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ARTICLE INFO ABSTRACT

Keywords: The transport protein albumin has been used as a drug nanocarrier for a long time due to its versatility. Albumin
Cationic albumin nanoparticles is negatively charged at physiological conditions limiting its anionic drug loading capacity. However, loading of
Desolvation

anionic drugs in the albumin nanoparticles (NPs), can be facilitated by albumin cationization. Here, we postulate
a simple desolvation method for preparation of cationic albumin NPs with improved anionic drug loading. First,
bovine serum albumin was cationized with ethylenediamine. Next, salicylic acid (SA) was added to the cationic
bovine serum albumin (cBSA) solution prior to the desolvation. Among different desolvating agents tested,
acetonitrile allowed the highest nanoparticle formation yield. The SEM analyses showed that the average size of
cBSA NPs decreased from ~200 nm to ~100 nm upon SA loading. Moreover, the drug loading capacity of cBSA
NPs was found to increase ~2 fold, and drug release was slower compared to BSA NPs. Finally, a significant
increase in cellular uptake of cBSA NPs compared to that of native BSA NPs showed the potential for improved

Salicylic acid
Drug loading
Cell uptake

drug delivery.

1. Introduction

Poor drug solubility is one of the most important challenges the
pharmacology is facing. Various techniques are employed to achieve
increased drug solubility [1-3]. Among them, loading of drugs in
nanocarriers is a preferred choice providing long term stability in
addition to enhanced solubility [4]. Albumin protein has been widely
used to prepare nanocarriers for drug delivery [5,6].

Human serum albumin (HSA) is the most abundant protein in human
blood with a concentration of about 40 mg/mL [7]. Every day, 13-14 g
of albumin is synthesized in the liver and released to the circulation [8].
Serum albumin is the natural carrier of a large number of drugs trans-
porting them from the bloodstream to target cells [9-11]. Notably,
cancer drugs associated with albumin are found to accumulate in cancer
cells through the receptor-mediated albumin uptake pathways [12,13].
Therefore, albumin attracts great interest in the pharmaceutical in-
dustry, as a drug carrier.

Drug-albumin formulations have been classified into three main
groups; non-covalent associations, covalent binding and drug loading in
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albumin nanoparticles (NPs) [7]. Drug-loaded albumin NPs have ad-
vantages over the other formulation methods. For example, drugs
loaded in albumin NPs are protected until the NP reaches the therapeutic
site of interest, where they can be released slowly in a controlled (sus-
tained) manner [14]. In addition, site-specific delivery of drugs can be
achieved by coupling of targeting ligands to NP surface [15]. Moreover,
NPs with high carrier capacity can be taken orally or by inhaler [16].
These features of NPs improve the efficiency of drugs without increasing
the drug dose and dosage frequency.

Emulsification and desolvation are two main methods of albumin NP
preparation. In the emulsification method, the albumin aqueous solution
is emulsified in immiscible liquids such as dichloromethane, cyclo-
hexane or ionic liquids by using a high-pressure homogenizer, a high-
speed homogenizer or an ultrasonic shear in the presence of surfactant
molecules [17-22]. In the desolvation method, addition of a desolvating
agent, such as ethanol or acetone, decreases the hydration level and the
solubility of the albumin, leading to NP formation [23,24]. Optimization
of the NP preparation process by adjusting the type of solvent, solvent
addition rate, albumin concentration, pH, temperature and ionic
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strength of the medium is used for controlled aggregation of albumin,
yielding dispersed spherical albumin NPs in the presence of a
cross-linker e.g. glutaraldehyde [23-30].

In the desolvation method, drug loading of albumin NPs depends on
the interactions such as hydrogen bonding, electrostatic and hydro-
phobic interactions between albumin and drugs [31]. Although albumin
surface is negatively charged at physiological condition pH = 7.4, both
neutral and negatively charged drugs can bind to albumin [32]. In our
previous studies, we showed that a maximum of 7 spin labeled salicylic
acid (SA) molecules which are negatively charged at pH = 7.4 can bind
to each bovine serum albumin (BSA) protein [33]. However, SA binding
to a cationic BSA (cBSA) protein is much more efficient, yielding almost
20 spin labeled SAs per one ¢cBSA molecule [34]. This demonstrates the
strong effect of electrostatic interactions in the drug-protein
conjugation.

The NPs with positively charged groups have been shown to bind the
negatively charged groups on cell surfaces, such as sialic acid, which
initiate cell uptake [35]. In the literature, different methods have been
developed to prepare cationic albumin NPs. Abbasi et al. prepared
Doxorubicin (Dox) loaded cHSA NPs by coating anionic HSA NPs with
positively charged polyethylenimine (PEI) through the electrostatic
binding [36]. In another study, BSA was conjugated with fatty amines to
form hydrophobic ¢cBSA NPs in an aqueous medium [37]. Han et al.
prepared cBSA proteins via ethylenediamine conjugation, and prepared
self-assembled ¢cBSA NPs by mixing ¢cBSA with siRNA which interact
with each other electrostatically [38]. Byeon et al. prepared Dox loaded
cHSA NPs with an emulsification method using a high-pressure ho-
mogenizer after surface modification of HSA with ethylenediamine [31].

