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Nanotechnology  has  broadened  the  options  for the  delivery  of  agents  of  biotechnological  and  clinical
relevance.  Currently,  attention  has  been  driven  towards  the  development  of protein-based  nanocarriers
due  to  high  the  biocompatibility  and  site-specific  delivery.  In  this  work  we  report  radiation-synthesized
bovine serum  albumin  nanoparticles  as  an  attempt  to overcome  limitations  of available  albumin  par-
ticles,  as a  novel  route  for  the  development  of  crosslinked  protein  nanocarriers  for  the administration
of  chemotherapic  agents  or radiopharmaceuticals.  Albumin  containing  phosphate  buffer  solutions  were
irradiated  using  �-irradiation  at distinct  cosolvent  concentrations—ethanol  or  methanol.  Nanoparticle
size  was  followed  by  DLS  and  bityrosine  crosslinking  formation  using  fluorescence  measurements  and
amma-irradiation
rotein-based nanoparticles
rotein crosslinking
anocarrier

SDS-PAGE.  In  addition,  computational  experiments  were  performed  to elucidate  the  mechanism  and
pathways  for the  nanoparticle  formation.  The  synthesis  of  BSA  nanoparticles  using  �-irradiation  in  the
presence  of  a cosolvent  allowed  the formation  of  the nanoparticles  from  7 to 70  nm  without  the use  of
any chemical  crosslinker  as confirmed  by SDS-PAGE  and  DLS  analysis.  The  combination  of  cosolvent  and
�-irradiation  allowed  a fine  tuning  with  regard  to protein  size.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Albumin is a globular protein that abounds in human plasma
nd egg [1]. Its monomeric structure comprises around 600 amino
cids with a total molecular weight of 66 kDa. Albumin plays an
mportant role in the organism, e.g.: as an oncotic agent, scavenger
f free radicals, transporting agent for a wide range of metabolites
nd drugs. It also participates in coagulation pathways with basi-
ally an anticoagulant effect and in the maintenance of the osmotic
ressure [2].

There are different types of albumin, known as ovalbumin,
ovine serum albumin (BSA) and human serum albumin (HSA). The

ast ones have a few similarities regarding size, molecular weight
MW)  and structure. For example, BSA has MW of 66.500 kDa and

85 amino acids and HSA 69.323 kDa with 609 residues [1,3]. Up to
ow, its properties, functions and applications were extensively

nvestigated and a wide range of applications and uses in the

∗ Corresponding authors.
E-mail addresses: rodgqueiroz@gmail.com (R.G. Queiroz), varca@usp.br

G.H.C. Varca).

ttp://dx.doi.org/10.1016/j.ijbiomac.2015.12.074
141-8130/© 2015 Elsevier B.V. All rights reserved.
pharmaceutical and biotechnological field emerged. For instance,
the use of albumin as a model protein for studies on novel proteins
or delivery systems is widely used and accepted all around the globe
and the main focus on its uses in the pharmaceutical field is due to
the high biocompatibility of these proteins with the human body,
with no pronounced side effects or allergenic reactions [1,3].

Regarding albumin ability to bind to many kinds of drugs, many
efforts have been made in order to develop or produce medicines
that associated with albumin could have their bioavailability
enhanced. Additionally, the use of an albumin-based nanoparticle
as a drug carrier confers other additional advantages over conven-
tional release systems, such as improved interaction of the drug
with bio-interfaces, better uptake in inflamed and tumor tissue,
half-life and biocompatibility, negligible immunogenicity and tox-
icity, controlled release and so on [4,5].

For the past three decades the technology of using micro
and nanoparticles for drug delivery has brought to light new
perspectives regarding the administration of several types of phar-

maceutics [1,6–8]. From a size perspective, nanoparticles offer
better properties when compared to microparticles due to the high-
lighted chemical, physical and biological properties. As an example,
nanoparticles (NP) may  be easily removed from the liver and spleen

dx.doi.org/10.1016/j.ijbiomac.2015.12.074
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2015.12.074&domain=pdf
mailto:rodgqueiroz@gmail.com
mailto:varca@usp.br
dx.doi.org/10.1016/j.ijbiomac.2015.12.074
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Table  1
Particle sizes of non-irradiated and 10 kGy irradiated BSA at different solvent concentrations.

Solvent concentration (% v/v) Particle size (mean ± SD in d nm)
Non-irradiated Irradiateda

EtOH MeOH EtOH MeOH

0 6.6 ± 0.3 6.6 ± 0.3 16.6 ± 2.3 16.6 ± 2.3
10  9.0 ± 0.4 – 10.0 ± 0.6 –
20  12.0 ± 1.1 9.4 ± 0.6 12.8 ± 2.8 10.3 ± 1.1
30  14.3 ± 1.3 9.0 ± 1.7 25.1 ± 2.9 10.2 ± 1.5
35  15.8 ± 2.1 – 60.2 ± 6.0 –
40  20.7 ± 2.0 10.6 ± 2.3 68.7 ± 6.4 15.7 ± 2.4
45  – 13.6 ± 3.2 – 20.4 ± 4.5
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a �-irradiation of BSA (20 mg  mL−1) was performed at a dose rate (determined by

eading to a shorter time retention in the body if compared to sub-
icron [9].
The use of biomolecules to develop nanoparticles is widely stud-

