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Tonic liquids (ILs) with a variety of properties have been considered a unique class of solvents. Using ILs in
microemulsions as oil substitutes provides environmentally benign media for various applications including
nanoparticle synthesis. Here, bovine serum albumin nanoparticles (BSA NPs) widely used in drug delivery stud-
ies were prepared in nano-sized water droplets of water-in-IL (W/IL) microemulsion systems. A hydrophobic IL
of 1-butyl-3-methylimidazolium hexafluorophosphate (BmimPFg) was used as oil component in place of oils
(castor oil, olive oil, etc.) and/or conventional organic solvents (cyclohexane, dichloromethane, etc.) in an emul-
sification method. In order to obtain spherical BSA NPs, high speed homogenizer treatment was applied followed
by glutaraldehyde addition. Effects of glutaraldehyde, speed of homogenizer, type of surfactants and composi-
tional fractions of the microemulsion components on the formation of water droplets and/or preparation of
BSA NPs were studied using FTIR, EPR, DLS, and SEM techniques. Optimization of these preparation parameters
showed that 3 wt% of BSA in a water/Tween 20/BmimPFg microemulsion with 20:50:30 wt% yielded ~100 nm av-
erage sized BSA NPs based on the SEM analysis. Although, water droplet size strongly depends on the water con-
tent, BSA nanoparticle size did not show a significant dependency on the water content. On the other hand,
surfactant/IL weight ratio is more crucial for obtaining more uniformly size distributed albumin nanoparticles.
A significant cellular uptake of BSA NPs prepared in IL based microemulsions with high cell viability showed
the potential of this technique in preparation of albumin nanoparticles that can be used also in drug delivery
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studies.
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1. Introduction

Over the past few decades, ionic liquids (ILs) composed of organic-
inorganic ion pairs have been considered to be versatile and environ-
mentally safe solvents that have application in many fields such as syn-
thesis, catalysis, electrochemistry, and chemical industry [1-5]. Also, ILs
have attracted extensive attention in microemulsion systems during re-
cent years [6-9]. Several unique properties including good solvation
ability, negligible vapor pressure, recyclability, low toxicity, high ther-
mal stability, and a broad liquid temperature range make ILs suitable
green alternatives to traditional toxic organic solvents [10-12]. In addi-
tion, ILs are called “designer solvents” since the cationic and anionic
constituents of ILs can be modified to obtain desired properties in solu-
tions [13]. Therefore, they have great potential applications in the
microemulsion systems in which they can be used as each of the three
components required to formulate a microemulsion e.g. substituted
for oil, water, and surfactant molecules [6].
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Microemulsions are formed by mixing two immiscible liquids
with the help of surfactant molecules. They are thermodynamically
stable and optically isotropic colloidal solutions. While they are ho-
mogenous in macroscale, formation of nano-sized droplets
(5-100 nm size) of one in the other causes a microheterogeneous
structure. Depending on the type and fraction of components,
microemulsions are classified as water-in-oil (W/0), oil-in-water
(0O/W), and intermediate bicontinuous structural types. Water drop-
lets are dispersed in a continuous phase of an oil in the W/O reverse
microemulsions. On the other hand, oil droplets are dispersed in
water in the O/W direct microemulsion. The size of droplets in
microemulsion can be modified by the several parameters such as
water content, type of surfactant (e.g. ratio of hydrophilic-
lipophilic balance (HLB)), type of oil, and weight ratio of oil:surfac-
tant. The use of droplets inside the microemulsions can be classified
as a reaction medium for a variety of chemical reactions including
nanoparticle synthesis. For example, nanoparticles based on metals
(Au, Ag, Pt, Pd, Cu, etc.), bimetals (Pt/Pd, Ag/Au, Ag/Cu), metal ox-
ides, semiconductors, polymers, and biomacromolecules have been
prepared inside microemulsions [14-19].
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ILs used as alternative substitutes in microemulsion systems
have been utilized for nanoparticle preparations e.g. silica nanopar-
ticles [19], latex nanoparticles [20], gold nanoparticles [21], and
starch nanoparticles [17,22,23] in a limited number of studies. In
our previous study, bovine serum albumin (BSA) protein was
converted into nanoparticles (NPs) in a BmimBF; based
microemulsion-like system [24]. Although water and BmimBF, are
macroscopically miscible, their mixtures are not homogeneous on
the microscopic scale especially for the water content around
50 mol% [25-27]. Thus, unstable mesostructures composed of
water-rich and BmimBF,-rich domains allow only formation of lim-
ited number of BSA NPs (200 nm average size) if specific composi-
tional fractions of the microemulsion components, water/
surfactant/IL, were used [24].

