepared by emulsification, but this method requires an organic
solvent to remove the oil and surfactant. Another method com-
monly used to prepare protein NPs is the desolvation process with
organic solvents [9,22]. However, the NPs obtained are not stable.
To avoid particle dissolution, standard stabilization steps are chem-

ical cross-linking with glutaraldehyde or heat denaturation, but it
is also known that albumin oligomerization by thermal process
involves the loss of its native structure [1].
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Table 1
Average of mean diameter of BSA-NPs in buffer after stabilization by gamma irradi-
ation or chemical cross-linking. Both NPs were prepared in ethanol 35%.

Condition Diameter (nm) SD(nm)
64 E. Achilli et al. / Colloids and Surfaces A: P

Globular proteins are macromolecules which are very sensitive
o the microenvironment. The addition of polar solvents or solutes
o a protein solution, under controlled conditions, is able to pre-
ipitate globular proteins without loss of their native structure. In
he case of BSA, more than 40% ethanol is required to induce its
recipitation [23].

As previously reported in Soto Espinoza et al., 2012, BSA-NPs can
e prepared from irradiation of an ethanol solution of BSA at sub-
recipitating concentrations. In the present study, we  first analyzed
he influence of ethanol on protein samples before the irradiation
rocess. Fig.1 shows the diameter distributions of a BSA solution
s a function of ethanol concentration. It is important to remark
hat the solvent was added at temperatures between 0 and 5 ◦C
o avoid protein denaturation. Thereafter, samples were diluted
n the corresponding ethanol-buffer mixture to fit the DLS mea-
urement conditions. The histogram shows that BSA aggregation
ccurred with only 10% of ethanol added to the protein solution.
hese aggregates showed slight increases in size in the range of
–45% of ethanol (v/v) in the protein solution. Fig. 2 shows the DLS
ata compiled in a plot of hydrodynamic diameter versus ethanol
ercentage of the protein solution. Particles two-fold larger than
he BSA hydrodynamic diameter were found at around 40% ethanol.
eyond this ethanol concentration, a sharp increase in the particle
iameter was observed (c.a. 30 nm at 45% ethanol). NPs diameter
ould not be measured of BSA solutions at higher ethanol concen-
rations because of the increase in viscosity and/or physical gel
ormation [24].

Dilution of the ethanol–protein samples with water (more than
en-fold) reduced the ethanol concentration, with the concomi-
ant disappearance of aggregates. Only the BSA molecule signal was
ound in the DLS histogram (data not shown). Meanwhile, the dilu-
ion with the same ethanol–water ratio showed no size distribution
hanges in the DLS histogram. This phenomenon is compatible with

 completely reversible aggregation process at sub-precipitating
thanol concentrations. Therefore, DLS measurements of water-
iluted BSA samples are a straightforward test of the stability of
rotein NPs.

In the following step, we analyzed the particle size distribu-
ion of 60Co gamma ray-irradiated samples. It has been previously
emonstrated that irradiated aqueous BSA solution does not reach
n appreciable change in the particle size up to a dose of 20 kGy
16]. The distribution of hydrodynamic diameters of the ethanol
olution of BSA (35% v/v) under non-irradiated and irradiated con-
itions is shown in Fig. 3. An almost similar particle size distribution

s found after irradiation, which means that the process itself
oes not induce aggregation of protein molecules. BSA-NP samples
roved to be stable even after dilution. Fig. 4 shows a summary
f the changes in the mean sizes of particles at different exper-
mental conditions, considering presence/absence of ethanol and
rradiated/non-irradiated conditions.

BSA molecules are mainly in a monomeric form in water/buffer
olutions. Therefore, the aggregation process is not favorable under
hese conditions. The addition of ethanol shifts the equilibrium to
he protein aggregation (which it has a solvent dependence, as it
s shown in Fig. 1). After crosslinking, this equilibrium is shifted to
he aggregation condition, increasing the particle size. Changing the

edium to an unfavorable aggregation condition (by dilution with
uffer, or solvent exchange by Size Exclusion Chromatography), all
on-covalent bounded BSA molecules will be detached from the
P, with the exception of the cross-linked ones.

