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A B S T R A C T

Bevacizumab-loaded nanoparticles (B-NP) were prepared by a desolvation process followed by freeze-drying,
without any chemical, physical or enzymatic cross-linkage. Compared with typical HSA nanoparticles cross-
linked with glutaraldehyde (B-NP-GLU), B-NP displayed a significantly higher mean size (310 nm vs. 180 nm)
and a lower negative zeta potential (−15mV vs. −36mV). On the contrary, B-NP displayed a high payload of
approximately 13% when measured by a specific ELISA, whereas B-NP-GLU presented a very low bevacizumab
loading (0.1 μg/mg). These results could be related to the inactivation of bevacizumab after reacting with
glutaraldehyde. From B-NP, bevacizumab was released following an initial burst effect, proceeded by a con-
tinuous release of bevacizumab at a rate of 6 μg/h. Cytotoxicity studies in ARPE cells were carried out at a single
dose up to 72 h and with repeated doses over a 5-day period. Neither bevacizumab nor B-NP altered cell viability
even when repeated doses were used. Finally, B-NP were labeled with 99mTc and administered as eye drops in
rats. 99mTc-B-NP remained in the eye for at least 4 h while 99mTc-HSA was rapidly drained from the adminis-
tration point. In summary, HSA nanoparticles may be an appropriate candidate for ocular delivery of bev-
acizumab.

1. Introduction

Human serum albumin (HSA) is the most abundant protein in
human blood, and is a natural and adequate material for the fabrication
of nanoparticles for drug-delivery purposes. In recent decades albumin
nanoparticles have gained considerable attention owing to their high
capability to load a number of drugs in a non-specific way (Ghuman
et al., 2005), as well as their tolerability when administered in vivo
(Green et al., 2006). For the preparation of these nanocarriers a great
variety of physico-chemical processes have been proposed, including
thermal gelation (Qi et al., 2010; Yu et al., 2006a,b), emulsification
(Crisante et al., 2009; Patil, 2003; Yang et al., 2007) and desolvation
(coacervation) (Merodio et al., 2001; Weber et al., 2000; Wilson et al.,
2012). In any case, desolvation-based procedures appear to be most
suitable due to their simplicity and repeatability. However, the just
obtained albumin nanoparticles are unstable and a supplementary step
of stabilization or cross-linkage has to be performed in order to prolong
their half-life in an aqueous environment and/or prevent the formation
of macro-aggregates of the protein.

In general, cross-linkage with glutaraldehyde (GLU) is one of the

most frequently implemented strategies to stabilize albumin nano-
particles. While it is highly effective for this purpose, the use of GLU
(and other derivatives) is questionable due mainly to its toxicity and
reactivity against some functional groups (e.g. primary amine residues)
(McGregor et al., 2006; Van Miller et al., 2002). Thus, for the delivery
of biomacromolecules (e.g. antibodies, proteins, peptides), this dialde-
hyde may also react with the biologically-active compound, resulting in
an important loss of their activity and efficacy (Zhang et al., 2008). In
addition, the potential toxicity of GLU is a concern for in vivo delivery
(McGregor et al., 2006; Van Miller et al., 2002; Zhang et al., 2008). In
order to overcome these drawbacks, different strategies have been
proposed to harden the just formed albumin nanoparticles without the
need of using toxic reagents. Amongst others, this stabilization of na-
noparticles from proteins can be obtained through thermal treatment
(Yang et al., 2007), high hydrodynamic pressure (Desai, 2006), enzy-
matic cross-linkage with genipin (Elzoghby et al., 2013; Kang et al.,
2003) or transglutaminase (Huppertz and de Kruif, 2008).

Bevacizumab is a G immunoglobulin (MW of 149 kDa) composed of
two 214-residue light chains and two 453-residue heavy chains that
contain an N-linked oligosaccharide. This monoclonal antibody,
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commercially available as Avastin®, targets and blocks the binding of
vascular endothelial growth factor (VEGF-A) to its receptor (Weiner
et al., 2010). It was approved by the FDA in 2004 for first-line treatment
of metastatic colorectal cancer, and later was approved for other can-
cers, such as non-small-cell lung cancer and metastatic breast cancer in
combination with cytotoxic chemotherapy (Gray et al., 2009;
McCormack and Keam, 2008; Perren et al., 2011).

On the other hand, bevacizumab is employed off-label in the
treatment of proliferative (neovascular) eye diseases, including corneal
(Chang et al., 2012) and retinal neovascularization (Campochiaro,
2013), diabetic retinopathy (Arevalo et al., 2017), and age-related
macular degeneration (Chappelow and Kaiser, 2008). Regarding cor-
neal neovascularization, bevacizumab is administered as eye drops,
alone (Bock et al., 2008) or in combination with other drugs such as
suramin (Lopez et al., 2017). However, topical administration of bev-
acizumab appears to be associated with an increased risk of corneal
epithelial defects that are dependent on the dose and duration of
treatment (Kim et al., 2008). One possible strategy to minimize these
drawbacks would be the design of nanoparticles with mucoadhesive
properties, able to prolong their residence in close contact with the
corneal epithelium, in order to decrease the frequency of administration
and the amount of medication given. As a result, this strategy is ex-
pected to improve patient adherence as well as the safety profile and
efficacy of the treatment.