Herein, cBSA NPs were prepared with a simple desolvation method.
Obtained cBSA NPs were shown to have increased drug loading capac-
ity, slower drug release and increased cellular uptake when compared to
the native albumin NPs. To our knowledge this is the first study to
prepare cationic albumin NPs by the simple desolvation technique. First,
we prepared cBSA proteins by conjugation of ethylenediamine to BSA,
and then desolvating agents were added into the cBSA aqueous solution
in the presence of glutaraldehyde to prepare cBSA NPs. Depending on
the type of desolvating agent, the yield of cBSA NPs formation changed
dramatically. For investigating the drug loading capacity, salicylic acid
(SA) was used as a model anionic drug. cBSA NPs were loaded with SA
through the desolvation process. The drug entrapment efficiency, drug
loading and drug release properties of cBSA NPs were investigated and
compared with those of non-modified BSA NPs. Also, the effects of
surface cationization on the cell uptake efficiency and cytotoxicity were
evaluated.

2. Experimental
2.1. Materials

Bovine serum albumin (BSA, Mw: 66.5 kDa lyophilized powder,
>96%), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimidehydrochlo
ride (EDC), ethylenediamine (EDA), glutaraldeyhde solution (8% (v/v)
in H20), methanol, ethanol, propanol, isopropanol, acetone, salicylic
acid, albumin-fluorescein isothiocynate conjugate (FITC), dimethyl
sulfoxide (DMSO) were purchased from Sigma — Aldrich. Acetonitrile
was purchased from Merck. The pH of the ethylenediamine solution was
adjusted with hydrochloric acid (6 M) solution.

2.2. Preparations

2.2.1. Preparation of cationic bovine serum albumin (cBSA) protein
cBSA was prepared as previously described in our publication and
elsewhere [39,40]. 100 mg BSA was dissolved in 1 mL of deionized
water. 650 pL ethylenediamine was mixed with 500 pL deionized water,
and then the solution pH was adjusted to 4.75 by addition of 9 mL HCl
(6 M). The BSA solution was added to the ethylenediamine solution.
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14.5 mg EDC was dissolved in 15 pL deionized water, then it was slowly
added to the BSA-ethylenediamine solution. The reaction was stirred at
750 rpm for 2 h. The reaction was stopped by the addition of 4 M acetate
buffer (pH 4.75). ¢cBSA was purified by 0.1 M aceate buffer and deion-
ized water for the elimination of excess amount of EDC and ethyl-
enediamine by 3 cycles of centrifugation using centrifugal filter
(molecular cut off: 50 kDa) (13,000 rpm, 3 min). The final cBSA was
collected from centrifugal filter, and then it was lyophilized and stored
at 4 °C. The cBSA yield was 70%. Fluorescein isothiocynate conjugated
cBSA (FITC-cBSA) protein was prepared similar to the procedure used in
the preparation of normal ¢BSA but with FITC-BSA instead of BSA.

2.2.2. Preparation of cBSA NPs and BSA NPs

cBSA NPs and BSA NPs were synthesized by the desolvation method
with using different desolvating agents, and cross-linked by gluta-
raldeyhde. Methanol, ethanol, propanol, isopropanol, acetone and
acetonitrile were tested as desolvation agents. Briefly, 62.5 mg cBSA (or
BSA) was dissolved in 1 mL deionized water for 20 min. The desolvating
agent was added dropwise to ¢cBSA (or BSA) solution using a syringe
pump with a flow rate of 1.0 mL/min. The NPs were formed under 750
rpm continuous stirring. The ¢BSA aqueous solution did not turn turbid
upon addition of 1:6 (v/v) of methanol or 1:6 (v/v) of ethanol; turned
slightly turbid upon addition of 1:5 (v/v) of propanol, 1:5 (v/v) of iso-
propanol or 1:4 (v/v) of acetone. The most turbid ¢cBSA solution was
obtained by adding 1:4 (v/v) of acetonitrile. Then, 18 pL of 8% (v/v)
cross-linking agent glutaraldeyhde was added to each reaction. On the
other hand, the BSA aqueous solutions turned turbid quicker by adding
the desolvating agents. Yet, 1:6, 1:4, 1:3, 1:3, 1:4 and 1:4 (v/v) of
methanol, ethanol, propanol, isopropanol, acetone and acetonitrile were
added to the BSA solution to have similar conditions with cBSA exper-
iments. The NPs were stirred overnight at 750 rpm to increase the sta-
bility of the NPs by crosslinking entirely. Aliquots NP solutions were
precipitated by centrifugation at 14,000 rpm for 45 min. Pellets were
washed with distilled water to eliminate desolvating agents, unreacted
cBSA, BSA and glutaraldeyhde. FITC-cBSA NPs and FITC-BSA NPs were
prepared similar to the procedures used in the preparation of cBSA NPs
and BSA NPs, but with FITC-cBSA and FITC-BSA, respectively.

2.3. Characterization of cBSA proteins, cBSA NPs and BSA NPs

The zeta potential and molecular weight of cBSA and BSA were
characterized in distilled water by a Malvern dynamic light scattering
(DLS) Nano-ZS instrument (Worcestershire, UK) and a mass spectrom-
eter using Bruker Autoflex-III (smartbeam) MALDI TOF/TOF system,
respectively. ¢cBSA and BSA aqueous solutions were measured by
attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectrometer (Perkin Elmer) with a resolution of 4 cm-1 ¢cBSA and BSA
aqueous solutions were measured before and after addition of acetoni-
trile with a Varian Cary Eclipse Fluorescence spectrophotometer
equipped with 1.0 cm path length quartz cuvettes.