Serum albumin is the most abundant protein in the blood plasma
of all vertebrates and serves as a carrier for various endogenous and
exogenous compounds including fatty acids, steroids, ions, drugs
[28]. Extensive drug binding ability of albumin inspired scientists
to synthesize nanocarriers from albumin for drug delivery [29-34].
In addition, their unique properties such as biodegradability, lack of
toxicity and antigenicity, and easy preparation make them a valuable
candidate among all possible different nanocarriers [31]. Albumin
nanoparticles can be prepared by emulsification method. Albumin
aqueous solution was emulsified in an oil phase e.g. castor oil, cyclo-
hexane or dichloromethane in the presence of surfactant molecules
[35-37]. Applying a high-speed homogenizer, high-pressure homog-
enizer or ultrasonic shear followed by thermal heating or addition of
a cross-linker produces stable albumin nanoparticles. BSA NPs with
an average size of 600 nm were prepared in a water/SPAN-80/
castor oil emulsion using an emulsion-heat stabilizing technique
[35]. In another study, 400 nm average size BSA NPs were obtained
in a water/SPAN-80/cyclohexane emulsion after applying a high
speed homogenizer in the presence of glutaraldehyde as cross-
linker [36]. Obtaining larger nanoparticles with emulsification
method compared to the desolvation method limits using the
method of emulsification. Moreover, using toxic and volatile organic
solvents in both methods is harmful both for the environment and
human health.

Differently, in this work, we used a hydrophobic IL of 1-butyl-3-
methylimidazolium hexafluorophosphate (BmimPFg) instead of
using a conventional organic solvent in the emulsification method,
which can provide a green medium with unique properties. Applying
a high speed homogenizer followed by glutaraldehyde cross linking
yielded BSA NPs. Experimental parameters which influence the BSA
NP formation such as the weight ratios of microemulsion compo-
nents, type of surfactant, homogenizer speed, and glutaraldehyde
cross linking were studied in detail using Fourier transform infrared
(FTIR) spectroscopy, dynamic light scattering (DLS), electron
paramagnetic resonance (EPR) spectroscopy, and scanning electron
microscopy (SEM). In addition, efficient cellular uptake of nanoparti-
cles prepared in the IL microemulsion based system and their trivial
effects on cell viability showed that the ionic liquid microemulsions
have potential applications also for drug loaded nanoparticle
preparation.

Table 1
Weights of water-in-IL microemulsion components prepared with different ratios.

2. Experimental details
2.1. Materials

1-Butyl-3-methylimidazolium hexafluorophosphate (BmimPFg),
bovine serum albumin (BSA, Mw = 66,000 Da, lyophilized powder),
fluorescein isothiocyanate labeled bovine serum albumin (FITC BSA),
Tween 20, TX 100, glutaraldehyde solution (Grade II, 25% (v/v) in
H,0), absolute methanol and ethanol, 16-doxyl stearic acid (16-DSA),
folic acid, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride, thiazolyl blue tetrazolium bromide (MTT), 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) were
purchased from Sigma - Aldrich. Vybrant-Dil was purchased from
Thermo All chemicals and solvents were analytical grade and used with-
out any further purification. The pH of aqueous solutions was adjusted
with 0.1 M NaOH or KOH for folic acid conjugation using an OHAUS
STARTER3100 pH meter.