The aim of this work was to prepare and characterize human serum
albumin nanoparticles as carriers for ocular delivery of bevacizumab. In
addition, this work also includes the evaluation of the cytotoxicity on
retinal pigment epithelium cells (ARPE-19) as well as the biodistribu-
tion of the resulting nanoparticles after ocular application as eye drops
in laboratory animals.

2. Materials and methods

2.1. Materials

Human serum albumin or HSA (fraction V, purity 96–99%) and
glutaraldehyde (GLU) 25% aqueous solution were obtained from Sigma
(Madrid, Spain). Bevacizumab (Avastin®) was purchased from Roche
(Madrid, Spain). Avastin® is provided as a concentrate for solution for
infusion in a single-use vial, which contains a nominal amount of either
100mg of bevacizumab in 4mL or 400mg of bevacizumab in 16mL
(concentration of 25mg/mL). The Micro BCA protein assay kit was
purchased from Pierce (Thermo Fisher Scientific Inc., Illinois, USA).
The Shikari Q-beva Enzyme immunoassay used for the detection of
bevacizumab was purchased from Matriks Biotech (Gölbaşı, Turkey).
Absolute ethanol and dimethyl sulfoxide (DMSO) were purchased from
Panreac Pharma (Barcelona, Spain). All other reagents and chemicals
used were of analytical grade. The cacodylate buffer, osmium tetroxide
and uranyl acetate were purchased from Sigma–Aldrich (St Louis, USA).
Formvar® films were purchased from Agar Scientific (Stansted, UK).
Dubelcco’s modified Eagle’s medium (DMEM; Sigma–Aldrich, St Louis,
MO, USA), phosphate buffered saline (PBS), fetal bovine serum (FBS),
fungizone and L-glutamine penicillin-streptomycin (Invitrogen) were
purchased from Thermo Fisher Scientific Inc. (Illinois, USA). MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) was pro-
vided by Sigma-Life Science (Mannheim, Germany). Acuolens® eye
drops were purchase from Alconcusí (Barcelona, Spain). Tin-chloride
dihydrate and chlorhydric acid were supplied by Panreac (Barcelona,
Spain).

2.2. Preparation of human serum albumin nanoparticles with GLU (NP-
GLU)

Human serum albumin (HSA) nanoparticles were prepared by a
desolvation method as previously described (Merodio et al., 2001) with
some modifications. Briefly, 100mg of HSA was dissolved in 7.5 mL

purified water and the solution was titrated to pH 4.9 with HCl 1M.
Then, nanoparticles were formed by the continuous addition of 16mL
ethanol under magnetic stirring. After the desolvation process, nano-
particles were cross-linked with GLU (12.5 μg glutaraldehyde in 300 μL
ethanol) by incubation under stirring for 5min. The organic solvents
were eliminated under reduced pressure (Büchi Rotavapor R-144;
Büchi, Postfach, Switzerland) and the nanoparticle suspension was
purified twice by centrifugation at 41,000g for 20min at 4 °C (Sigma
3 K30 Osterodeam Harz, Germany). Finally, the nanoparticles were
freeze-dried (Genesis 12EL, Virtis, NewYork, USA) using a 5% sucrose
solution as a cryoprotector.

2.3. Preparation of bevacizumab-loaded nanoparticles

For the preparation of bevacizumab-loaded nanoparticles, the
monoclonal antibody was added to an aqueous solution containing
100mg HSA, adjusted to a pH 4.9 with HCl 1M, and incubated for
10min. Then, nanoparticles were obtained by the continuous addition
of 16mL ethanol under magnetic stirring. The organic solvents were
eliminated under reduced pressure (Büchi Rotavapor R-144; Büchi,
Postfach, Switzerland) and the resulting suspensions were purified and
freeze-dried as described above. This formulation was identified as B-
NP.

As control, bevacizumab-loaded nanoparticles cross-linked with
glutaraldehyde (B-NP-GLU) were also prepared. For this purpose, the
just formed bevacizumab-loaded nanoparticles were incubated with
12.5 μg glutaraldehyde for 5min at room temperature. Then, these
nanoparticle suspensions were purified and freeze-dried as described
above.

2.4. Physico-chemical characterization of nanoparticles

2.4.1. Size, zeta potential and morphology
The particle size and zeta potential of loaded or empty HSA nano-

particles were determined by photon correlation spectroscopy (PCS)
and electrophoretic laser Doppler anemometry, respectively, using a
Zeta Plus analyzer system (Brookhaven Inst. Corp., NY, USA). The
diameter of the nanoparticles was determined after dispersion in ul-
trapure water (1/10) and measured at 25 °C by dynamic light scattering
angle of 90 °C. The zeta potential was determined as follows: 200 µL of
the samples were diluted in 2mL of a 0.1 mM KCl solution adjusted to
pH 7.4.