ed and protein-based nanoparticles are biopolymers that have
emonstrated to be a promising alternative for a new generation
f drug delivery systems, in particular for chemoterapeuticals and
ancer treatments in general [8]. In the case of albumin-based
anoparticles, whether for diagnostics, imaging or drug-delivery,
any efforts are being made to encapsulate chemotherapic and

ncotic agents into this drug delivery system [5,6]. The motivation
ehind the use of albumin for chemotherapeutics is based on the
remise that most of chemotherapics are difficult to be adminis-
ered via parenteral or intravenous application, which requires the
se of additional chemical agents, like Chremophor EL, a solubi-

izing system used on taxanes formulation. Based on this idea the
rst commercially available nanocarrier for this family, named as
ApxolTM, was developed using paclitaxel formulated with albu-
in  in order to improve the bioavailability of the drug and remove

he other chemical agents, known to potentially induce side effects
nd undesirable reactions [10].

The continuous search for alternative systems for the adminis-
ration of taxanes led to the approval by FDA of another medicine,
nown as Abraxane®, a formulation based on albumin-bound pacli-
axel nanoparticles synthesized by the so-called nabTM (nanometer

lbumin bound) technology [11]. This new kind of drug has been
valuated in clinical trials for several types of cancer and the results
btained showed an enhancement of the nab-paclitaxel towards
he formulation done with Chremophor EL [11].

Fig. 1. Mechanism of bityrosine crosslinking in proteins
20.9 ± 6.0 – 48.2 ± 6.3

ne dosimetry) of 1.031 kGy h−1 and totally absorbed dose of 10 kGy.

Regarding to the synthesis of albumin nanoparticles, one impor-
tant issue that not only improves the efficacy of the system from
a bioavailability point of view, but also stands as a challenge to
be overcome by the available methods is the size control [12,13].
On this account, many synthesis routes were studied in order to
control the size of the particles. Besides the nab-paclitaxel tech-
nology, there are other ways to synthesize albumin nanoparticles,
e.g., desolvation, emulsification, spray drying and self-assembly [1].
The desolvation technique in particular has been improved and
demonstrated good reproducibility in obtain narrow particle sizes
distribution. This method is based on the use of a solvent to promote
the protein aggregation and an additional crosslinking agent (e.g.,
glutharaldehyde) to avoid a redissolvation of the particles when
solubilized or redispersed in water [13].

Soto-Espinoza et al. [14] demonstrated the possibility to use
radiation to achieve albumin nanoparticles by the use of ace-
tonitrile and/or other solvents, which could potentially confer
additional advantages if compared to albumin itself with regard
to drug release purposes. At a later stage Varca et al. [15,16]
advanced the discussion towards the development of protein-
based nanoparticles by applying �-irradiation to papain solutions,
a model enzyme widely used in industry, considering solvent and
protein concentration, and different conditions of synthesis includ-
ing the influence of irradiation dose.
The goal of this research was to deliver detailed information
about the radiation synthesis of BSA nanoparticles, a technique
capable of producing crosslinked BSA nanoparticles of control-
lable particle size by the combination of protein desolvation

 by �-irradiation. Adapted from Giulivi et al. [29].
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ollowed by crosslinking using �-irradiation. For such purpose
he effects of irradiation in different media over BSA particle
ize and bityrosine crosslinking formation have been carefully
onitored using dynamic light scattering, fluorescence measure-
ents and SDS-PAGE. Additional computational experiments were

erformed to elucidate the mechanism and pathways for the
anoparticle formation. The technique does not require the use of
onomers or chemical crosslinkers, and therefore, the produced

rotein-based nanoparticle comprise less toxic and novel option of
rotein- based drug carrier for the administration of drugs such
s chemotherapeuticals, radiopharmaceuticals or other drugs of
nterest.

. Experimental

.1. Materials

Bovine Serum Albumin (BSA, Heat shock fraction, purity ≥98%),
is-acrylamide, Tris, �-mercaptoethanol, glycerine, Coomassie
lue G250 were purchased from Sigma–Aldrich® (USA). Molecu-

ar weight marker Spectra Multicolor High Range Protein Ladder
as purchased from Thermo ScientificTM (USA). Ethanol (EtOH),
ethanol (MeOH), anhydrous di- and monobasic phosphate, and

cetic acid were acquired from Synth® (Brazil). All reagents were
f analytical grade.

.2. Procedures

.2.1. Synthesis of albumin nanoparticles by �-irradiation
BSA was dissolved in phosphate buffer (PB) 50 mM at pH 7.2

o reach concentration of 100 mg  mL−1. Aliquots of 1 mL  of the
SA solution were transferred to glass vials containing PB followed
y slow addition of cosolvent to reach 10–40% EtOH or 20–50%
eOH (v/v) concentrations and BSA concentration of 20 mg  mL−1

n a final volume of 5 mL.  The whole procedure was performed on
ce bath and after preparation the flasks were hermetically sealed.
he samples were allowed to stabilize overnight and then exposed
o �-irradiation in a mini-cooler with synthetic ice packs, at the
ose of 10 kGy and dose rate of 1.03 kGyh−1, as determined by ala-
ine dosimetry [17], using 60Co as radioactive source in Gammacell
20 irradiator (Atomic Energy of Canada Limited, Ottawa, Canada).
he samples were stored at ±4 ◦C prior to analysis. Controls were
repared under the same conditions.