2.2. Preparation of W/IL microemulsions

The water/Tween 20/BmimPFg mixture forms microemulsions ac-
cording to published works by Gao et al. [38] and Dong et al. [39] The
ternary phase diagram was prepared and shown in Supplementary
part, Fig. S1(A), which is very similar to the published results [38,39].
The three types of subregions in the microemulsion region e.g. W/IL,
bicontinous and IL/W phases were determined by Gao et al. [38] using
a cyclic voltammetry technique and by Dong et al. [39] using conductiv-
ity measurements. Here, subregions of the microemulsion were deter-
mined by conductivity measurements (Fig. S1(B-C)). We chose the
specific compositions in the W/IL microemulsion region. Different com-
positions in the W/IL microemulsion region based on the ternary phase
diagram were prepared. Components were mixed and listed according
to their weight fractions (Table 1). In order to understand the effects
of weight fraction of microemulsion components on the sizes of drop-
lets and BSA nanoparticles, one component was kept constant and the
others systematically were changed in the W/IL microemulsion region.
By this way, sizes of water droplets and BSA nanoparticles can be mon-
itored depend on different W:IL, W:surfactant and IL:surfactant ratios.
First, BmimPFg and Tween 20 were mixed at 1200 rpm with magnetic
stirrer for 15 min and then water was added into the IL-surfactant mix-
ture. Stirring the mixture for 90 min at 1200 rpm yielded W/IL
microemulsions with or without applying high-speed homogenizer at
22,000 rpm.

The ternary phase diagram of the microemulsion was prepared at 25
°C. After mixture of water and BmimPFg, the Tween 20 was added into
the solution until the solution became transparent, which was indica-
tive of the formation of the single phase. A series of microemulsions
were prepared through changing the weight ratio of water/BmimPFg
at9:1, 8:2,7:3,6:4, 5:5, 4:6, 3:7, 2:8, and 1:9, respectively. Conductivity
measurements were taken with a portable conductometer (Thermo,
Orion 3 Star) with a cell constant 0.475 cm™'. The water was progres-
sively added to the mixture of Tween 20 and BmimPFg, and the conduc-
tance was measured after 2 min mixing and 30 min of waiting.

Constant Tween 20 (g)

Constant IL (BmimPFs) (g)

Constant water (g)

Water Tween 20 IL wt% Water Tween 20 IL wt% Water Tween 20 IL wt%

0.050 1.250 1.200 2:50:48 0.050 1.950 0.500 2:78:20 0.125 2.125 0.250 5:85:10
0.125 1.250 1.125 5:50:45 0.125 1.875 0.500 5:75:20 0.125 1.875 0.500 5:75:20
0.250 1.250 1.000 10:50:40 0.375 1.625 0.500 15:65:20 0.125 1.250 1.125 5:50:45
0.500 1.250 0.750 20:50:30 0.575 1.425 0.500 23:57:20 0.125 0.875 1.500 5:35:60
0.750 1.250 0.500 30:50:20 0.750 1.250 0.500 30:50:20 0.125 0.500 1.875 5:20:75
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2.3. Characterization of water droplets in the W/IL microemulsions

A series of ternary water/Tween 20/BmimPFg solutions with differ-
ent wt% were measured by attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectrometer (Perkin Elmer) with a
resolution of 8 cm~! and with a Malvern dynamic light scattering
(DLS) Nano-ZS instrument (Worcestershire, UK). DLS was used for
size measurements at a wavelength of 633 nm. The scattering angle
was set at 173°.

2.4. EPR analysis of BSA:16-DSA complex in the W/IL microemulsions

Aqueous solution of 2 mM BSA in 0.1 M phosphate buffer (pH 7.4)
and 26 mM 16-doxyl stearic acid (16-DSA) in 0.1 M KOH were prepared.
The final concentrations of BSA and 16-DSA in the mixture are 0.75 mM
and 1.5 mM, respectively. 16-DSA conjugated BSA solution before and
after addition of BmimPFg/Tween 20 mixture were measured with a
CMS 8400 (Adani) benchtop X-band EPR spectrometer with a TE; o, res-
onator cavity. Measurements were performed in quartz capillary sam-
ple tubes.

2.5. Preparation of BSA NPs in the W/IL microemulsions

BSA NPs were synthesized in the W/IL microemulsion systems with
the help of high-speed homogenizer and glutaraldehyde as cross-linker.
As an example, water/Tween 20/BmimPFs microemulsion with
10:50:40 wt% was prepared using 1 g of BmimPFgs and 1.25 g of
Tween 20. They were mixed at 1200 rpm with magnetic stirrer for
15 min. Then, 250 pL of 6% (w/v) BSA aqueous solution at pH = 9 was
added dropwise to the IL/surfactant mixture. After 90 min of mixing,
the system was stirred at 22,000 rpm for 2 min by high-speed homoge-
nizer (IKA, T 18 TURRAX). At the end of homogenization, 45 pL of glutar-
aldehyde solution (Grade II, 25% (v/v) in H,0) was added. The system
was stirred overnight at 1200 rpm. Subsequently, albumin nanoparti-
cles were precipitated with methanol under stirring at 1400 rpm
followed by centrifugation at 15,000 rpm for 15 min. The pellet was
washed with methanol, 50/50 (v/v) ethanol/water mixture and water
to eliminate BmimPFg, Tween 20, unreacted BSA and glutaraldehyde. Fi-
nally, pellets were prepared for characterizations. Experiments with dif-
ferent ratios from W/IL region of ternary phase diagram were
performed based on the same procedure (Table 1).