The morphological characteristics of the nanoparticles were studied
by transmission electron microscopy (TEM) using copper grids covered
with Formvar film for negative staining. Then, 5 µL of each sample were
absorbed to the grid for 30 s, followed by washing with Milli-Q water (3
times). Samples were then exposed to 2% uranyl acetate solution in
water for 5min. After removing excess stain with filter paper, the
samples were air-dried and examined at 80 kV on a Zeiss Libra 120
transmission electron microscope (Stuttgart, Germany).

2.4.2. Yield
The amount of protein transformed into nanoparticles was calcu-

lated by micro-BCA analysis and microfluidic electrophoresis. Briefly,
10mg of the nanoparticles were dispersed in 10mL of ultra-pure water
and centrifuged at 21,000g for 15min at 4 °C (Biofuge Heraeus, Hanau,
Germany). Then, the pellet was digested with 1mL of 0.02 N NaOH and
the mixture centrifuged. Samples of these supernatants were analyzed
with the Protein Assay Reagent Kit (Pierce, Rockford, USA), following
the manufacturer’s instructions.

In parallel, for bevacizumab-loaded nanoparticles, the amounts of
albumin and monoclonal antibody were calculated by microfluidic
electrophoresis in an Experion™ Automated Electrophoresis System (Bio
Rad, Hercules, USA). Again, samples from supernatants in 0.02 N NaOH
were treated in non-reducing conditions following the manufacture’s
specification (Experion System Pro260 Analysis Kit; Bio-Rad Lab.,
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Hercules, USA). Data were processed using the Experion™ software. A
virtual gel with densitometric bands expressed in kilodaltons (kDa) and
the percentage of total protein (% total) value for each detected peak
were obtained.

2.4.3. Bevacizumab integrity studies
The integrity of bevacizumab encapsulated in HSA nanoparticles

was studied through microfluidic-based automated electrophoresis
using an Experion™ Automated Electrophoresis System (Bio Rad,
Hercules, USA). For this purpose, nanoparticles were broken with 1mL
NaOH 0.02 N and the samples diluted with purified water to obtain a
protein concentration of around 400 ng protein/μL (linear dynamic
range of the test is 5–2000 ng/μL). Samples of free protein (albumin and
bevacizumab) were used as controls. The analysis was performed under
non-reducing conditions as described above.

2.4.4. Quantification of bevacizumab
The amount of the antibody loaded in albumin nanoparticles was

calculated by a specific enzyme immunoassay for bevacizumab (Shikari
Q-BEVA). For this purpose, 10mg of the nanoparticles were dispersed
in 1mL water and centrifuged for 10min at 21,000g (Biofuge Heraeus,
Hanau, Germany). The supernatant was removed and the pellet was
broken with 1mL NaOH 0.02 N. Samples were diluted 1:1000 with
assay buffer and 25 μL of the resulting solution was transferred to a 96-
well microplate coated with human vascular endothelial growth factor
(VEGF) and followed a specific ELISA for bevacizumab (Q-Beva test
procedure, Shikari Q-Beva, Matriks Biotek, Ankara, Turkey). Empty
nanoparticles were treated in the same way to rule out any interference.

All samples were assayed in triplicate and the calculations per-
formed using standard curves in the range 0.1–100 μg/mL
(r2 > 0.993). The detection and quantification limits were lower than
30 ng/mL and 100 ng/mL, respectively. The results were expressed as
the amount of bevacizumab (µg) per mg nanoparticles (payload) and as
encapsulation efficiency (in percentage).

2.4.5. FTIR determinations
The molecular structure of nanoparticles was investigated by atte-

nuated total reflectance infrared spectroscopy (FTIR-ATR), using a
Nicolet Avatar 360 spectrometer (Artisan Technology Group,
Champaign, USA) equipped with a Golden-Gate temperature con-
trolled. Samples were placed directly on the diamond and the spectra
collected over 600–4000 cm−1 at 2 cm−1 resolution and 100 scans per
spectrum. For the analysis of glutaraldehyde, the reagent was pre-
viously lyophilized in a Genesis 12EL lyophilizer. In all cases data were
analyzed using the OMNICTM software (Thermo Fisher Scientific,
Madison, USA).

2.4.6. X-ray diffraction studies
X‐ray studies were performed in order to study the crystalline state

of the polymeric matrix in the different samples of nanoparticles. For
this purpose, the samples were placed in powder form on a plastic plate
in a diffractometer (Bruker Axs D8 Advance, Frankfurt, Germany) using
a Ni filter, CuKa radiation, a voltage of 40 kV and a current of 30mA.
The scanning rate was 1°/min and the time constant 3 s/step over a 2q
interval of 2-40°. For the analysis of glutaraldehyde, the reagent was
previously lyophilized in a Genesis 12EL apparatus. In all cases the
diffractograms were analyzed using the program Diffrac.Suite software
(Bruker Corp., Frankfurt, Germany).