.2.2. Particle size characterization
Particle size measurements were performed by Dynamic Light

cattering (DLS) analysis on a Zetasizer Nano ZS90 (Malvern Instru-
ents GmbH, Germany) device at 20 ◦C and 90◦ scattering angle.

he samples were filtered using 0.45 �m cellulose acetate syringe
lters prior to analysis. Results were reported by average hydro-
ynamic diameter by number using 3 sets of 3 runs for each
easurement.

.2.3. SDS-PAGE
Aliquots of BSA and BSA nanoparticles were diluted in distilled

ater and added to 10 �L of loading buffer with �-mercaptoethanol
s a reducing agent to reach protein concentration of 2 �g/�l. The
amples were rapidly vortexed and heated up to 70 ◦C for 5 min.
liquots of 10 �L of the samples and protein markers were loaded
n a 7.5% polyacrylamide gel (Bis–Tris) with a 4% stacking gel. The

DS-PAGE was performed on an SE250 Mighty Small II Mini Vertical
lectrophoresis Unit (Hoefer Inc., USA) at constant voltage of 90 V.
fter fixation, the proteins were stained with coomassie blue. The
rocedure was performed according to Laemmli [18].
logical Macromolecules 85 (2016) 82–91

2.2.4. Protein crosslinking
The samples were diluted using PB to reach equivalent

absorbance of approximately 0.25 at � = 280 nm. The samples
were then checked for bityrosine emission using �Ex = 325 nm
�Em = 350–600 nm,  at a scan speed of 240 nm/min on a Spectra-
max  i3 (Molecular Devices, USA). The procedure was  performed
according to Varca et al. ]16] and Dimarco et al. [19] and the spec-
tra was normalized by considering the maximum values registered
for native BSA solution as a reference value of 1.

2.2.5. Structural approach
Solvent accessible surface area was  calculated using the pro-

gram Volume, Area, Dihedral Angle Reporter -VADAR [20]. Van
der Waals radii was selected from Shrake and Rupley [21], and
all hydrogen bonds were set to water. Graphical representa-
tion was performed using Jmol v. 12.0.4.1 [22]. All calculations
were performed with files available at the Protein Data Base
(PDB)—(4FS5.pdb -2.47 Å resolution).

3. Results and discussion

3.1. BSA nanoparticles synthesis by �-irradiation

BSA nanoparticles were synthesized by combining the effects
of solvent (desolvation), in order to promote a microenviron-
ment suitable for the nanoparticle formation, and exposure to
�-irradiation, applied for the crosslinking of the nanoparticles. Pro-
tein crosslinking brings about modifications that may  modulate
catalytic activities of enzymes, provide markers recognition, induce
selective digestion among others [20,23].

3.1.1. Effect of solvent concentration
The so called DLS, also known as photon correlation spec-

troscopy stands as a technique suitable for the detection of
nanoparticle size of a wide variety of compounds in solution, which
allows a proper monitoring of molecular changes in a submicron-
to nanoscale perspective. In our studied systems, the DLS results
showed a slight but gradual increase over BSA particle size, rang-
ing from 6.6 ± 0.3 nm (in diameter) for native BSA in absence of
cosolvent up to about 20.7 ± 2.0 nm in presence of 40% EtOH (v/v)
(Table 1). Above 40% EtOH concentrations the solution presented
huge white aggregates and a phase separation and as a conse-
quence the DLS analysis was  inappropriate. The same behavior
occurred for non-irradiated BSA in presence of MeOH. Whatsoever
the size increase in this case was  lower ranging from 6.6 ± 0.3 nm to
10.6 ± 2.3 nm in solutions containing up to 40% (v/v) MeOH. Above
45%, particle size increased up to 20.9 ± 6.0 nm reaching the same
size as observed for albumin at 40% EtOH (Table 1).

The irradiated solutions containing BSA in the absence of
cosolvents had a size increase when compared with the non-
irradiated solutions, while the latter presented a particle size of
6.6 ± 0.3 nm,  the former was  16.6 ± 2.3 (Table 1). The combination
of both cosolvent and �-irradiation allowed the synthesis of pro-
tein nanoparticles in controlled matter with respect to the particle
size.

In a more detailed approach, the nanoparticles synthesized
in presence of EtOH presented size ranging from 10.0 ± 0.6 nm
to 68.7 ± 6.4 nm.  Meanwhile, for the nanoparticles synthesized in
presence of MeOH, the size range was from 10.3 ± 1.13 nm to
48.2 ± 6.3 nm.

In terms of possible combined effects between solvent con-
centration and the changes in the ionic strength of the medium

preliminary results indicated that concerning the molarity varia-
tion of the solvent in the assayed samples, calculated as around
50 mM for native BSA down to 25 mM at 50% cosolvent concen-
tration, held no effect over particle size. The strong aggregation
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Fig. 2. SDS-PAGE with 7.5% polyacrylamide gel using reducing sample buffer containing native BSA at distinct (A) EtOH and (B) MeOH concentrations, and �-irradiated BSA
at  distinct ethanol (C) and (D) methanol concentrations. *MW:  Molecular weight and M:  Standard molecular weight marker.
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Fig. 3. Evaluation of bityrosine spectra of native and the non-irra

roperties induced by the desolvating agent, mainly at high con-
entrations, were also expected to take over any effect resultant
rom changes in ionic strength.