Analysis of the data allowed inferring that the mechanism of
SA-NP formation is a combination of a dynamic aggregation and

adiation cross-linking effect of BSA (Fig. 5). The main effect of
he solvent is the reduction of the water shell around the protein
nd the reduction of the dielectric constant of the solution, which
ncreases the electrostatic interaction between BSA molecules,
Irradiation with 10 kGy dose 20.5 3.5
Glutaraldehyde 2.5% 17.5 3

inducing partial aggregation. Other polar water-soluble solvents,
such as acetonitrile and isopropanol, are also able to form BSA-
NPs, while other protein precipitants, such as ammonium sulfate
or sodium chloride salts, are not able to induce the formation of
BSA-NPs [16].

In the following experiment, an ethanol BSA solution was sat-
urated with different gases previous to irradiation. Different gas
atmospheres during the irradiation process had a minor, but mea-
surable, effect on the hydrodynamic diameter of the BSA-NPs. Fig. 6
shows the same ethanol BSA solution, saturated with air, nitrogen
or acetylene before gamma  irradiation with 10 kGy at a dose rate of
1 kGy/h (samples were prepared in triplicate). Therefore, radiation
active gases, such as oxygen or acetylene, allowed obtaining NPs of
larger sizes. This can occur through a complex free radical pathway,
which can be altered by other additives in the cross-linking process
induced by the ionizing radiation. Further studies are currently in
progress.

Radiation-induced crosslinking is a well-known process to cre-
ate new chemical bonds, which has been described for several
synthetic and natural polymers dissolved in water and irradiated
with gamma  and/or electron beam [25–28]. The ability to induce
macromolecular rearrangements of the molecules in solution,
reaching a macro-hydrogel (mainly intermolecular cross-linking)
or nano-gels (mainly by intramolecular cross-linking), can be tuned
by changing the experimental conditions.

The gamma  radiation-induced protein NP preparation carried
out in the present study was done at low dose rate (1 kGy/h). To sup-
port a two-step mechanism (aggregation and cross-linking), a very
short and a high-dose-rate irradiation was  performed using pulsed
electron beam. Oxygen-free (argon-saturated) samples were pre-
pared to avoid other side reactions. This experiment was also used
to determine the minimum irradiation dose required to prepare
protein NPs under deoxygenated conditions. The electron beam
accelerator was set to deliver a dose of 1 kGy per pulse (6 s). One and
two pulses were performed onto degassed BSA samples. In the case
of the 2 kGy irradiation condition, two  experimental setups were
investigated: (i) a continuous irradiation without delay between
pulses (Fig. 7, 2 kGy) or (ii) a 300 s delay between pulses (Fig. 7,
1 + 1 kGy), to allow relaxation of the sample and avoid an increase
in the local temperature. Fig. 7 shows the plot of the average
hydrodynamic diameter of NPs in ethanol solution (35% v/v) of BSA-
irradiated samples under these conditions. The 1 kGy dose shows a
broad standard deviation which could be assigned to an incomplete
cross-linking process, whereas the 2 kGy dose shows NP formation
irrespective of the irradiation conditions. Higher irradiation doses
also reached NP formation in a very homogeneous manner (data
not shown).

This method based on radiation-induced intramolecular
crosslinking was developed by Ulanski and Rosiak [29,30]. The main
advantage of this method is that it can be carried out in a pure poly-
mer/solvent system, free of any monomers, initiators, crosslinkers
or any other additives, therefore it seems to be especially well
suited for the synthesis of high-purity products for biomedical use.
In this approach pure aqueous solution of a polymer is subjected

to a short (a few microseconds), intense pulse of ionizing radia-
tion. In this way, many radicals are generated simultaneously along
each polymer chain, and their intramolecular recombination leads
to the formation of nanogels. It has been shown that such a proce-
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Table 2
Parameters (KD and Bmax) corresponding to fit BSA/MC450 and BSA-NP/MC450 to a
Scatchard plot. Experimental data correspond to the measurements from Fig. 12.