After the purification of NPs, pellets were lyophilized for the yield
calculations. Lyophilized NPs were dissolved in distilled water for the
size and zeta potential measurements. The size and shape of NPs were
analysed by the scanning electron microscope (SEM, FEI QUANTA 250
FEG). Dissolved NPs were diluted 50 times with distilled water from
their dissolved NP solutions. 5 pL solutions were dropped on an
aluminum foil and samples were left for the drying for one day. Then,
dried samples were coated with gold using EMITECH K550X in a vac-
uum for SEM imagining. The accelerating voltages were 5-7 kV. Also,
size measurements of NPs were analysed by using a Malvern dynamic
light scattering (DLS) at a wavelenght of 632 nm. The scattering angle
was set at 173°. The zeta potential of nanoparticles were determined by
a Malvern dynamic light scattering (DLS) Nano-ZS instrument (Wor-
cestershire, UK).
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2.4. Preparation of salicylic acid (SA) loaded cBSA NPs and BSA NPs

62.5 mg/mL cBSA (or BSA) was dissolved in distilled water and
stirred for 20 min. Salicylic acid (SA) stock solutions were prepared in
DMSO. Then, dissolved SA was added to the albumin solutions at
different molar ratios SA:cBSA (or SA:BSA) 3:1, 5:1, 10:1, 25:1, 35:1
while keeping the DMSO content constant at less than 2% (v/v). The
mixtures were incubated for 30 min with 750 rpm stirring. After the
incubation, acetonitrile was added dropwise by using syringe pump with
a flow rate of 1 mL/min. The volume ratio of acetonitrile and water was
adjusted to 4:1. 18 pL of 8% (v/v) cross-linking agent glutaraldeyhde
was added. The reaction was stirred with a magnetic stirrer overnight at
750 rpm.

2.5. Measuring the percentages of entrapment efficiency and drug loading

The SA loaded cBSA NPs and BSA NPs were centrifuged at 14,000
rpm for 45 min. Pellets of NPs were lyophilized, and supernatants were
collected and analysed by the UV-visible spectrophotometer to calculate
the percentage of drug entrapment efficiency (Eq. (1)) and the per-
centage of drug loading (Eq. (2)). Supernatants were diluted with
acetonitrile:water (4:1, v/v) to measure the concentration of SA in the
supernatants by using LAMBDA 365 UV-visible spectrophotometer
(PerkinElmer). For the calibration curve, salicylic acid stock solutions in
the acetonitrile:water (4:1, v/v) were prepared. The curve was linear
and passed through the origin (R? = 0.9988, n = 5).

Initial drug weight — Drug weight in supernatant

Entrapment Efficiency (%) = Initial drug weight

Weight of drug in nanoparticles

Drug Loading(%) = 100 2)

Total weight of nanoparticles

Lyophilized drug loaded NPs were diluted in distilled water and
washed 2 cycles with distilled water for the size and zeta potential
measurements by dynamic light scattering (DLS). The size and
morphology of drug loaded nanoparticles were characterized by using
scanning electron microscope (SEM).

2.6. Invitro release of SA from cBSA NPs and BSA NPs

In vitro release of SA from NPs prepared with SA:cBSA and SA:BSA
molar ratios 35:1 were perfomed in phosphate buffer (0.1 M, pH 7.4). 6
mg SA-cBSA NPs and 10 mg SA-BSA NPs containing the same amount of
SA were dispersed in 2 mL of distilled water and 1 mL of phosphate
buffer. Then the solutions were transferred in 3 mL D-tube dialyzers
(Merck, MWCO 6-8 kDa). The dialyzer tube was placed in a beaker
containing 150 mL phosphate buffer at 37.5 °C under stirring at 200
rpm. At predetermined time points, 2 mL of sample was collected and
measured by UV-visible spectrophotometer to determine the released
amount of SA from ¢cBSA NPs and BSA NPs. After measurements, the 2
mL of samples were put back in the beakers.

2.7. Cell uptake and imaging

Huh-7 cells were cultured at 37 °C incubator with 5% CO, in DMEM.
DMEM was prepared with 1% penicillin/streptomycin and 10% FBS.
First, 500,000 Huh-7 cells were washed with PBS and labeled with 2.5
pL Dil in 47.5 pL PBS at 37 °C for 20 min. Cells were washed once with
10% FBS in PBS, twice with PBS and suspended in complete DMEM.

X 100
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Then 50,000 cell/chamber were seeded in 8-well chamber slide (SPL),
grown overnight before treatment with NPs. Cells were treated with 0.1
mg/mL, 0.05 mg/mL, 0.01 mg/mL and 0.001 mg/mL FITC-cBSA NPs or
FITC-BSA NPs in fresh DMEM and incubated 24 h at 37 °C. Then, cells
were washed with PBS and fixed with 4% PFA for 20 min. Finally, the
nuclei were stained with 4 mg/mL DAPI for 5 min and 8-well chamber
slides were covered with a drop of glycerol, before closing with cover-
slips. Slides were imaged with Confocal Microscope (Zeiss LSM880)
using 20X and 63X objectives. Z-stacks were taken 3 pm apart in 63X.
Images were processed with Image J to generate overlay images. Same
laser and scanning settings were used for each image.

2.8. Cell viability assay

Cell viability was assessed with CCK-8 assay as follows: Huh-7 cells
were seeded 7,000 cell/well in 96-well plates incubated in DMEM with
10% FBS at 37 °C with 5% CO5 incubator. 10 mg/mL cBSA NP (and BSA
NP) suspensions were prepared in DMEM, and cells were treated with
serial dilutions of NPs at final concentrations of 4 mg/mL - 0.05 mg/mL.
After 24 h incubation with NPs, cell medium was replaced with fresh
DMEM containing 10 pL CCK-8 reagent (Abcam 228554), incubated at
37 °C for 3 h. Absorbance at 460 nm was measured with Thermo Fisher
Multiskan Go at the beginning and end of 3 h incubation. The increase in
signal was used for calculating relative cell survival compared to control
wells with 100% survival. Each measurement was done in 3 replicas,
and % viability was calculated.