In a comparison between the BSA nanoparticles of BSA of the
ame concentrations in EtOH and MeOH (20%, 30% and 40%), the
SA nanoparticles synthesized in the presence of MeOH were
maller than the ones synthesized in presence of EtOH, and changes
ere more gradual as a function of concentration. This informa-
ion suggested that MeOH induced less pronounced changes as a
unction of concentration, under the given conditions, if compared
o EtOH. MeOH was also capable of modifying the BSA in a more
 BSA solutions at distinct ethanol and methanol concentrations.

controllable way  if compared to EtOH. The advantage and moti-
vation behind the use of a desolvating agent, MeOH or EtOH, was
related to the possibility to solubilize very hydrophobic or poorly
soluble drugs more efficiently than in water, especially during drug
loading process onto the nanoparticles.

Upon irradiation the BSA solutions at higher EtOH concentra-
tions showed an abrupt increase by means of particle size from
the 30% EtOH solution to the 35% EtOH. BSA solutions contain-

ing more than 40% (v/v) EtOH led to the formation of insoluble
macro-aggregates which made the solutions inadequate for DLS
measurements and therefore such results are not reported in the
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Fig. 4. Evaluation of bityrosine spectra of (10 kGy) �-irradiated native an
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on this article (see Section 3.2.2), indicated that in accordance to the
ig. 5. Crystal structure of Bovine Serum Albumin (Protein data bank code 4F5S).

ext. At 50% MeOH concentrations, the BSA solution turned into
 viscous, gel-like solution. This is an indicative that at higher
olvent concentrations, the induced microenvironmental changes
ere capable of dramatically altering protein conformation, lead-

ng to the formation of macro-aggregates and larger particles rather
han submicron or nano-aggregates. In practical terms, the agglom-
ration effect was too strong as the solution became more viscous
nd to opaque due to the high ethanol content.

Also, BSA nanoparticles obtained using 30%, 35% and 40%
tOH concentrations were about 3 times higher than the particles
btained in MeOH. It is important to observe that the results of
SA nanoparticles in presence of EtOH loses its control size man-
er when its particle size shifted from 25.05 nm at 30% to 60.15 nm
t 35% EtOH, revealing an abrupt increase. Overall BSA nanoparticle
ynthesized in MeOH did not increase as much in presence of EtOH,

ollowed by gradual increase proportional to solvent concentration,
gain reinforcing that a more controllable process of synthesis was
chieved in presence of MeOH.
d BSA solutions at distinct ethanol and methanol concentrations.

According to literature [24] the main difference between the
effect of each solvent is related to its polarity, in such a way
that as protein desolvation takes place the solvation layer around
the protein decreased as the organic solvent, MeOH and EtOH
in our case, progressively displaced water from the protein sur-
face to the hydration layers around the solvent molecules. As a
result of the smaller hydration layers protein aggregations begins
to take place trough field proximity forces, such as electrostatic
and dipole–dipole, in other words the difference of each solvent is
related to its capacity to displace the water molecules from protein.

In conclusion, concerning the behaviour of BSA towards the
effects of solvents by means of DLS, both EtOH and MeOH were
capable of inducing protein particle size increase andin agreement
with the literature, the more solvent applied the larger the aggre-
gates [24]. Yoshikawa et al. [25] reported that the increase of EtOH
concentrations in solution of bovine albumin resulted in a decrease
of its solubility. Regarding MeOH, the same behaviour was observed
in our experiments, suggesting that the same type of mechanism
could be happening, although higher MeOH concentrations were
required to reach the similar particle sizes.

The purpose of applying �-radiation to the samples was  related
to the possibility to provide a similar effect of glutharaldehyde,
a commonly used cross-linking agent applied in desolvation pro-
cesses [13] in order to stabilize the formed protein structure. The
selection of 10 kGy as a standards dose for the synthesis was based
on previous works which identified this dose as optimum for pro-
tein crosslinking by �-irradiation [14,16].

Highlighted advantages of the high energy irradiation are
related to the absence of monomers or toxic compounds and the
possibility to combine nanoparticle formation and in situ steriliza-
tion simultaneously [26] inside the final package and with no or
minor influence of temperature.

At this point, the question that arises is whether these size-
increase effects were reversible or not, concerning the effects of
the desolvation agent alone and irradiation combined or not with
desolvating agent, and also if such changes were a result of the size
of a single/crosslinked particle or an aggregate of crosslinked parti-
cles. Although these topics remain as subject for further studies, the
lack of crosslinking in absence of irradiation, as described further
mechanism proposed, such the changes caused by the desolvating
agent were rather physical than chemical and thus not permanent.
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Fig. 6. BSA tyrosine radicals (A) and their solvent accessibility (B

The irradiation of BSA in absence of cosolvent led to particles
iameter of about 16.6 nm.  Although this shift is limited if com-
ared to the use of solvents, in which according to our results may

ead to BSA nanoparticles of about 68.7 nm as observed for EtOH,
his suggested that the radiation may  be also explored to promote
he synthesis of protein nanoparticles without the use of solvents.
he use of cosolvents, on the other hand, allowed a size control-
able synthesis as a function of cosolvent concentrations. The dose
ependence as well as the influence of other parameters such as
ose rate, presence of oxygen over the protein crosslinking in the
roposed system remain as a subject for further studies.