2.4.7. Thermal analysis
The response of the different nanoparticles to heating was studied

by differential thermal analysis (DTA) using a TGA/sDTA 851e Mettler
Toledo thermal analyzer. (Mettler Toledo, Port Melbourne, Australia).
The thermograms were obtained by heating about 5–10mg of the
sample in a pierced aluminum crucible at a scan rate of 10 °C/min from
25 to 250 °C. The thermal analyses were performed under static air

atmosphere using 20mLmin−1 nitrogen as purge gas. Measurements
were made in triplicate. Again, glutaraldehyde was lyophilized before
use.

2.4.8. Elemental analysis
Elemental analysis (C, H, O and N) of the nanoparticles was per-

formed in order to confirm the association of the different stabilizing
agents in the HSA nanoparticles using an Elemental Analyzer from
LECO (CHN‐900, Michigan USA). Briefly, 1mg of each sample was
tested in triplicate and results were expressed as a percentage (% w/w)
SD ± 0.4.

2.5. Stability of nanoparticles

The stability of nanoparticles was evaluated in phosphate buffered
saline medium (PBS, pH 7.4). Nanoparticles were dispersed in this so-
lution and stored at room temperature for a period of 24 h. At pre-
determined times, the stability was assessed by measuring the size,
polydispersity and zeta potential of the nanoparticles.

2.6. In vitro release study

In vitro release profile of bevacizumab from albumin nanoparticles
were carried out in PBS (pH 7.4). Due to the eventual aggregation of
bevacizumab in PBS, we selected an appropriate dilution factor to
prevent this phenomenon. For this purpose, aggregation of bev-
acizumab was evaluated after dissolving the monoclonal antibody in
PBS by electrophoresis. After this preliminary study, eppendorf tubes
containing 10mg of each formulation (B-NP-GLU and B-NP) were dis-
persed in 1mL PBS and placed in a shaking bath at 37 °C with a con-
stant agitation of 60 S/min (Vortemp 56, Labnet International,
Woodbridge, USA). At different times, samples were centrifuged for
10min at 21,000g (Biofuge Heraeus, Hanau, Germany), and the su-
pernatants were analyzed for bevacizumab content with the specific
ELISA test (Shikari Q-Beva, Matriks Biotek, Ankara, Turkey). The ana-
lysis was performed three times for each sample. Release profiles were
expressed in terms of cumulative release in percentage, and plotted
versus time.

2.7. Cell culture

ARPE19 were employed in this study as a model of ocular epithelial
cells. Cells were grown to confluence in DMEM medium, containing
10% FBS, 1% fungizone, 1% L-glutamine-penicillin–streptomycin. Cells
were cultured in a humidified incubator containing 5% CO2 at 37 °C.

Cell suspensions were seeded onto 96-well tissue culture plates,
starting at an initial concentration of 5×103–1×104 cells/mL. After
24 h, culture medium was replaced by the different nanoparticle for-
mulations diluted to the desired final concentration (0.0, 0.1, 0.5, 1.0,
1.5 and 2.0mg/mL) with culture medium and tested for up to 72 h.

2.7.1. MTT toxicity assay
To evaluate the effect of bevacizumab (free or encapsulated as B-

NP) on ARPE19 cells, cell proliferation was determined by using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide)
assay. ARPE19 cells (5× 103–1×104 cells/mL) were plated into 96-
well microtiter plates (Nunc, Thermo Fisher, Scientific Inc., Illinois,
USA). After 24 h, plates were washed with PBS and culture medium
replaced with bevacizumab preparations dispersed in fresh medium.
Cells were then incubated for 4, 24 or 48 h, culture media removed and
250 μL of 0.5 mg/mL MTT added to the cells during 4 h (37 °C, 5% CO2,
95% humidified air). Then, 200 μL of dimethyl sulfoxide (DMSO) was
added to extract the reduced formazan produced by living cells, and
cellular viability measured by quantifying it by colorimetry analysis at
540 nm.

On the other hand, the effect of repeated doses of bevacizumab on
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cellular viability was also evaluated. For this purpose, ARPE-19 cells
were exposed to the following two bevacizumab regimens: (i) every
other day (days 0, 2, and 4) and (ii) daily at days 0, 1, 2, 3, and 4. In
both cases, the MTT assay was performed at day 5 as described above.

2.8. Radiolabelling of nanoparticles and biodistribution study in animals

Albumin nanoparticles (B-NP) were radiolabeled with 99mTc by re-
duction with tin chloride following a previously described method
(Sánchez-Martínez et al., 2013). Briefly, 40 µL of a 0.02mg/mL tin
chloride dihydrate solution in water for injection at pH 4 (adjusted with
HCl 0.1 N) were mixed with 0.5mg of lyophilized nanoparticles. After
this, 200 µL of 99mTcO4− eluate from a 99Mo/99mTc generator (Ultra-
techneflow™, Mallinkrodt, The Netherlands) were added to the mixture.
For in vivo studies, 4 µL of the radiolabelled nanoparticle suspension
(40MBq) were mixed with 1.75mg of unlabelled B-NP formulation.