2.6. Characterization of BSA NPs in the W/IL microemulsions

After centrifugation, pellets were dissolved in the same amount of
ultrapure water. For scanning electron microscope (SEM, FEl QUANTA
250 FEG) analyses, nanoparticle solutions were diluted 100 times from
their original volumes with ultrapure water. After that, 10 pL of nano-
particle solutions were dropped on an aluminum foil and samples
were left in the fume hood for drying. Dried SEM samples were coated
with gold using EMITECH K550X in a vacuum before SEM analyses.
The accelerating voltage was 5 kV. Particle size analyses of SEM images
were done by using Image] program. A Malvern dynamic light scattering
(DLS) Nano-ZS instrument (Worcestershire, UK) was used for size mea-
surements at a wavelength of 633 nm. The scattering angle was set at
90°.

2.7. Preparation of folate conjugated BSA NPs

BSA NPs, prepared as described above, were modified as the follow-
ing method which is frequently used in the literature [40]. 800 L of folic
acid solution (20 mg/mL) in 0.1 M of KOH,q) were incubated with 200
pL fresh N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC)
under constant shaking in the dark for 15 min at 1400 rpm. Subse-
quently, 1 mL of BSA nanoparticle suspension (content 15 mg/mL)
was added, and stirring continued for 1 h. Reaction was stopped by

adding 100 pL hydroxylamine (500 mg/mL). The folate-conjugated
nanoparticles were then purified from unreacted folic acid by 3 cycles
of centrifugation (16,100 xg, 10 min) and the pellet was dispersed to
the original volume in water.

2.8. Cell uptake and imaging

Huh?7 cells were cultured at 37 °C in presence of 5% CO, in DMEM
containing penicillin/streptomycin and 10% FBS. For cell uptake test
cells were labeled with Dil. 500,000 cells were washed with PBS and in-
cubated in 50 pL PBS containing 2.5 pL Dil 20 min in 37 °C incubator,
washed once with FBS, twice with PBS and resuspended in 5 mL com-
plete DMEM, 50,000 cells/well were seeded in 8-well chamber slides
(SPL). Next day 0.1 mg/mL FITC-BSA NPs were added via medium re-
placement and incubated 4 h or 24 h for uptake test. Cells were washed
with PBS, fixed with 4% PFA, washed with PBS and nuclei was stained
with 4 pg/mL DAPI solution for 5 min, slides were mounted with 80%
glycerol. Slides were imaged with Zeiss LSM880 Confocal microscope
using 63x oil objective, Z stacks with 3 pm slices were taken to check
whether NPs are in the cells. Image processing is done with FIJI software.

2.9. Cell viability assay

Cell viability was assessed with MTT assay as follows: Cells were
seeded on 96-well plates at 7000 cells/well, incubated overnight for ad-
herence. 20 mg/mL BSA NP suspensions were prepared in sterile PBS
and added to complete DMEM at a final concentration of 4 mg/mL. Serial
dilutions of BSA NPs were made with complete DMEM to obtain final
concentrations of 2 mg/mL - 0.05 mg/mL, and cells were incubated
with the NP containing DMEM for 24 h and 48 h. Control cells were
treated with PBS in corresponding volumes. For MTT test, 15 L of
5 mg/mL MTT was added to 100 pL of DMEM, cells were incubated
with this mix for 4 h. Cell medium was aspirated and 100 pL. DMSO
was added to each well to dissolve formazan, incubated at RT in dark
for 30 min. Photometric measurements were recorded at 570 nm with
Thermo Multiskan GO plate reader. Each measurement was done in 3
replicas, and % viability was calculated.