�ex. (nm) Parameter BSA/MC540 BSA-NP/MC540

295 Bmax 2.1e-4 ± 1.0e-4 0.9e-4 ± 0.3e-4
KD 6.3e-4 ± 4.1e-4 2.8e-4 ± 1.3e-4
R2 0.97 0.95

F
(

Fig. 2. Mean hydrodynamic diameter of BSA 

ure can be used to synthesize nanogels from simple hydrophilic
olymers, e.g., poly(vinyl alcohol) [29], poly(N-vinylpyrrolidone)
27,28,30–32], poly(vinyl methyl ether) [33] and poly(acrylic acid)
26,34].

The use of radiation to control the nanostructure of peptides and
roteins was demonstrated by Furusawa et al. [34] and by Akiyama
t al. [35] where nanometer-sized gelatin particles were produced.
ecently, the synthesis of radio-induced nanoparticles using more
omplex structures such as enzymes (papain) was  reported by
arca et al. [17]. In this case, bityrosine bond formation between
yrosines present in proteins has been proposed as a main mecha-
ism for crosslinking inside the protein NPs [17].

To better characterize the protein NPs obtained, we next carried
ut spectroscopy analysis. UV–vis, CD and FT-IR spectroscopy are

ig. 3. Plots of particle diameter distribution of (a) BSA solution in buffer; (b) ethanol solu
c)  BSA-NPs equilibrated in buffer solution.
R2 is the correlation factor of the fitting process.

very well known techniques used to characterize proteins. These

techniques are sensitive to detect instantaneous protein conforma-
tional changes. Our study focused on the formation and stability of
protein NPs. We have previously demonstrated that near CD spec-

tion of BSA (35% v/v) under non-irradiated and (d) irradiated conditions (BSA-NPs).



166 E. Achilli et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 486 (2015) 161–171

mic di

t
i
a
m
C
b
t
f

b
A
t
a
c
m
m
T
t
d

Fig. 4. 3D bar plot showing the evolution of the mean hydrodyna

ral analysis of the irradiated samples shows no important changes
n this ‘fingerprint region’ of aqueous samples of NPs. We  attributed
n increase in the CD signal of NP samples to a more rigid confor-
ational structure of BSA [16]. In the present study, we performed

D spectroscopy onto BSA samples diluted in the same irradiation
uffer containing ethanol. We  compared the near CD spectra of
he ethanol solution of BSA before and after irradiation (Fig. 8) and
ound no changes in the general 3D structure.

Considering the far CD spectra, secondary protein structure can
e analyzed to find out complementary structural information.
ccording to the UNIPROT data base, the three-dimensional struc-

ure of BSA (P02769—ALBU BOVIN) has around 74% of alpha helix
nd 3% of beta-strand structures. Therefore, the total CD spectrum
orresponds to the addition of signals from all structures, which is
ainly the alpha helix signal shape (Fig. 9). The spectrum shows
inimum peaks at 208 nm and 222 nm and a maximum at 192 nm.
he addition of ethanol (35% v/v) showed no appreciable effect on
he relative composition of the alpha helix, beta sheet and ran-
om structures. However, after irradiation (2 kGy), a reduction in

Fig. 5. Scheme of the proposed mechanism of formation of 
ameter after the sequential procedure of protein NP preparation.

the minimum peaks and in the maximum was  detected (Fig. 9).
These changes could be attributed to partial loss of secondary struc-
tures (alpha helix) and appearance of irregular structures. Random
coil structures have very low CD signal contribution in the range
of 210–240 nm and a negative signal in the range of 190–210 nm.
Considering the height of the 208 nm peak, a reduction (loss) of 20%
of the alpha helix secondary structure during the nano-structuring
process can be estimated.

CD analysis gives a complete picture of all protein solutions
but it is not possible to discriminate the presence of micro-
heterogeneities; therefore, at least two  possible scenarios can
be expected: (i) some BSA molecules are completely denatured
whereas others are completely unaltered, or (ii) all the BSA
molecules are partially denatured.