For 99mTc-labelled albumin controls, 5 µL of a 20mg/mL albumin
solution where labelled with 200 µL of 99mTcO4−eluate and 40 µL of
0.05mg/mL tin chloride dihydrate solution. Just before use, 4 µL of
radiolabelled albumin were mixed with 4 µL of a commercial collyrium
(Acuolens®) containing 3mg/mL hydroxypropyl methylcellulose.

For the biodistribution study, experiments were performed in
compliance with the regulation of the Ethics Committee of the
University of Navarra in line with the European legislation on animal
experiments (protocols 171-12 and 066/16). For this purpose, female
Wistar rats (250 g) were anesthetized with isoflurane and received 4 µL
of the radiolabelled formulation on the right eye. Animals were kept
anesthetized for one hour to avoid active removal of the suspension
from the eye.

The following treatments were evaluated: (i) radiolabelled nano-
particles (5MBq; 99mTc-B-NP), (ii) radiolabelled albumin in the com-
mercial collyrium (4MBq; 99mTc-HSA), and (iii) 99mTcO4−eluate in the
collyrium (5MBq; 99mTc-free). For imaging studies, animals where
anesthetized just before each study and placed in prone position in a
Symbia T2 Truepoint SPECT-CT system (Siemens). Images were ac-
quired using a 128×128 matrix, 7 images/s. CT was set to 110mAs
and 130 kV, 130 images 3mm thick. Image fusion was performed using
Syngo MI Applications TrueD software.

2.9. Statistical analysis

Data are expressed as the mean ± S.D of at least three experiments.
The data obtained were statistically treated by variance analysis, while
the means were compared by one way ANOVA at a significance level of
0.05. All calculations were performed using GraphPad Prism 6.0 sta-
tistical software (GraphPad Software, CA, USA).

3. Results

3.1. Preparation and characterization of nanoparticles

Albumin nanoparticles prepared by a desolvation process of the
protein in water after addition of ethanol showed low stability in an
aqueous environment and were stabilized by cross-linkage with

glutaraldehyde. The resulting nanoparticles had a mean size of about
165 nm and a negative zeta potential of −36mV (Table 1).

For optimization of the bevacizumab-loaded nanoparticles, the in-
fluence of the antibody-to-albumin ratio on the payload was evaluated
(Fig. 1). When the bevacizumab-to-albumin ratio was low (e.g. 0.01),
the resulting nanoparticles were not stable with time and needed to be
cross-linked with glutaraldehyde. However, for ratios higher than 0.01,
bevacizumab-loaded nanoparticles were stable with no need for a
supplementary stabilization step. In addition, the payload of the re-
sulting nanoparticles increased by augmenting the antibody-to-albumin
ratio up to 0.15. Under these experimental conditions, the resulting
nanoparticles (B-NP) displayed a mean size close to 300 nm and a ne-
gative zeta potential of about−15mV. Moreover, bevacizumab loading
was calculated to be close to 13%, with an encapsulation efficiency of
about 90% (Table 1). The integrity of bevacizumab entrapped in al-
bumin nanoparticles was evaluated by microfluidic-based automated
electrophoresis (Fig. 2).

Interestingly, when these bevacizumab-loaded nanoparticles were
cross-linked with glutaraldehyde (B-NP-GLU), the mean size was sig-
nificantly lower than those non-stabilized with the dialdehyde (180 vs.
310 nm), and their negative zeta potential was also significantly lower
(-36mV vs. −14mV). In both cases, the polydispersity index (PDI) was
found to be lower than 0.2, indicating homogeneous nanoparticle for-
mulations. Regarding the payload for B-NP-GLU, the antibody loading
was of only 0.1 µg/mg nanoparticle (Table 1).

Fig. 2 shows a microfluidic electrophoresis analysis of B-NP. By this
technique, both HSA and bevacizumab appeared as strong bands at
about 65 and 150 kDa, respectively. Likely, the formation of nano-
particles did not significantly alter the structural integrity of bev-
acizumab.

The morphological evaluation of nanoparticles by transmission
electron microscopy (TEM) revealed some differences when nano-
particles were cross-linked with glutaraldehyde (Fig. 3). Thus, NP-GLU

Table 1
Physical-chemical characteristics of empty and bevacizumab-loaded nanoparticles Data are expressed as mean ± SD, n= 3. NP: empty and non-hardened nanoparticles; B-NP: bev-
acizumab-loaded nanoparticle not treated with glutaraldehyde; NP-GLU: empty nanoparticles treated with glutaraldehyde; B-NP-GLU: bevacizumab-loaded nanoparticles cross-linked
with glutaraldehyde.

Formulation Size (nm) PDI Zeta potential (mV) Yield (%) EE
(%)

BEVA loading (µg/mg NP)

NP NA NA NA NA – –
B-NP 310 ± 3 0.14 ± 0.02 −14 ± 1 85 ± 3 89 ± 0 132 ± 5
NP-GLU 163 ± 2 0.17 ± 0.01 −36 ± 0 66 ± 5 – –
B-NP-GLU 180 ± 3 0.11 ± 0.01 −36 ± 1 75 ± 2 0.1 ± 1.3 0.1 ± 1

Fig. 1. Influence of the bevacizumab-to-albumin ratio on the payload of the resulting
nanoparticles. Data expressed as mean ± SD (n=3).
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(Fig. 3A) and B-NP-GLU (Fig. 3B) were spherical and with a well-de-
fined perimeter. On the contrary, B-NP (Fig. 3C) presented an irregular
contour.