.2. Mechanism of BSA nanoparticle formation by �-irradiation

The effect of high energy irradiation such as electron-beam or
-irradiation over proteins in aqueous solutions has been widely
tudied, including the effects over BSA [27,28]. Depending upon
he presence of gases, the main product of such exposure is the
ormation of bityrosines [20,29]. The representative scheme of the

echanism of bityrosine formation during protein crosslinking by
-irradiation is described in Fig. 1.

In practical terms, the oxidizing species, e.g., hydroxyl radi-
al (•OH) formed as a result of water radiolysis, leads to protein

rosslinking mainly via tyrosine radicals, Tyr-Tyr. Additional link-
ges include the cysteine bonding Cys–Cys, via novel disulfide
ridges [28] as an example. The nature of such linkages plays

 key role in the particle formation, taking into account that

Fig. 7. BSA Methionine radicals (A) and their solvent 
tein data bank code 4F5S). *Solvent accessible surface-shadow.

intramolecular crosslinks do not lead to molecular weight increase,
whereas an increase in these property characterizes intermolecular
binding [30].

3.2.1. Inter vs. intramolecular crosslinking
The relevance in providing a molecular weight evaluation would

help clarify and contribute to a better understanding of the rela-
tionship between the nature of such linkages and the particle size
increase. Particularly, the SDS-PAGE of the irradiated BSA (Fig. 2)
showed a difference between irradiated solutions over the non-
irradiated ones. In Fig. 2(A) the classic pattern for BSA was noted in
the first column, standing as the positive control (i.e., native BSA),
composed by non-irradiated solution of BSA in PB in absence of
cosolvent.

All other columns, at 10%, 20%, 30%, 35% and 40% (v/v) EtOH
concentrations showed the same native BSA pattern, and demon-
strated that the addition of the cosolvent did not promote a
crosslinking of intermolecular nature, hence indicating that the
increase of the particle size revealed by DLS occurred indeed as
a result of physical linkages. On the other hand, Fig. 2(C) shows a
different behavior for the irradiated solutions, where in the first
column, the BSA solution irradiated in the absence of cosolvent

presented a strong stained band observed above 270 kDa, thus
indicating protein crosslinking. Distinct authors also reported the
presence of higher molecular weight bands for crosslinked HSA
nanoparticles [31,32] synthesized by chemical routes.

accessibility (B) (Protein data bank code 4F5S).
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Fig. 8. BSA Cysteine radicals (A) and their sol

Overall a very strong cross-linking effect was observed in PB, a
ild effect in 10% EtOH and then a gradually stronger effect with

ncreasing EtOH concentration. The irradiated solutions in presence
f EtOH showed a reduction of the main stained band of native albu-
in  in a concentration dependant way meanwhile formation of

tained aggregates with high MW (>270 kDa) were observed. At the
oncentrations of 10% and 20% of EtOH (v/v) there was  no macro-
ggregates formation, they only started to appear at the fourth
olumn that corresponds to the solution with 30% (v/v) of EtOH.
he reducing sample buffer used did not turn back the aggregates
o a native albumin profile.

The use of MeOH (Fig. 2B and D) revealed the behavior profile
s observed for EtOH in both gels (non-irradiated and irradiated).
he formation of nanoparticles in MeOH also started at 30% (v/v)
nd the increase of high MW stained aggregates were gradual too.
hile the concentration of native albumin stain decreased along
ith the concentration of MeOH, the stained BSA nanoparticles

aggregates) increased. A difference was noted when the stained
ggregates showed to be more concentrated in MeOH than with
tOH due to the darkest blue stain at high MW values (>270 kDa).

Irradiation of albumin solutions in absence of cosolvent also led
o the NP formation as evidenced by the stains of protein aggregates
hat appeared above the highest MW of the marker (270 kDa). Such
ands were observed in presence of both cosolvent as well. Another
bservation that can be spotted is the difference that appeared
t low MW bands below native albumin stained band, related
o the products of degradation, disappeared from the gel from
0% to 50% MeOH (v/v) while the same bands in EtOH SDS-PAGE
emained.

Despite the results of size increase by DLS analysis, the SDS-
AGE experiments revealed that the aggregation promoted by the
osolvents was not responsible for the formation of nanoparticles,
s observed by the bands around 66 kDa, and thus indicating a dis-
inct mechanism of particle formation. In this particular case all
oncentrations of both solvents showed the same profile as for
ative BSA (Fig. 2A and C). On the other hand, the SDS-PAGE of
he irradiated BSA presented a distinct behavior, as revealed by

he bands observed above 270 kDa. This supports the crosslinking
romoted by �-irradiation. Furthermore, the stained bands on
he gels at 30% or higher cosolvent concentrations revealed the

Fig. 9. BSA Tryptophan radicals (A) and their solvent
ccessibility (B) (4F5S.pdb—2.47 Å resolution).

same profile that was  observed on SDS-PAGE of nanoHSA obtained
by desolvation methods [31,32]. This molecular weight increase
demonstrates experimentally a formation of crosslinks of inter-
molecular nature in the nanoparticle formation.