1

3. Results and discussion
3.1. Synthesis and characterization of cBSA protein

Cationized BSA (cBSA) was obtained by ammination of the surface
with ethylenediamine through an amide linkage. Addition of ethyl-
enediamine to the carboxylic acid groups of amino acids including
aspartic acids (Asp) and glutamic acids (Glu) were detected by the
MALDI TOF mass spectrum (Fig. 1 (A)). Increase in the average molec-
ular weight of BSA from 66490 g/mol to 68545 g/mol indicated that on
average 49 ethylenediamine molecules reacted with the available car-
boxylic acid side chains of 99 amino acids (Asp and Glu). ATR-FTIR
spectroscopy also showed the cationization of BSA with ethylenedi-
amine (Fig. 1 (B)). The band at 1400 cm ! was attributed to the C=0
bond in the side chain carboxylic groups of Asp and Glu in BSA.
Conjugation of ethylenediamine with Asp and Glu decreased the signal
intensity at this wavenumber, indicating the decrease of carboxyl group
in cBSA [41]. Consequently, the negative net charge on the BSA (—11 +
1) was converted into a positive net charge (+25 + 2) at pH 7.0 (Fig. 1
(C)). Also, the zeta potentials of BSA and cBSA at different pH values
(3.0-12.0) were measured (Fig. 1 (C)). For BSA, the positive zeta po-
tential decreased from +20 to 0 when pH was raised from 3.0 to 5.0.
Above the isoelectric point (pI = 5.0), the zeta potential of BSA
decreased with increasing the pH. On the other hand, the plI value of the
cBSA was determined as about 10.1. Thus, a net positive charge on cBSA
is maintained over a broad pH range.

3.2. Synthesis and characterization of cBSA NPs and BSA NPs
Here, cationic BSA nanoparticles (cBSA NPs) were prepared by a

simple desolvation process at pH 7.0. Different desolvating agents such
as methanol, ethanol, propanol, isopropanol, acetone and acetonitrile
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Fig. 1. (A) MALDI-TOF mass spectra of native BSA (black) and cationic BSA (cBSA) (red) proteins. (B) ATR-FTIR spectra of native BSA (black) and ¢BSA aqueous
solutions (red). (C) The zeta potentials of native BSA (black) and cationic BSA (cBSA) (red) proteins at different pH values from 3.0 to 12.0. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The yield percentages of cBSA (A) and BSA (B) NPs formations, the average hydrodynamic sizes and PDI values of cBSA (C) and BSA (D) NPs, and the zeta
potentials of (E) ¢cBSA and (F) BSA NPs produced with different desolvating agents including methanol, ethanol, propanol, isopropanol, acetone and acetonitrile.

Experiments were performed in triplicate.

were used to produce cBSA NPs. Fig. 2 (A) shows the yield % of cBSA
NPs formation when 62.5 mg of ¢cBSA dissolved in 1 mL of water. Using
alcohols e.g. methanol, ethanol, propanol or isopropanol as desolvating
agents produced very low amounts of cBSA NPs with the average yield %
of NP formations 3.7 & 0.1%, 3.2 + 1.1%, 4.7 &+ 1.9% and 6.3 & 0.4%,
respectively. These results showed that alcohols with short carbon
chains have poor desolvation ability for cationic BSA. Increasing the
length of alkyl chain of alcohol from one to three slightly improved the
yield of cBSA NP formation. Acetone and acetonitrile are polar aprotic
solvents which are capable of forming hydrogen bonds with only
hydrogen donors. Addition of acetone to ¢cBSA solution produced cBSA

NPs with 12.2 + 0.6% yield of NP formation which was relatively higher
than the results of used alcohols. On the other hand, using acetonitrile as
desolvating agent produced a significant amount of cBSA NPs with 54.8
=+ 0.2% yield of NP formation. Higher dipole moments of acetonitrile (p
= 4.00) and also acetone (p = 2.90) could favor the cationic albumin
binding compared to the used alcohols with lower dipole moments;
methanol (p = 1.70), ethanol (p = 1.70), propanol (p = 1.60), iso-
propanol (p = 1.63) [42,43]. Therefore, extensive electrostatic interac-
tion between acetonitrile and cBSA, together with the hydrophobic
interactions and hydrogen bonding led to more ¢cBSA NPs formation.
On the other hand, when non-modified BSA was used to produce
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NPs, all used desolvation agents yielded significant amount of NPs,
except for methanol with 10.5 £ 0.2% yield of NP formation (Fig. 2 (B)).
Methanol with the lowest carbon chain has a low desolvation ability for
the native BSA, too. Addition of ethanol, propanol, isopropanol, acetone
or acetonitrile to an aqueous solution of BSA produced considerable
amount of BSA NPs with 39.1 + 5.5%, 95 + 2.4%, 68.6 + 2.6%, 84.0 +
3.7% and 82.0 + 6.5% yields of NP formations, respectively. Increasing
the length of carbon chain in the used alcohols induced more BSA des-
olvation due to the larger hydrophobic interactions between BSA and
the alcohols [28]. Addition of acetone or acetonitrile enabled produc-
tion of significant amounts of BSA NPs, in accord with literature findings
[44,45].