Fig. 4 shows the FTIR spectra of the different compounds employed
in the preparation of nanoparticles as well as those of the resulting
nanocarriers. In case of nanoparticles cross-linked with glutaraldehyde
(NP-GLU), the typical band of the dialdehyde (1690 cm−1) was not
observed. In a similar way, no displacement of the amide bands I and II
(1644 cm−1 and 1533 cm−1, respectively) of albumin was detected in
the spectra corresponding to NP-GLU, B-NP-GLU or B-NP. However, a
change in the relative intensity of those bands (corresponding to amides
I and II) was evidenced when compared with the typical spectrum of
HSA (Fig. 4). Furthermore, a broadening of the amide I band in the
spectra of nanoparticle formulations was also identified.

The effect of bevacizumab encapsulation and glutaraldehyde treat-
ment was also evaluated by X-ray diffraction. Fig. 5 shows these results.
In all cases, X-ray diffractograms displayed patterns corresponding to
amorphous structures. It is worthy to note that for nanoparticles cross-
linked with glutaraldehyde (NP-GLU and B-NP-GLU), the diffraction
patterns presented a similar profile to that of the dialdehyde.

Fig. 6 shows the thermograms of albumin, glutaraldehyde, bev-
acizumab and the resulting nanoparticles. HSA showed an exothermic
effect around 30 °C, corresponding to a reversible conformational
change, and a second endothermic band (at 80 °C) due to protein un-
folding processes that take place by heating. Glutaraldehyde presented
a weak endothermic effect at around 180 °C that could correspond to a

fusion process (for this study glutaraldehyde employed in a solid form
after freeze-drying). Bevacizumab showed a broad endothermic band
that would be associated to its denaturation process. It is noteworthy
that, for nanoparticle samples, no thermal signals corresponding to HSA
were observed. This fact could be attributed to the interaction between
albumin and the monoclonal antibody when the nanoparticles are
formed. In addition, a certain drift of the thermal profile can be asso-
ciated to changes in the thermal diffusivity of the nanoparticles with
respect to the mixture of components.

Table 2 shows the elemental analysis of the nanoparticles employed
in this study as well as of the three individual components (human
serum albumin, bevacizumab and glutaraldehyde). Comparing both

Fig. 2. Microfluidic-based automated electrophoresis of nanoparticles (L: Ladder; 1: HSA;
2: BEVA; 3: B-NP).

Fig. 3. TEM microphotographs of nanoparticles. A: empty nanoparticles cross-linked with
glutaraldehyde (NP-GLU). B: bevacizumab-loaded nanoparticles cross-linked with glu-
taraldehyde (B-NP-GLU). C: bevacizumab-loaded nanoparticles not treated with glutar-
aldehyde (B-NP).
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proteins, bevacizumab displayed a significantly lower content of carbon
and nitrogen than human serum albumin. On the contrary, the oxygen
content in the monoclonal antibody was about 2-times higher than in
albumin. For glutaraldehyde, the most important points were the lack
of nitrogen and the presence of significant oxygen content (about 50%).
On the other hand, albumin nanoparticles containing bevacizumab (B-
NP-GLU and B-NP), presented a lower percentage of nitrogen and
higher oxygen content than native albumin. Also, empty nanoparticles
cross-linked with GLU showed higher amounts of oxygen and lower
amounts of nitrogen as compared with native albumin.

3.2. Stability of nanoparticles

Fig. 7 shows the evolution of the mean size of nanoparticles when
incubated in either PBS (Fig. 7A) or cell culture medium (Fig. 7B) for
24 h. No significant changes in the mean size were observed for any of
the nanoparticles (NP-GLU, B-NP-GLU and B-NP) during the following
24 h. On the other hand, for all the nanoparticles tested, no significant
changes in the zeta potential or polydispersity values were evidenced
during the experiment (data not shown).

Fig. 4. FTIR Spectrum of glutaraldehyde (GLU), bevacizumab (BEVA), human serum
albumin (HSA), HSA+BEVA physical mixture, HSA+GLU physical mixture, BEVA-
loaded albumin nanoparticles (B-NP), albumin nanoparticles cross-linked with glutar-
aldehyde (NP-GLU) and BEVA-loaded albumin nanoparticles cross-linked with glutar-
aldehyde (B-NP-GLU).

Fig. 5. X-ray spectra of albumin, bevacizumab, glutaraldehyde and the different nanoparticles used in this study.

Fig. 6. DTA thermograms of (A) native albumin (HSA), bevacizumab (BEVA) and glu-
taraldehyde (GLU) and (B) albumin nanoparticles cross-linked with glutaraldehyde (NP-
GLU), bevacizumab-loaded nanoparticles (B-NP) and bevacizumab-loaded nanoparticles
coated with glutaraldehyde (B-NP-GLU).