As mentioned above the minimum concentration required to
induce some aggregation on the SDS-PAGE corresponded to 30%
(v/v) for both cosolvents, even though the high Mw stained aggre-
gate formed in presence of MeOH was  not as intense as the one
using EtOH, corroborating the DLS analysis results. At the highest
concentrations, 40% EtOH and 50% MeOH the nanoparticles were
formed but the solution presented physical alterations at macro-
scopic level, whereas the solution with EtOH showed a mass of
insoluble aggregate and a formation of two phases, MeOH on the
other hand presented a gel aspect. A hypothesis that can support
this behaviour is related to the influence of high cosolvent and
protein concentration applied in the system.

It is relevant to observe that such experiments were carried out
in reducing conditions, by the use of �-mercaptoethanol and as a
consequence, all cysteine linkages were reduced/broken. The high
MW bands appeared in the gel after treatment and suggested that
cysteine linkages did not play a major/important role in the BSA
nanoparticle formation whatsoever.

3.2.2. BSA crosslinking by �-irradiation—intermolecular
bityrosine formation

The bityrosine crosslinking is by far the most common linkage
observed in distinct kinds of protein–protein crosslinking, although
many pathways may  lead to such formation [19,29,32–35]. An
experimental evaluation of the bityrosine may  be assessed trough
fluorescence analysis [19]. and is of key relevance when it comes to
protein crosslinking. On this account BSA nanoparticles were syn-
thesized at the selected optimum solvent concentrations of 30%
and 35% EtOH and, 40% and 45% MeOH (v/v), based on particle size
and SDS-PAGE, and assessed for the protein crosslinking formation
by means of bityrosine according to the parameters described by
several researchers [16,19,29,33].

The effect of cosolvent – EtOH or MeOH – over BSA without irra-

diation by means of bityrosine, is negligible as revealed in Fig. 3.
Considering that no significant changes are observed and such
minimum shift is more likely to be related to the changes in the
microenvironment surrounding the protein and its amino acids

 accessibility (B) (4F5S.pdb—2.47 Å resolution).
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ather than an increase in protein crosslinking. This information is
articularly interesting, considering it also indicates that the effects
romoted by the desolvation are rather physical than chemical, and
hus size changes are not permanent to an extent, as described in
iterature [24]. The signal for bityrosine in native albumin is min-
mum (>200 Fluorescence Units) and normalization was required
o allow a better visualization of such effect.

�-irradiation at 10 kGy in absence of cosolvent (Fig. 4) revealed
n intense increase in the bityrosine linkages of approximately 8-
old, indicating high levels of crosslinking. In presence of cosolvent
-irradiation led to a minor signal increase if compared to irradia-
ion alone of approximately 2- and 2.5-fold in presence of 30 and
5% EtOH and 3- and 4-fold using 35 and 40% MeOH concentrations,
espectively.

BSA irradiated in presence of MeOH presented a higher intensity
hen compared to the samples containing the selected EtOH con-

entrations, highlighting the distinct behavior promoted by each
osolvent. In both cases the cosolvent was capable of inducing con-
rolled formation of bityrosine.

In summary the results confirmed that the use of �-irradiation
ed to the formation of bityrosine crosslinks in BSA in PB and with
he addition of both cosolvents. The signal presented for the BSA
n absence of cosolvent was higher than the samples containing
tOH or MeOH. This shift was expected considering the well estab-
ished scavenger properties of both cosolvents [36,37], which in
ractice, decrease the amount of radicals available to interact with
he protein. Corroborating these results, Varca et al. [16] reported
he formation of bityrosine in papain nanoparticles synthesized by
-irradiation and also demonstrated a major role of such linkages

n the nanoparticle formation.
Although a relation between particle size and bityrosine lev-

ls may  be identified as BSA with higher particle sizes presented
igher bityrosines intensity, such relation could not be identified
hen comparing the profiles of BSA in presence of solvents, where

 higher particle size was  achieved with a lower bityrosine intensity
f compared to BSA irradiated in PB.

Although intermolecular bityrosine linkages have been identi-
ed and extensively studied for the free radical modifications of
roteins [29,34,35], other mechanisms that might be involved in
he nanoparticle formation are mainly attributed to the build-up
f novel disulfide bridges. The intermolecular Cys–Cys bonding is
riginated in a similar way of other sulfur-centered radicals via
ffect of the •OH over free cysteine residues thus leading to the
ormation of thyil radicals, that upon certain conditions, may  bind
o another thiol to form disulfide radical anion and then build
p a disulfide bridge [34]. Whatsoever, after treatment with �-
ercaptoethanol, the crosslinks were still present and indicated

hat the size and high molecular weight compounds were still pre-
erved after rupture of such linkages. Rombouts et al. [38] reported
hat such changes mainly take place at alkaline pH. Moreover, the
n silico approach, as explained further in this article, reveals that
SA presents only one free cysteine, revealing that this mechanism

ess likely to occur if compared to the Tyr as an example.
In addition to this, recent literature reports the development

f HSA nanoparticles via disulfide bridges [32], and provide more
etailed literature about the role of such intermolecular linkages
38]. All of them require reduction of the disulfide bridges by the use
f heat or chemical treatments, also helping to support the minor
ole of novel Cys–Cys linkages when it comes to radiation synthesis
f BSA nanoparticles.