Acetonitrile-albumin interaction could be analysed with fluores-
cence spectroscopy since albumin possess intrinsic tryptophan (Trp)
fluorescence (Trp-212 and Trp-134). Fig. S1 showed the fluorescence
emission spectra of BSA and cBSA aqueous solutions with different doses
of acetonitrile. Addition of acetonitrile to the BSA solution shifted the
fluorescence emission peak from 348 nm to 339 nm (Fig. S1 (A, C)). This
blue shift indicates that the environmental hydrophobicity of the Trp
increased upon addition of acetonitrile. The signal intensity is also very
sensitive to the microenvironment of Trp. At low acetonitrile content
(10% (v/v)), Trp was wrapped tightly inside the protein which reduces
the energy loss and fluorescence quenching [46]. As a result, the signal
intensity increased. Addition of 20% and 30% (v/v) acetonitrile
deformed BSA more. This leads to more Trp exposed to water which
decreases its fluorescence intensity. Above 30% (v/v) of acetonitrile,
aggregation of BSA reduced the Trp exposure to water, and so increased
its fluorescence intensity [47]. On the other hand, the fluorescence peak
of cBSA was observed at 340 nm (Fig. S1 (B, D)). Cationization of BSA
with ethylenediamine shifted the fluorescence peak from 348 nm to 340
nm. This blue shift indicated that the hydrophobicity of the system
increased with ethylenediamine conjugation. The fluorescence peak
position of cBSA was unchanged upon addition of acetonitrile up to 80%
(v/v). This shows that the environmental hydrophobicity of the Trp in
cBSA did not change remarkably upon addition of acetonitrile. Also the
signal intensity of cBSA increased gradually with increasing acetonitrile
content due to the changes in the microenvironment of Trp. Addition of

(A) cBSA NPs-Methanol

L P
P Y
)
118,72 nm 2SS

(B) cBSA NPs-Ethanol
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acetonitrile induced cBSA aggregation which increased its fluorescence
intensity [47].

Fig. 2(C) and (D) show the average hydrodynamic sizes of produced
cBSA NPs and non-modified BSA NPs using different desolvating agents
and the corresponding PDI values, respectively. A limited number of
cBSA NPs obtained with methanol and ethanol were analysed with DLS
and SEM techniques (Figs. 2 (C) and Fig. 3 (A)). When methanol or
ethanol were used, the obtained average hydrodynamic sizes were about
600 nm with the corresponding PDI values of about 0.45. This PDI value
showed the presence of ¢cBSA NPs with a wide range of particle sizes.
Actually, their SEM images showed the formation of cBSA NPs aggre-
gates (Fig. 3 (A) and (B)). On the other hand, using propanol, iso-
propanol or acetone yielded smaller nanoparticles with average
hydrodynamic sizes about 150 + 24, 127 + 1 and 119 + 13 nm,
respectively. Their PDI values which were lower than 0.2 showed the
presence of cBSA NPs with a relatively uniform size distribution. Addi-
tion of acetonitrile to cBSA aqueous solution produced relatively larger
cBSA NPs with average hydrodynamic size 244 + 4 nm compared to the
those of ¢cBSA nanoparticles after addition of propanol, isopropanol or
acetone. Also, the corresponding PDI value was about 0.2 indicating a
narrow size distribution. Fig. 3 (C-E) showed the SEM images of well
dispersed spherical ¢cBSA NPs obtained with use of propanol, iso-
propanol, acetone and acetonitrile. The sizes of cBSA NPs obtained from
SEM images smaller than the results of DLS because of dry state.

On the other hand, the hydrodynamic sizes of non-modified BSA NPs
produced using different desolvating agents were very similar to each
other (Fig. 2 (D)). Their average sizes varied between 100 and 200 nm.
In addition, the SEM images showed well dispersed spherical BSA NPs
with similar average particle sizes below 100 nm (Fig. 4). Obtaining
higher average particle size by DLS due to the formation of hydration
shell and swelling of nanoparticles with water.

The synthesized ¢cBSA NPs and BSA NPs had also different zeta po-
tentials. The zeta potentials of the produced ¢cBSA NPs with different
desolvation agents were found to be between +38 and + 44 mV (Fig. 2
(E)). On the other hand, native BSA NPs obtained from non-modified
BSA using different desolvation agents had negative potential charges
between —43 and —27 mV. Only, BSA NPs produced after addition of

(C) cBSA NPs-Propanol

- Soned ~

Fig. 3. SEM images of ¢cBSA NPs produced using different desolvating agents; (A) methanol, (B) ethanol, (C) propanol, (D) isopropanol, (E) acetone and (F)

acetonitrile.
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(A) BSA NPs-Methanol
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Fig. 4. SEM images of BSA NPs produced using different desolvating agents; (A) methanol, (B) ethanol, (C) propanol, (D) isopropanol, (E) acetone and (F)

acetonitrile.

methanol had a lower net negative charge of —11 mV (Fig. 2 (F)).

3.3. Drug loading and release properties of cBSA NPs and BSA NPs

Herein, cBSA NPs fabricated by acetonitrile precipitation was used in
order to study the drug loading and release properties, and also to study
cell uptake and toxicity. Acetonitrile was chosen due to high yield when
compared to other tested desolvating agents (Fig. 2(A)). According to
SEM analysis, the NP size is ~200 nm (Fig. 3 (E)), small enough for the
cellular uptake. For comparison, drug loaded non-modified BSA NPs
were also prepared by addition of acetonitrile.