Fourth-derivative analysis of UV–visible spectra (4dUVv) gives
information mainly about aromatic amino acids. Alteration of the

phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) microen-
vironments (polarity, hydration, hydrophobic interactions and
packing density) can be followed by this technique. BSA has 27 Phe,

BSA-NPs by irradiation of an ethanol protein solution.
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ig. 6. Plots of particle diameter distribution of an ethanol solution of BSA (35% v/v
aturated sample and (c) acetylene-saturated sample. All measurements correspon

0 Tyr and only two Trp. The latter are located in domains I and II
f the three BSA domains. BSA also has 35 cysteine residues, 34 of
hich are forming 17 disulfide bonds. These bridges have a weak

bsorption band in the UV region near 260 nm.
The 4dUVv spectra of the 2 kGy (1 + 1 condition) irradiated BSA

amples had no absorbance peak shifts and the same spectral shape
s the non-irradiated ones (Fig. 10), indicating that the microenvi-
onment of aromatic amino acids keeps the same conformational

eatures of the protein [16]. Only slight changes in the 250–260 nm
ange were noticed in the irradiated sample. According to the litera-
ure, this cannot be assigned to the aromatic amino acids. However,

ig. 7. Mean hydrodynamic diameter of an aqueous solution of BSA-NPs prepared
y  electron-beam irradiation at different doses. Condition 1 + 1 refers to a 2 kGy total
ose delivery in two pulses with a delay of 300 s between them.
iated with 10 kGy in a gamma-ray chamber (a) under air atmosphere, (b) nitrogen-
e average of three measurements of 30 s (samples were prepared in triplicate).

some modification of the sulphur-containing amino acids is possi-
ble. The spectrum corresponding to the 2 kGy-irradiated samples
shows greater changes in this region (data not shown).

The CD and UV–vis data allow concluding that most of the BSA
proteins in the samples kept their native structure. Thus, NPs should
be formed by the aggregation of protein molecules with a minor
random structure.

FT-IR analysis using the ATR module showed similar BSA and

BSA-NP spectra in the amide regions (Fig. 11). Spectra are compa-
rable to those of hydrated BSA samples prepared by other authors
[36].

Fig. 8. Near CD spectra corresponding to BSA protein in (a) buffer solution, (b) with
the  addition of ethanol 35% v/v and (c) irradiated with the electron beam, 2 kGy
(1 + 1 condition), in the presence of 35% v/v ethanol.
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Fig. 9. Far CD spectra corresponding to BSA protein in (a) buffer solution, (b) with
the addition of ethanol 35% v/v and (c) irradiated with the electron beam, 2 kGy
(1 + 1 condition), in the presence of 35% v/v ethanol.

Fig. 10. Fourth derivative UV–vis spectra of BSA protein with the addition of ethanol
35% v/v irradiated with the electron beam at 2 kGy (1 + 1 condition).

Fig. 11. ATR FT-IR spectra of BSA protein and BSA-NPs corresponding to the amide
region.
chem. Eng. Aspects 486 (2015) 161–171

As an alternative reticulated method, an ethanol solution of BSA
was also cross-linked by a chemical cross linker such as glutaralde-
hyde. NPs of mean diameter similar to that of irradiated ones were
obtained (non-statistically different) (Table 1). These data are also
in agreement with a sequential mechanism of NP formation.

3.2. Structure-function of BSA-NPs

Merocyanine 540 (MC540) is a negatively charged anti-tumor
photosensitizer, able to interact with BSA with two types of com-
plexes, 1:1 and 2:1, according to the MC540/protein ratios [37]. In
this work, the fluorescence signal from aromatic amino acids were
used to study the interaction with MC540 [38]. No shifts of the FTIR
spectra were observed for BSA or BSA-NPs (data not shown).

The data of fluorescence studies plotted in Fig. 12 allow under-
standing the interaction of BSA and BSA-NPs with MC540. The BSA
protein has two  main hydrophobic pockets for drug binding called
Sudlow sites I and II. Sudlow site I contains Trp212, while Sudlow
site II is governed mainly by tyrosines [18,37].

Trp alone (�ex = 295 nm)  or both Trp and Tyr (�ex = 280 nm)
can be analyzed by using different excitation wavelengths. Fig. 12
shows that BSA-NPs have near half of the emission intensity of
BSA. This could be explained as the NPs have internal quench-
ing as a consequence of a closer distance of Trp from different
BSA molecules. An alternative explanation is that certain Trp could
have been damaged during irradiation of the sample for NP for-
mation. However, the latter is not feasible as the UV–vis analysis
done previously showed no changes in such amino acid absorp-
tion. In addition, previous studies have demonstrated the existence
of internal quenching during the nanostructuration process using
fluorescein-labeled BSA [16].