.2.3. BSA crosslinking by �-irradiation—additional pathways

The free radical modification on proteins is known to be directed

owards the formation of bityrosines or cysteine linkages of inter-
olecular nature [33,34]. The bityrosine formation may  occur

y distinct pathways, whether via oxidation of cysteine (Cys),
ogical Macromolecules 85 (2016) 82–91 89

methionine (Met), tryptophan(Trp), or oxidation of tyrosine (Tyr)
directly, or through the attack of e−

aq over disulfide bridges
[33,34,39].

Particularly the rate constants of OH and e−
aq reaction with

BSA, around neutral pH, were established with a magnitude of
about 3 × 1010 dm3mol−1 s−1 [28], whereas the BSA-e−

aq adduct
was established at 7 × 109 dm3mol−1 s−1in previous studies [40],
indicating that from a radiation chemistry perspective, reactions
involving the latter radical are likely to occur with a lower magni-
tude than reactions mediated by •OH.

In solution, the main targets by radiation are the solvent
molecules. In the case of water, the •OH (highly oxidizing) and e−

aq

(strong reducing agent) are the most relevant free radicals formed,
while in the case of alcohols, the reaction of irradiation leads to
the formation of alcohol derived radicals, which are most likely to
be reductive species [37]. Such radicals will then attack aromatic
amino acids present in protein, phenylalanine, Trp and Tyr, as well
as sulphur-centered residues, such as cysteine and methionine,
depending on their oxidative or reducing properties [34]. The prin-
ciple involved in each pathway varies according to the amino acid.
On this account, an in silico structural approach is fundamental to
provide evidences of which pathways might be more pronounced
in the case of BSA nanoparticles formation by irradiation.

On a structural based approach native BSA (Fig. 5) presents
35Cys, 4 Met,20 Tyr and 2 Trp. The graphical representation corre-
sponds to the crystal structure of BSA available at the Protein Data
Base obtained, based on x-ray diffraction experiments at 2.47 Å
resolution [41].

The tyrosine mediated pathway is related to one- or two-
electron oxidation achieved by the reaction of oxidizing species
[34,35]. As revealed by Fig. 6, BSA presents 20 Tyr residues. A few of
those are solvent accessible or partially accessible, and thus prone
to attack by •OH, such as Tyr-262, Tyr-400, Tyr-451 and 496 with
71, 94.5, 41.1 and 42.6 A2 of solvent accessibility respectively. All
other Tyr hold low accessibility values ≤33.1 A2. This information
confirms that BSA molecule presents some structural implications
in terms of allowing the formation of the nanoparticles is via direct
attack to Tyr, but a few residues are likely to be directly attacked
from an accessibility perspective.

On the other hand, the Met  pathway with regard to bityro-
sine formation is known to occur via direct attack by •OH which
is followed by a quick intramolecular electron transfer from a
neighbouring Tyr, which then leads to tyrosyl radical formation
and subsequent dimerization [34,35,42]. As revealed in Fig. 7, BSA
presents 4 Met  residues of those only Met  547 is solvent accessible,
with ASA of 63.4 A2, and thus prone to attack by •OH or other oxi-
dant species. The other Met  residues, 87, 184 and 445, presented
very low accessibility of 1.6, 16.3 and 12.3 A2 respectively.

The case of cysteine is very unique. A majority of Cys residues
present in native BSA are directly involved in the disulphide bridges
that compose protein structure. As consequence all of them present
very low accessibility values ranging from 0 to 39 Å2. Only Cys
34 is a free cysteine. Cysteine amino acids present in BSA were
represented in Fig. 8.

The cysteine mediated pathway for bityrosine remains very
likely to take place. The reason behind this is based on the fact
that although BSA holds only one free cysteine, the cysteine path-
way may  also occur as a result of reduction of the disulfide bridges
which naturally occur in BSA molecule [34]. In this particular case
the e−

aq is responsible for such process and considering the high
constant rate of the reaction between the hydrated electron and
BSA, and the high amount of disulfide bridges present in the pro-

tein structure (17), this pathway also stands a possible route for the
bityrosine formation.

In specific terms the e−
aq attacks the disulfide bridges by H-

abstraction and which them transfer the attack to a neighbouring
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yr, to form a tyrosyl radical and then leading to the bityrosine
ormation [34]. A similar attack caused by alcooxyl radicals are also
ery likely to take place.

Taking into account the developed system any reactions of
ydrated electron with BSA were expected to be of a minor rate,
onsidering that the e−

aq would be scavenged by oxygen before it
an reach BSA and under such conditions, considering the reaction
ate constant between oxygen and BSA with e−

aq one can estimate
hat only 28% of the electron present in the system would react
ith the protein. Whatsoever, we estimated that for the samples

n absence of gas purge all oxygen present in the sealed vial would
e consumed as the dose reached 1 kGy.

Overall, the structural evaluation of Cys displacement along BSA
olecule revealed unfavourable conditions for novel intermolecu-

ar Cys–Cys bonding, as revealed by the low accessibility values and
he very low number of free residues (Fig. 8) and thus, concerning
adiation processing, were very unlikely to take place. This com-
osed a proof of the minor or negligible role of cysteine binding in
he process as a result of •OH attack, indicating that this mechanism
oes not seem to be involved to a major extend in the nanoparticle
ormation. The effect of the e−

aq on the other hand remains very
ikely to occur in addition to the alcooxyl radicals formed during
tOH or MeOH radiolysis.