Table 2
Elemental analysis of albumin (HSA), glutaraldehyde (GLU), bevacizumab (BEVA), al-
bumin nanoparticles cross-linked with glutaraldehyde (NP-GLU), bevacizumab-loaded
nanoparticles (B-NP) and bevacizumab-loaded nanoparticles cross-linked with glutar-
aldehyde (B-NP-GLU).

% C % H % N % O

HSA 48.34 6.96 17.80 26.91
GLU 42.84 6.29 0.23 50.63
BEVA 36.70 6.64 4.25 52.41
NP-GLU 48.09 6.87 15.19 29.85
B-NP 48.77 6.86 14.90 29.48
B-NP-GLU 49.27 6.70 14.61 29.42
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3.3. In vitro release studies

Fig. 8 shows the in vitro release profile of bevacizumab from al-
bumin nanoparticles (B-NP) in PBS at pH 7.4. These nanoparticles
presented a biphasic release pattern characterised by an initial release
(burst effect) of about 400 μg/mL (35% of the loaded bevacizumab) in
the first 5 min, followed by a slower, more sustained release rate during
at least 24 h, up to 500 μg/mL. Therefore, the release profile obtained
could not be adjusted to any mathematical model. B-NP-GLU was not

evaluated due to the very low amount of active bevacizumab released
to the dissolution medium (less than 1%).

3.4. Cell culture experiments

None of the cell proliferation assays carried out at for up to 72 h
after one single dose of bevacizumab (either free or loaded in albumin
nanoparticles showed important changes in the cell viability rate of
ARPE cells (Fig. 9). Only, at the lowest concentrations tested (0.1 and
0.5 mg bevacizumab per mL), an increase on cell proliferation was
observed.

ARPE cells treated with repeated doses of bevacizumab also showed
a low influence on the viability of cells (Fig. 10). Only treatment with
free bevacizumab every other day over a 5-day period induced a slight
decrease on cellular proliferation (Fig. 10A).

3.5. Ophthalmic administration to Wistar rats for in vivo SPECT-CT
imaging

Fig. 11 shows the biodistribution of B-NP after ocular administra-
tion as eye drops. Radioactivity associated with bevacizumab-loaded
nanoparticles (99mTc-B-NP) remains in the eye for at least 4 h, and
progressively disappeared from the administration point into the GI
tract. On the other hand, free 99mTcO4- and 99mTc-HSA incorporated in
the commercial collyrium, showed a short residence time on the eye.
This was particularly evident for 99mTc-HSA. Thus, 1 h after its ad-
ministration as eye drops, the majority of the radioactivity was visua-
lized in the gut of animals (Fig. 11B).

4. Discussion

Human serum albumin is a 66 kD protein abundantly present in
plasma that is widely employed as pharmaceutical excipient for dif-
ferent applications. Its high stability in liquid media and amphiphilic
properties makes it suitable in the formulation of many therapeutic
proteins, as additive to minimize irreversible adsorption to the con-
tainer or aggregation phenomena (Bouyer et al., 2012; Sadaharu et al.,
2004). HSA, due to its high glass transition temperature, can be em-
ployed as cryoprotectant in freeze-drying processes (Hawe and Friess,
2006). Moreover, HSA is also employed as material for the preparation
of micro- and nanoparticles such as Albunex® (Christiansen et al., 1994)
or Abraxane® (Ibrahim et al., 2002).

In addition to its safety and regulatory acceptation, HSA offers a
supplementary advantage that is related with its remarkable capability
to bind a high variety of drugs (Fasano et al., 2005; Kratz, 2008). The
preparation of HSA nanoparticles is relatively easy and, in general, can
be performed under mild conditions (Kouchakzadeh et al., 2014; Langer
et al., 2008). However, the formed nanoparticles are not sufficiently
stable and they dissolve after dispersion in water (Niknejad and
Mahmoudzadeh, 2015; Weber et al., 2000). Therefore, a stabilization
step is required. The most common strategy to stabilize HSA-based
nanoparticles is cross-linkage with glutaraldehyde as its aldehyde
groups easily react with albumin amino groups resulting in stable
particles. However, its use is controversial due to the potential toxicity
of glutaraldehyde and also because it could potentially react with the
amino groups of the encapsulated drug (Langer et al., 2008; McGregor
et al., 2006; Merodio et al., 2001). In this context, our first approach
was to look for “soft” cross-linking procedures, such as the combination
of ultraviolet irradiation and glucose (Niknejad and Mahmoudzadeh,
2015). Nevertheless, the encapsulation of bevacizumab in HSA (B-NP)
yielded stable nanoparticles without the need of any “hard” method.
This fact may be explained by the development of protein-protein in-
teractions between the monoclonal antibody and albumin (Fan et al.,
2017; Son et al., 2013; Yang et al., 2014). Likely, in our case and under
the experimental conditions described here, these interactions would
result in nanoparticles as stable submicron assemblies (B-NP). This idea

Fig. 7. Evolution of the mean size of empty nanoparticles cross-linked with glutar-
aldehyde (NP-GLU) and bevacizumab-loaded nanoparticles (B-NP and B-NP-GLU) after
their dispersion in either PBS at pH 7.4 (A) or DMEM (B). Data expressed as mean ± SD,
n= 3.