3. Results and discussion

In this study, a hydrophobic ionic liquid, BmimPFg, was used as oil
phase for the microemulsion formulation. BmimPFg was selected since
it is a water immiscible ionic liquid, the maximum solubility of water
in BmimPFg was found to be between 1.2 and 2.3 wt% [41], and it has
less toxicity compared to other hydrophobic ionic liquids (e.g.
BmimNTf;) [42]. Also, formation of stable microemulsion water drop-
lets in the BmimPFg continuous phase has already been obtained in
the presence of Tween 20 as a surfactant [38,39].

Fig. 1 shows the photographs of different water/BmimPFg mixtures.
After addition of water to BmimPFg (20:80 wt%, water:BmimPFg), a
phase separation took place in a few seconds (Fig. 1(A)). On the other
hand, addition of 50 wt% of Tween 20 to the mixture of water/BmimPFg
reduced the interfacial tension between water and BmimPFg, and
formed a transparent solution (Fig. 1(B)). Obtaining the single phase
transparent solution indicates the formation of microemulson. In the
W/IL microemulsion, water droplets were well dispersed in the
continous IL phase with the help of Tween 20. The nano-sized water
droplets/pools obtained in the microemulsion systems can be used as
nanoreactors to synthesize nanoparticles. In this study, BSA protein
nanoparticles were prepared inside the water droplets of the W/IL
microemulsion system with the help of high-speed homogenizer and
glutaraldehyde as cross-linker (Fig. 1(C)). The weight fraction of water
is an important determinant for the size and stability of obtained
water pools. Therefore, at first, effects of various fractions of
microemulsion components on the formation of water droplets were
studied with FTIR and DLS techniques.
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Fig. 1. Photographs of (A) water/BmimPFs heterogenous mixture with 20:80 wt%, (B) water/Tween 20/BmimPFg microemulsion with 10:50:40 wt% and (C) synthesized BSA NPs in the

(B) with the help of high-speed homogenizer and glutaraldehyde.

3.1. Characterization of water droplets in the W/IL microemulsions

Infrared spectroscopy can be used to study water droplets in
microemulsions [10,43]. Fig. 2 shows the formation of water droplets
at different water contents while keeping the surfactant concentration
constant. Five different compositions were chosen in the W/IL
micromulsion region based on the ternary phase diagram in the pres-
ence of 50 wt% of Tween 20 (Table 1 and Fig. S1). Distinguishing O—H
stretching frequencies of water signals come from bulk (nano-sized
water droplets) and free (dispersed in IL/surfactant) water molecules
allows monitoring nano-sized water droplet formation with IR spec-
troscopy [10]. Fig. 2(A) shows IR spectra of the microemulsion compo-
nents e.g. BmimPFs, Tween 20 and water. For BmimPFs, C—H
stretching frequencies of alkyl groups and imidazolium ring were ob-
served explicitly in 2800-3015 cm™! and in 3090-3225 cm™ !,
respectively.

Also, a trace amount of water was detected in BmimPFg with O—H
stretching frequencies at 3589 and 3677 cm™' [43]. On the other
hand, Tween 20 and water have broad signals in the region of
3300-3680 cm ™' and 3000-3700 cm ', respectively, due to the O—H
stretching vibrations.

(A)

—BmimF‘FG

—— Tween 20

Water
5
(Ul 3500 3800 3700
()]
Q
C
[u]
£
(o]
W
Q
<
1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig. 2(B) showed the IR spectra of the microemulsions composed of
2,5,10, 20 or 30 wt% of water in BmimPFg with 50 wt% of Tween 20. The
O—H stretching band (3200-3700 cm™!) was normalized to enable
comparison between the samples. The signals at 3594 and 3642 cm™!
were originated from the individual water molecules dispersed (free)
inside the BmimPFg/Tween 20 network. Increasing the water content
decreased the intensities of dispersed water signals, and they disap-
peared eventually. In contrast, a new signal appeared at 3260 cm ™'
was not detected in the BmimPFg/Tween 20 mixture. Intensity of this
signal increased with water content, and also it was observed in the
spectrum of water. Therefore, signal at 3260 cm ™! was assigned to the
bulk water formed inside the microemulsion.