Salicylic acid (SA) loaded c¢BSA NPs and BSA NPs were prepared by
the incorporation method. The water solubility of SA is very low
therefore concentrated SA solutions prepared in DMSO were incorpo-
rated at the time of NPs preparation. SA entrapment efficiency (wt%)
into cBSA NPs and BSA NPs were shown in Fig. 5 (A). At low SA:cBSA
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molar ratios e.g. 3:1 and 5:1, the SA entrapment efficiency was deter-
mined as 55 wt%. Increasing the SA:cBSA molar ratios to 10:1, 25:1 and
35:1 decreased the SA entrapment efficiencies to 45, 37 and 37 wt%,
respectively. Also, drug loading results of cBSA NPs were shown in Fig. 5
(B). SA content in the cBSA NPs increased with increasing the initial SA:
cBSA molar ratio and reached to 5.6 wt% at a molar ratio 35:1.
Maximum 35:1 (SA:cBSA) molar ratio was used due to the solubility
restriction of SA in aqueous medium.

On the other hand, SA loading into the native BSA NPs without
cationization was not possible at SA:BSA molar ratios 3:1 and 5:1 (Fig. 5
(A), black). However, at higher molar ratios of SA to BSA 10:1, 25:1 and
35:1, the SA entrapment efficiencies were determined as 6, 37 and 40 wt
%, respectively. Also, drug loading results of BSA NPs were found as 0.2,
2.1 and 3.0 wt% when 10:1, 25:1 and 35:1 (SA:BSA) molar ratios were
used, respectively (Fig. 5 (B), black). Obtaining SA entrapment in the
native BSA NPs only at higher SA:BSA molar ratios can be explained by
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Fig. 5. (A) Salicylic acid (SA) entrapment efficiency (wt%) results and (B) SA loading (wt%) results of cBSA NPs (red) and BSA NPs(black) with respect to the initial
molar ratio of SA:Albumin. (C) The cumulative percentages of SA released from the cBSA NPs (red) and BSA NPs (black) prepared with the 35:1 (SA:Albumin) molar
ratio with Korsmeyer-Peppas fitting model. Experiments were performed in triplicate. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 6. The zeta potentials of (A) SA loaded ¢cBSA NPs and (B) SA loaded BSA NPs produced with different SA:cBSA and SA:BSA molar ratios, respectively.

Nanoparticles were prepared using acetonitrile.

the cationization of BSA due to the high SA content in the medium.
Addition of high SA content into the BSA aqueous solution decreased the
pH value of BSA solution. The measured pH values of BSA solutions after
addition of SA with the ratios of 10:1, 25:1 and 35:1 (SA:BSA) were 6.1,
5.0 and 4.6, respectively. At acidic pH, the surface charge of BSA protein
became cationic (without ethylenediamine conjugation). As a result,
similar to the zeta potentials of SA loaded cBSA NPs +40 mV (Fig. 6 (A)),
non-modified BSA NPs gained positive net charges +37.5 and + 36.9 mV
in the presence of high levels of SA, 25:1 and 35:1 (SA:BSA), respectively
(Fig. 6 (B)). At 10:1 (SA:BSA) molar ratio, the obtained BSA NPs had a
lower net negative charge about —10 mV compared to the zeta poten-
tials of BSA NPs —36 mV when 0:1, 3:1 and 5:1 (SA:BSA) molar ratios
were used (Fig. 6(B)). Consequently, non-modified BSA NPs could only
load the SA significantly when high levels of SA (25:1 and 35:1, SA:BSA)
were incorporated.

Also, loading of SA in the ¢cBSA NPs and BSA NPs affect the sizes of
nanoparticles differently. Fig. 7 shows the SEM images of drug loaded
cBSA NPs and BSA NPs at different SA:Albumin ratios, 0:1, 25:1 and
35:1. Loading of SA in the cBSA NPs with 25:1 and 35:1 SA:cBSA molar
ratios decreased the sizes of cBSA NPs, gradually. Before SA loading, the

SA:Albumin

cBSA NPs

SA:Albumin

average size of cBSA NPs was around 200 nm. However, after SA
loading, it decreased to around 100 nm (Fig. 7, top). Addition of high
numbers of SA (25:1 and 35:1, SA:cBSA) into the ¢cBSA protein solution
decreased the pH value of the protein solution to 5 which makes the
cBSA proteins more cationic (Fig. 1 (C)). Therefore, higher electrostatic
repulsive forces limited the number of cBSA proteins involved in ag-
gregation process which causes smaller particle formation. The DLS
results were also consistent with the SEM results. The average hydro-
dynamic sizes decreased from 244 nm (PDI: 0.2) to 182 nm (PDI: 0.22)
and 170 nm (PDI: 0.21) after SA loadings (25:1 and 35:1, SA:cBSA),
respectively.

Conversely, for native BSA NPs, drug loading first increased the
average size of SA loaded BSA NPs enormously at 25:1 SA:BSA ratio, and
then decreased it at 35:1 SA:BSA ratio (Fig. 7, bottom). Yet, at 35:1 SA:
BSA molar ratio the final average size of SA-BSA NPs (~275 nm) was
much larger than that of bare BSA NPs (~100 nm). This might be
explained with the effect of SA on the surface charge of BSA protein in
solution. Addition of SA to BSA solution at 25:1 and 35:1 M ratios (SA:
BSA) decreased the pH of the solution to 5.0 and 4.6, respectively. In
Fig. 1 (C), the isoelectric point of BSA was found as 5.0. Therefore, at

SA:Albumin

Fig. 7. SEM images of cBSA NPs (top, left) and BSA NPs (bottom, left) without SA loading. Drug loaded cBSA NPs (top) and BSA NPs (bottom) obtained with mixtures

of 25:1 (middle) and 35:1 (right) SA:Albumin molar ratios.
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25:1 M ratio (SA:BSA), the pH of BSA solution reached to the isoelectric
point.