The presence of MC540 quenches the emission fluorescence of
the aromatic amino acids (Trp and Tyr) while interacting with the
hydrophobic pockets of the protein or NPs. Considering that only
few of the 27 Tyr available in the BSA molecule could interact with
MC540 through Sudlow site II, the excitation wavelength at 280 nm
will show small changes. In contrast, the excitation wavelength at
295 nm,  which corresponds to only two  Trp, will be more sensi-
tive to the interaction with MC450. Therefore, we  analyzed this
last excitation condition.

The contribution of the quenching by the probe can be ana-
lyzed using a relative fluorescence ratio (Fig. 12 (c) and (d)).
These data allowed calculating the affinity parameters Kd and Bmax

through Scatchard analysis (Table 2). BSA-NPs showed around half
of the binding sites compared to BSA protein (Fig. 12 and Table 2).
This could be explained by the fact that, in each NP, several BSA
molecules are completely hidden and not available to interact with
MC540 in the solution. The affinity interaction of the NPs was
similar than that of the monomeric protein, as described by the
dissociation constant.

An experiment was  made in which a solution of MC540 (45 �M)
was incubated with the same amount of BSA or BSA-NP solutions
(45 �M)  for different length of time. Then, free MC540 was sepa-
rated using a membrane device (Vivaspin 500, 3 kDa MWCO). The
amount of drug bound to the vehicle was  quantified by UV–vis spec-
troscopy using a Nano-drop 1000 spectrophotometer. The results
of the binding efficiency are displayed in the Table 3. After 60 min
the 100% of binding efficiency is reached with BSA. In case of the
BSA-NP the efficiency of 75% is reached after 20 min.

The kinetic release profile assays performed using MC540-
loaded samples showed that despite the slightly lower efficiency
in binding the drug (BSA-NPs 77% vs BSA 99% after a releasing time

of 40 min), the NPs showed no drastic differences when compared
to the kinetic release profile of BSA (Fig. 13). The Michaelis-Menten
fitting of the releasing curves also showed that the protein had a
smaller KM (4.9 ± 2.5) than the BSA-NPs (9.0 ± 3.2).
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The results obtained not only support the structure-function
imilarity of BSA and BSA-NPs, but also show that BSA-NPs are com-
arable to BSA and that the functionality of the protein is preserved.

ndependently of the small differences in the binding affinity, we
ay  consider that the NPs are able to interact and deliver other

herapeutic drugs such as Emodin or Uracil.

.3. NP preparation with other proteins

Lysozyme (Lyso) was chosen as a second model protein to
repare NPs. Lyso is a commercial bacteriolytic enzyme with
ntimicrobial activity against Gram + bacteria, which is very sen-
itive to very low ethanol concentrations. As shown in Fig. 14, large
articles (mean diameter in the range of 400–900 nm)  were found

n the Lyso solutions when ethanol was added. Therefore, it was
ot possible to prepare stable Lyso NPs.

In aqueous ethanol solution, as ethanol concentration rises, Lyso

xists successively as a monomer, dimer, protofilament and amy-
oid fibrils states [39]. Small amount of ethanol (5% v/v) shows
hanges of the Lyso–Lyso interaction [40]. It has been reported
hat in the ethanol concentration range from 0 to 63% (v/v)

able 3
inding efficiency at different incubation times.

Sample Incubation time (min) Binding efficiency (%)

BSA MC540 0 51 ± 36
20 74 ± 12
40 99 ± 17
60 100 ± 9

BSA NP MC540 0 43 ± 5
20 75 ± 11
40 77 ± 5
60 73 ± 10

ig. 12. Plots of fluorescence emission at different (a) MC540/BSA and (c) MC540/BSA
C540/BSA-NP ratios are shown in (b) and (d) respectively.
Fig. 13. Releasing profile of MC540 from BSA and BSA-NPs loaded with the probe.

there is a strong repulsion between macromolecules in systems
prepared from purified Lyso and deionized water. This behav-
ior is interpreted in terms of adsorption of alcohol molecules on
hydrophobic sites found onto the protein surface, reducing the
attractive hydrophobic forces (and therefore increasing the solu-
bility). However, the addition of a very small amount of salt (or
buffer), in the range of 1–10 mM,  can cause instantaneous turbid-
ness of the solution and also a rapid gel formation when ethanol
concentration is high [41].