In a FTIR spectrum, overlapped bands can be resolved from one
another with a deconvolution method. Therefore, deconvolution
can be applied in Fig. 2(B) to the mixtures of water:Tween20:
BmimPFg. In order to identify the dispersed (free) water (3594 and
3642 cm™ ') and bulk water (3260 cm™!) bands, Fig. S2 showed the
deconvoluted spectra belong to the mixture of BmimPFg and Tween
20 (no additional water), and water/Tween 20/BmimPFg
microemulsion at 10:50:40%wt ratio. Deconvolution revealed the
signals at 3260, 3594 and 3642 cm ™ ..

—— 0 wt% water
— 2 wt% water
— 5 wt% water
— 10 wt% water
— 20 wt% water
— 30 wt% water
water

Absorbance (a.u.)

3100 3200 3300 3400 3500 3600 3700
Wavenumber (cm™)

Fig. 2. (A) ATR-FTIR spectra of microemulsion components: BmimPFg, Tween 20 and water. Inset shows the presence of residual dissolved water molecules in BmimPFe. (B) O—H
stretching band region of different water/BmimPFs microemulsions in the presence of constant 50 wt% of Tween 20. Up-arrow shows the formation of bulk water and down-arrows

show the reducing amount of dispersed water in the system.
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In order to further confirm the formation of nano-sized water drop-
lets and also to determine the size of them, the same W/IL
microemulsion systems measured with IR spectroscopy were studied
with dynamic light scattering (DLS or photon correlation spectroscopy,
PCS) technique. In microemulsions, hydrodynamic radii of water swol-
len micelles and oil swollen micelles can be characterized by DLS tech-
nique [10,44,45]. Light is scattered from the droplets and the
scattering intensity oscillates due to the Brownian motion of the drop-
lets in microemulsion. DLS detects the diffusion rate of droplets in solu-
tion using the fluctuations of the scattering intensity. The Stokes-
Einstein equation can be used to convert the diffusion coefficient
(D) to determine the hydrodynamic radius (Ry,) of the scattering drop-
let:

Rh— KT
61D

where k is the Boltzmann constant, T is the absolute temperature, and 1)

is the viscosity of the continuous phase.

Fig. 3(A) and (B) shows the effects of the water content and the ho-
mogenizer treatment on the size of water droplets formed in
microemulsions. DLS measurements of water pools formed in different
water/BmimPFg microemulsions at a constant Tween 20 concentration
(50 wt%) were done using pH = 9 water after 1 h and 48 h sample prep-
arations. The DLS results did not change with time. Therefore, using
water at pH 9 did not affect the stability of the microemulsion.

At low water contents such as 2 and 5 wt%, the sizes of water drop-
lets are around 20 nm. Applying high-speed homogenizer reduced the
average sizes of water droplets to around 12 nm via mainly turbulence
mechanism. Also, narrow size distributions were obtained both before
and after applying homogenizer. However, at higher water contents,
the size of water droplets increased and its size distributions broadened,
significantly.

The average size of water droplets increased from 20 nm to 42, 78,
and 105 nm when 10, 20 and 30 wt% of water were used, respectively.
Similar to other reported microemulsions, swelling of water droplet
took place with increasing the water content [10,44]. Also at 30 wt% of
water, the size distribution changed from 68 nm to 180 nm. At higher
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water contents, homogenizer treatment also reduced the size of water
droplets but did not narrow the size distribution. These showed that
water droplet size and its size distribution strongly depend on the
water concentration but not to homogenizer treatment in the same
way. The Fig. 3(B) shows the water droplets swelling behaviour de-
pends on the water to surfactant mass ratios (R value). For the both
cases, with and without homogenizer treatment, there is a nearly linear
correlation between the R values and the size of droplets indicating a
spherical shape of water droplets formed in the W/IL microemulsions
[46]. This shows that applying the high-speed homogenizer to the sys-
tem did not damage the shape of water droplets.