Keeping the zeta potential of BSA around the isoelectric point favors
protein-protein hydrophobic interactions which induce much larger
particle formation (Fig. 7, bottom-middle). However, addition of more
SA into BSA solution with 35:1 M ratio decreased the pH value of so-
lution to 4.6 which makes the BSA cationic. Therefore, this positive
surface charge on the BSA proteins relatively inhibited the formation of
larger BSA NPs but still larger than the bare BSA NPs (Fig. 7, bottom-
right). Their average hydrodynamic sizes were also supported their
SEM results. The average sizes of BSA NPs (193 nm, PDI: 0.17) increased
to 735 nm (PDI: 0.284) and 268 nm (PDI:0.10) at 25:1 and 35:1 M ratios
(SA:BSA), respectively.

In vitro release of SA from the SA loaded ¢cBSA NPs prepared with the
35:1 (SA:cBSA) molar ratio was investigated at 37 °C in 0.1 M phosphate
buffer, pH 7.4 (Fig. 5 (C)). 6 mg of SA-cBSA NPs dispersed in 3 mL
water/phosphate buffer (2:1, v:v) was placed in a D-tube dialyzer, and
then the tube was put into a beaker containing 150 mL of phosphate
buffer (pH 7.4).The total release of SA from cBSA NPs at the end of 53 h
was found to be 78% (Fig. S2 (A)). The SA release profile of cBSA NPs
was indicative of a biphasic pattern. An initial burst release within 50
min corresponding to the 37% of loaded SA was followed by a relatively
slower release of SA. In order to compare the SA release profile of cBSA
NPs with that of non-modified BSA NPs, 10 mg of SA-BSA NPs con-
taining the same amount of SA were used. Again, the SA-BSA NPs were
prepared with the 35:1 (SA:BSA) molar ratio. Fig. 5 (C) shows an initial
burst of SA release within 50 min, during which up to 58% of loaded
drugs are released from the non-modified BSA NPs. At the end of 7 h, the
total SA release from BSA NPs was found to be around 100%.

Also, the drug release mechanism of cBSA NPs was studied by
mathematical methods. The drug release data were treated according to

cBSA NPs

0.1 mg/mL

0.01 mg/mL

BSA NPs
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Korsmeyer-Peppas model (cumulative % drug release vs. n power of
time) and Higuchi model (cumulative % drug release vs. square root of
time) [48]. Fitting models of SA release from BSA NPs and cBSA NPs
were shown in Fig. 5 (C) and Fig. S2 (B). The SA release process followed
Korsmeyer-Peppas model for both BSA NPs and cBSA NPs with the
higher correlation (R2) values of 0.98 and 0.99, respectively (Fig. 5 (C)).
On the other hand, the obtained R? values of Higuchi models are 0.94
and 0.97 for BSA NPs and cBSA NPs, respectively (Fig. S2 (B)). The
release power (n) value obtained from the Korsmeyer-Peppas model also
indicates the mechanism of drug release from the carrier. For spherical
carriers, values of n less than 0.43 indicate that the drug release
mechanism follows Fickian diffusion mechanism [49]. Here, the n
values obtained using Korsmeyer-Peppas models are 0.28 and 0.30 for
BSA NPs and cBSA NPs, respectively, which suggest that the release of
SA from both NPs is controlled by Fickian diffusion. In addition, the SA
release rate constants (k) obtained from the Korsmeyer-Peppas model
are 19 and 10 for BSA NPs and cBSA NPs, respectively, which indicate
the slower release rate of SA from cBSA NPs. The drug release from
non-modified BSA NPs is much faster than that from cBSA NPs. Since
non-modified BSA gains positive charge after addition of SA, the NP zeta
potential gradually became negative again with releasing SA. After
complete drug release, the zeta potential of non-modified BSA NPs was
found to be —39 mV. However, zeta potential of ¢cBSA NPs did not
depend on the presence of SA so much. Therefore, durable electrostatic
interaction between cBSA and SA retards the drug release.

3.4. Cellular uptake and toxicity of cBSA NPs and BSA NPs

Cellular uptake and toxicity of cBSA NPs and BSA NPs were inves-
tigated in cancer cell line, Huh7. Fluorescein isothiocyanate (FITC)
labeled cBSA and BSA were used to visualize the distribution in cells.

Fig. 8. The cellular uptake of cBSA NPs (A, C) and
BSA NPs (B, D) with 0.1 mg/mL and 0.01 mg/mL,
respectively. Huh 7 cells were treated 24 h with NPs
that were prepared using FITC labeled ¢cBSA and BSA.
Cell membranes were stained with Dil (red) and
nuclei were stained with DAPI (blue). Images were
recorded at confocal microscope with 20X (A, B) or
63X Oil (C, D) objective. Scale bar = 100 pm (A, B)
and = 20 pm (C, D). (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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First, cells were incubated with 0.1 mg/mL cBSA NP or BSA NP for 24 h.
Both non-modified and cationic NPs entered the cells, however the
number of NP per cell was extremely high for cBSA NP compared to BSA
NP (Fig. 8 (A), (B)). cBSA NPs appeared to accumulate in large numbers
in the cells, as expected due to increased electrostatic attraction. Next,
we treated cells with a low concentration (0.01 mg/mL) of NPs to further
demonstrate the effect of cationic surface charge. At 0.01 mg/ml the
cellular uptake of BSA NPs was close to none, with very few cells con-
taining few NPs. On the other hand, cBSA NPs were still efficiently taken
by cells and several NPs per cell were detected (Fig. 8 (C), (D)). These
data show that at both NP concentrations, the uptake amounts of cBSA
NPs were much higher than that of non-modified BSA NPs. The signif-
icant difference between the cellular uptake of cBSA NPs and that of
non-modified BSA NPs is due to electrostatic interactions between cBSA
and negatively charged cell membrane. Supporting this, several studies
have shown that cationic NPs demonstrate better adherence to the cell
membrane which causes higher intracellular accumulation compared to
the negatively and neutrally charged NPs [35,36,50].