As an alternative method to prepare Lyso-NPs, we used three

different BSA/Lyso molar ratios in buffer containing 35% ethanol.
Fig. 15 shows the plot of the mean diameter of the protein solutions

-NP ratios. Plots of relative fluorescence emission at different MC540/BSA and



170 E. Achilli et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 486 (2015) 161–171

Fig. 14. Plot of mean diameter of Lysozyme solution containing different amounts
of  ethanol.
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Fig. 16. (a) Plots of particle diameter distribution of BSA/Lyso (20:1) after irradia-

are suspected. FT-IR analysis of the partially hydrated samples
showed no overall changes in the protein backbone. The results
ig. 15. Mean diameter in ethanol solution BSA/Lyso prepared in different molar
atios.

n buffer containing ethanol before irradiation in a gamma  source.
he same types of aggregates were observed in all cases.

Considering the possibility of low availability of Lyso, the high-
st protein ratio (20:1) was selected for irradiation. After 10 kGy
rradiation, ethanol was removed from the sample by size exclu-
ion chromatography. A further purification step was performed to
emove the free protein by successive centrifugation steps.

In all the experimental conditions studied in this report, BSA
s the main component of the protein mixture (from 80% to 95%
n molar base). In addition, Lyso molecule has more than four-
imes lower molecular weight than BSA. Therefore, results suggest
hat the aggregation mechanism is dominated by BSA, and as it is
emonstrated in the previous experiments, the BSA aggregation is
ependent of ethanol concentration. Thus, it is highly possible the
yso self-aggregation is inhibited by the high BSA proportion in the
ixture and Lyso coaggregates onto BSA macrostructures.
The presence of active Lyso in the BSA/Lyso-NPs was assessed by
easuring the bacteriolytic activity against Micrococcus lysodeikti-
us. Fig. 16 shows the DLS histogram and the enzymatic activity
tion; (b) plot of turbidity of Micrococcus lysodeikticus suspension (enzymatic activity)
after addition of the enzyme or BSA/Lyso NPs.

plot of BSA-Lys NPs. The lytic activity of the bi-protein NPs showed
a trend similar to that of free Lyso.

4. Conclusions

Protein NPs can be prepared by irradiation of protein solutions
in water/ethanol mixtures, using ionizing radiation sources. Exper-
imental data support the hypothesis of a two-step process where
protein aggregation occurs in the water/solvent mixture before
the irradiation process. Different ethanol concentrations reveal the
presence of particles of different sizes which can be dynamically
interconverted. After irradiation with an ionizing source, an irre-
versible process of aggregation occurs.

Near and far CD spectra showed different information about the
secondary and ternary structure of BSA. Far CD spectra showed a
slight reduction in the alpha helix content of the protein secondary
structure. UV–vis spectra showed no changes in the aromatic amino
acid microenvironments but possible modification of thiol groups
of these studies allow concluding that the BSA molecules that
constitute the NPs are mainly in the native conformation. The flu-



hysico

o
u
i
p

s
s
p
a
t
n
b
w

A

a
b
A
C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
lysozyme–lysozyme interactions from static light-scattering measurements,
Biophys. Chem. 107 (2004) 289–298.
E. Achilli et al. / Colloids and Surfaces A: P

rescence properties of the aromatic amino acids of BSA and the
se of a chemical probe can allow demonstrating the functional-

ty of the BSA-NPs. Small changes in the adsorption and desorption
roperties were measured in the NPs compared to the seed protein.

Few proteins have the aggregative behavior of BSA in ethanol
olutions. However, by mixing BSA with other proteins in the initial
olution, it is possible to prepare specific NPs containing a desired
roperty. Here, we prepared bi-protein NPs by mixing Lyso and BSA
nd demonstrated their functionality. In addition, a low amount of
he specific protein is required as the BSA is the main NP compo-
ent. We  envision that highly specific protein NPs can be prepared
y this technique by selecting the appropriate protein to be mixed
ith BSA.
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