The case of Trp mediated pathway is related to the one-electron
ransfer reaction from tyrosine to tryptophan that arises from the
eaction of •OH with Trp, and then leading to the formation of the
yrosyl radical [39]. Although BSA molecule only presents 2 Trp
Fig. 9), 134 and 213 with 14.1 and 37.6 A2 respectively, the close
roximity between the Trp and Tyrosines in BSA molecule make
uch pathway a possible route, considering that intramolecular
lectron transfer may  take advantage of the proximity.

In conclusion, from a structural perspective there are plenty
f pathways for the formation of bityrosine crosslinking in BSA
olecule during irradiation as revealed by the in silico approach.

erhaps the most relevant pathways seem to be related to the direct
ttack to Tyr (Tyr 262, Tyr400, Tyr451 and Tyr 496), methionine
Met 547), including Trp (Trp 213) and Cys (Cys 34) to a minor
xtent. The attack by the e−

aq to the disulfide bridges remain as
ery relevant and possible pathway.

. Conclusion

The synthesis of BSA nanoparticles using �-irradiation in the
resence of a cosolvent allowed the formation of the nanoparti-
les without the use of any chemical crosslinker, as confirmed by
DS-PAGE and DLS analysis. Comparing the DLS analysis, a slight
ncrease in particle size of the non-irradiated samples, the SDS-
AGE showed that the stained proteins were different from the
rradiated ones. EtOH and MeOH were capable of inducing the for-

ation of nanoparticles with different behaviour. In a more specific
ay, the use of EtOH combined with irradiation led to the forma-

ion of BSA nanoparticles at EtOH concentrations ranging from 30%
o 40%. In this particular case, EtOH concentrations of 30% and 35%
v/v) were more suitable for further experiments due to the size
f the particles and SDS-PAGE revealed high concentration of pro-
ein aggregates with high molecular weights (>270 kDa) at these
olvent concentrations. At higher EtOH concentrations, 40% and
0% (v/v), BSA presented a white coloured massive insoluble aggre-
ate formation, suggesting that the structure of the native protein
as affected and such extreme conditions, consequently, lead to

he formation of an aggregate of macromolecular level. MeOH also

romoted the formation of BSA aggregates although higher concen-
rations of this solvent were required to obtain BSA nanoparticles
ith considerable smaller particle size if compared to the use of

tOH. Optimized results were established as 40% or 45% MeOH. At
logical Macromolecules 85 (2016) 82–91

higher concentrations (50%, v/v) a gel-like colloidal solution was
observed.

�-irradiation was  effective to promote the BSA crosslinking, at
the dose of 10 kGy, as revealed by the bityrosine formation moni-
tored by fluorescence spectroscopy. The nature of such crosslinks
were of intermolecular nature, as revealed by the molecular weight
increase from 66 kDa (native BSA) to >270 kDa for the BSA nanopar-
ticle observed as result of the process. This corroborates and
experimentally supports the mechanisms attributed to the papain
nanoparticles synthesized by �-irradiation in previous studies.

As above mentioned, It is relevant to highlight that BSA nanopar-
ticles were also achieved in absence of cosolvent, which suggested
that some control could also be achieved only by irradiating BSA
in water or buffer at different doses. Whatsoever, the synthesis of
the nanoparticles, achievable by the use of the cosolvent allowed
the formation of higher particle size in controllable way directly
related to the cosolvent and its concentration.

The mechanism of nanoparticle formation was demonstrated by
bityrosine monitoring using fluorescence spectra and confirmed by
high MW bands observed on the SDS-PAGE. The bityrosine profiles
indicated that irradiation in absence of cosolvents was capable of
increasing considerably the bityrosine intensity, whereas as EtOH
or MeOH concentration increased, a control over such formation
was observed thus corroborating the size changes observed by DLS
and providing an experimental evidence of the control over the
nanoparticle formation. In addition, to some extent, the involve-
ment of novel cysteine linkages in the nanoparticle formation is less
likely to take place, as demonstrated by the in silico approach which
revealed structural implications for the formation of the inter-
molecular Cys–Cys and the high molecular weight bands observed
after treatment with �-mercaptoethanol in the SDS-PAGE.

Although the process takes place as results of a very complex
system the computational approach on the structural properties of
BSA indicated that the main pathways are related to direct attack
to Tyr, or attack mediated by Met. To a minor extent, Cys and Trp
pathways are also possible to take place. The attack by the e−

aq to
the disulfide bridges also were found to be of high relevance to the
process. Whatsoever additional radiation chemistry experiments
may  also be required in order to clarify the exact pathway as well
as the radicals that trigger nanoparticle formation.

The procedure for synthesizing BSA nanoparticles in presence
of cosolvents crosslinked by �-irradiation was  successful and the
cosolvent concentration played fundamental role in the process
considering their ability to control the formation of BSA nanopar-
ticles by means of particle size. We  emphasize that such technique
offer new advantages over conventional methods including, but
not restricted to the lack of monomers in the process as well as
the possibility to combine protein crosslinking (nanoparticle for-
mation) and sterilization simultaneously inside the final package.
Particularly the absence of crosslinkers in designing protein based
nanostructures assures a very low residual toxicity and reduces
possible productions stages related to the removal of the remaining
monomers. The combination of solvent and �-irradiation allowed
a fine tuning with regard to protein size. Final applications of
the technology concern the development of novel options for the
administration of chemotherapeutic agents or radiopharmaceuti-
cals, with potential therapeutic applications.
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