Fig. 8. Bevacizumab release profile from albumin nanoparticles (B-NP) after incubation
in PBS (pH 7.4). Data expressed as mean ± SD, n= 3.
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is supported by IR analysis, in which changes in the relative intensity of
amide I (C]O stretch) and amide II (CeN stretch coupled with NeH
bending mode) bands were observed. These modifications would be
related with the formation of hydrogen bonds between C]O and NeH
functional groups in bevacizumab and albumin (Ahmed et al., 2013). In
addition, changes in the typical fingerprint of bevacizumab (around
1000 cm−1) for loaded nanoparticles were also detected. Another evi-
dence of the interactions between albumin and bevacizumab in B-NP
was obtained by DTA analysis (Fig. 6). Contrary to the thermal signals
observed for bevacizumab (endothermic band at 70 °C) or native al-
bumin (exothermic peak at 30 °C and endothermic unfolding process at
80 °C) no relevant peaks were observed when B-NP was evaluated. In a
similar way, elemental analysis corroborated the different composition
of bevacizumab-albumin assemblies when compared with the different
compounds employed in their preparation (Table 2). Thus, compared
with albumin, the incorporation of bevacizumab in nanoparticles pro-
duced an increase in the amount of oxygen and a decrease in the
amount of nitrogen.

These submicronic aggregates of bevacizumab and albumin (B-NP)
showed a significantly higher mean size than glutaraldehyde cross-
linked nanoparticles (310 nm vs. 180 nm for B-NP-GLU) as well as a
significantly lower negative zeta potential (−14mV for B-NP vs.
−36mV for B-NP-GLU). From a morphological point of view, B-NP
were also different to B-NP-GLU (Fig. 3). In addition, our preparative
process of B-NP resulted in high payloads (13.2%) of active bev-
acizumab (as determined by ELISA, see Table 1). These values are in
line with those previously published for PLGA and PEG-PLA nano-
particles (Li et al., 2012; Sousa et al., 2017) and are significantly higher
than other obtained with solid lipid nanoparticles (Battaglia, 2010) or
nanoliposomes (Abrishamid et al., 2009). When incubated in PBS,
bevacizumab was released from albumin nanoparticles following a bi-
phasic profile (Fig. 8). In the first step, an important amount of the
loaded bevacizumab (about 30%) was rapidly released following a
burst effect, while in the second step a continuous amount of the
monoclonal antibody was released over time (around 6 μg/h).

Furthermore, B-NP did not produce alterations in cell viability even

Fig. 9. Single dose MTT assay following incubation of nanoparticles with ARPE cells for 4 h (A), 24 h (B), 48 h (C) or 72 h (D). The results are expressed as mean ± SD, n= 6.

Fig. 10. Repeated dose MTT assay following treatment either every over day (A) or every
24 h (B) over a 5-day period. The results are expressed as mean ± SD, n=3.
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when repeated doses were used on ARPE-19 cells viability assays. These
results are in alignment with those previously published by other re-
search groups, who described that bevacizumab did not affect the
viability of different ocular cells (e.g., ARPE-19 and choroidal en-
dothelial cells) either in normal or under oxidative stress conditions
(Saenz-De-Viteri et al., 2016; Spitzer et al., 2007).

Finally, the biodistribution of these nanoparticles when adminis-
tered as eye drops was evaluated in rats. Interestingly, bevacizumab-
loaded nanoparticles remained in the eye for more than 4 h post-ad-
ministration, while the control (HSA diluted in a commercial collyrium
containing hydroxypropyl methylcellulose) appeared to be eliminated
from the surface of the eye in less than 1 h. This finding of B-NP on the
ocular surface agrees with other studies in which albumin nanoparticles
show mucoadhesive properties when administered nasally (Luppi et al.,
2011). The mucoadhesive behavior of these albumin nanoparticles
would be a consequence of the establishment of links between nano-
particles and mucins through Van der Waals forces, electrostatic in-
teractions and/or hydrogen bonds (Luppi et al., 2008).

In summary, bevacizumab-loaded albumin nanoparticles were pro-
duced by a desolvation procedure and subsequent freeze-drying. The

resulting nanoparticles are stable without any supplementary stabili-
zation process (e.g., cross-linkage with glutaraldehyde). This stability
would be due to the development of protein-protein interactions be-
tween the antibody and albumin. These nanoparticles are not cytotoxic
when evaluated in ARPE-19 cells. In addition, when administered as
eye drops to laboratory animals they remain on the surface of the eyes
for at least 4 h. All of these results evidence that these albumin-based
nanoparticles may be good candidates for the ocular delivery of bev-
acizumab, opening the door to the evaluation of their efficacy in vivo.
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