The cytotoxic effect of cBSA NPs at various concentrations were
measured with CCK8 viability assay in HuH7 cells, and cytotoxicity of
cBSA NPs was found to be concentration dependent. After 24 h, the cell
viability was not affected when treated with 0.05-0.2 mg/mL of cBSA
NP concentrations. cBSA NP concentration between 0.2 and 1.0 mg/ml
caused gradual decrease in viability. From Fig. 9 (red), it can be derived
that the half maximal effective concentration (ECsg) of ¢cBSA NPs was
0.8 mg/mL. Above 1.0 mg/mL, however 40% viable cell population was
not affected significantly from increased cBSA NP concentration since
the saturation of uptake was achieved already. On the other hand,
cellular uptake of non-modified BSA NPs had no significant influence on
the cell viability up to 4 mg/mL concentrations for 24 h (Fig. 9, black).
cBSA NPs caused a pronounced cytotoxicity compared to the native BSA
NPs. This could be explained by the strong adherence of cBSA NPs to cell
membrane which may cause cell membrane integrity disruption, and/or
mitochondrial and lysosomal damage with consequent production of
reactive oxygen species (ROS) [50]. However, the cell viability up to 0.1
mg/mL cBSA NPs was still around 100% in spite of a significant accu-
mulated amount of cBSA NPs in the cells (Fig. 8 (A)). The cell uptake
measurements clearly showed that 0.1 mg/mL cBSA NPs strongly
accumulated in the cell without causing any toxic effect.

4. Conclusion

To sum up, we fabricated cBSA NPs using a simple desolvation
method, and then compared them with anionic native BSA NPs in terms
of drug loading, drug release and cellular uptake. cBSA was obtained by
ammination of the BSA surface with ethylenediamine, and was charac-
terized by MALDI-TOF, ATR-FTIR and zeta potential measurements.
cBSA NPs were obtained in a high formation yield (54.8%) only through
addition of acetonitrile to the cBSA aqueous solution compared to the
other desolvating agents such as methanol (3.7 wt%), ethanol (3.2 wt%),
propanol (4.7 wt%), isopropanol (6.3 wt%) and acetone (12.2 wt%).
Acetonitrile-BSA and acetonitrile-cBSA interactions were analysed with
fluorescence spectroscopy. Addition of acetonitrile changed the envi-
ronmental hydrophobicity of the Trp in BSA, but not changed that of the
Trp in cBSA. Also the signal intensities of both BSA and cBSA increased
gradually with increasing acetonitrile content due to the aggregation of
albumins. Acetonitrile with the highest dipole moment interacts with
cBSA proteins much electrostatically which caused more desolvation, in
addition to the hydrophobic interaction and hydrogen bonding. The
SEM analyses showed that the sizes of cBSA NPs and BSA NPs prepared
using acetonitrile were around 200 nm and 100 nm, respectively.

Salicylic acid (SA) was used as a model drug to investigate drug
loading and release properties of cBSA NPs which were prepared with
acetonitrile. The reason for the choosing acetonitrile as a desolvating
agent is that the yield % of cBSA NP formation is much higher when
acetonitrile is used. SA was mixed with c¢BSA at different ratios
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Fig. 9. Cell viability of ¢cBSA NPs (red) and BSA NPs (black). The cells were
incubated with different concentrations of NPs: 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and
4.0 mg/mL for 24 h incubation times. Experiments were performed in triplicate.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

throughout the desolvation process. At all used SA:cBSA molar ratios, SA
was loaded in ¢cBSA NPs with a maximum drug loading of 5.6 wt%
(35:1). However, SA was not loaded in native anionic BSA NPs at low SA:
BSA ratios. Yet, it was loaded at high SA:BSA ratios with a maximum
drug loading of 3.0 wt% which was lower than that of cBSA NPs. This
could be explained by decrease in the pH value of SA and BSA mixture at
higher SA concentrations. Drug release properties of cBSA NPs and BSA
NPs were also different. SA release behavior of cBSA NPs was slower
than that of BSA NPs. For both BSA and ¢cBSA NPs, the SA release process
followed Korsmeyer-Peppas model with the high correlation (R?) values
of 0.98 and 0.99, respectively. In addition, SEM analyses showed that
drug loading decreased the average sizes of cBSA NPs from 200 nm to
100 nm while drug loading increased the average sizes of BSA NPs from
100 nm to 275 nm. This is because the pH value of SA-BSA mixture
became close to the isoelectric point of BSA which favors the BSA-BSA
interactions.

Cationization of BSA markedly increased the cell uptake efficiency of
BSA NPs. Electrostatic interactions between ¢cBSA NPs and cell mem-
brane resulted in preferential uptake into cells compared to that of
anionic BSA NPs. Finally, the high level of ¢cBSA NPs cellular accumu-
lation decreased the cell viability significantly. The ECsg value of cBSA
NPs was observed to be 0.8 mg/mL after incubation time of 24 h. Yet, the
cell viability was around 100% up to 0.1 mg/mL of cBSA NPs treatment,
with a significantly better cellular uptake compared to the uptake of BSA
NPs.
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