3.2. Preparation of BSA NPs in the W/IL microemulsions

BSA NPs were prepared in the W/IL microemulsion systems (Table 1
and Fig. S1) with the help of high-speed homogenizer and glutaralde-
hyde as cross-linker. At first, the pH of BSA aqueous solution was ad-
justed to 9.0 in order to increase the absolute value of charge on the
albumin. At pHs 7.0 and 9.0, the reported charges of BSA are —13 and
—26, respectively [47]. The absolute value of charge of BSA at pH 9.0
is twice that of BSA at pH 7.0. The higher net charge on the BSA results
in the higher electrostatic repulsive forces which avoid the agglomera-
tion of albumin nanoparticles at the very beginning of the nanoparticle
synthesis [24]. Addition of BSA aqueous solution to BmimPFgs/Tween 20
mixture was accompanied by significant denaturation of protein. Elec-
tron paramagnetic resonance (EPR) spectroscopy was applied to inves-
tigate the protein denaturation in the prepared microemulsion systems.
Spin labeled fatty acid, 16-doxylstearic acid (16-DSA), was mixed with
BSA at a 2:1 ratio (16-DSA/BSA) to obtain information on the protein
structure [48-50]. Fig. 4(A) shows the continuous wave (CW) EPR spec-
trum of the 16-DSA in the aqueous BSA solution at room temperature.
Broad outer hyperfine features originating from the restricted rotational
motion showed that 16-DSAs were bound to BSA in buffer solution.
However, sharper EPR signals were observed when different W/IL
microemulsion formulations were added to the 16-DSA/BSA conjuga-
tion (Fig. S3). Fig. 4(B) shows the EPR spectrum of 16-DSA/BSA conjuga-
tion in the water/Tween 20/BmimPFg microemulsion system with wt%

(B)

120 T T T T T ' T

—i— Before homogenizer
—@— After homogenizer

100 -
80 +

60 ~

40 ~

20

Hydrodynamic size (nm)

0,0 02 0.4 056
R (W/surfactant, wt%)

Fig. 3. (A) DLS results of water pools formed in different water/BmimPFs microemulsions at a constant Tween 20 concentration (50 wt%) (black) and after high-speed homogenizer
treatment at 22,000 rpm (red). (B) Dependence of hydrodynamic size of water pools on R value (water/surfactant, wt%) in the microemulsion before (black) and after

homogenization (red) at 22,000 rpm.
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Fig. 4. CW EPR spectra of 16-DSA in BSA aqueous solution (A), 16-DSA/BSA complex in the
water/Tween 20/BmimPFg microemulsion at 20:30:50%wt ratio (B), and 16-DSA in the
same microemulsion without BSA (C). Dashed lines in (A) showed the characteristic
signals of bound 16-DSA to BSA. The mol ratio of BSA:16-DSA is 1:2.

of 20:50:30. These sharper signals are signatures of the freely tumbling
motion of 16-DSA. As a control experiment, the mixture of 16-DSA and
microemulsion system without BSA was measured, and the almost
same sharp signals coming from free 16-DSA radicals were obtained
(Fig. 4(C)). The binding of both BmimPFg and Tween 20 to BSA have
been previously studied. In the literature, the found binding constants
of BmimPFs and Tween 20 to BSA are around 10> M~ ! which is three-
four orders of magnitude lower than the binding constant of stearic
acid to BSA [51-53]. Therefore, replacement of 16-DSA by BmimPFg or

F -

V — 1 pm—]

(A) Without cross-linker,
homogenizer applied
iy - fort?

- %

(C) 8000 rpm homogenizer
+ cross-linked

+ cross-linked

(D) 22000 rpm homogenizer
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Tween 20 could not be the reason of obtaining free 16-DSA. So, one
can conclude that mixing of BmimPFs/Tween 20 with BSA aqueous so-
lution denatured the BSA protein and released the bound fatty acids.
In order to obtain albumin nanoparticles inside the water/Tween 20/
BmimPFg microemulsion systems, a high-speed homogenizer was ap-
plied. As cross-linker, glutaraldehyde was added to the system to pro-
vide durability and stability to the BSA nanoparticles after
homogenizer treatment. Fig. 5(A) shows the SEM image of BSA aggre-
gates after only homogenizer treatment at 22,000 rpm. Since glutaralde-
hyde cross-linking was not used in this system, albumin formed
undissolved micron-sized assemblies. On the other hand, homogenizer
treatment at the same speed followed by glutaraldehyde addition
yielded BSA NPs. Homogenizer speed is crucial for obtaining well dis-
persed nanoparticles. Without homogenizer treatment or low-speed
homogenization at 8000 rpm leaded to micron-size BSA aggregates
(Fig. 5(B, C)). DLS results also showed the hydrodynamic sizes of ob-
tained BSA aggregates. Addition of glutaraldehyde to the system with-
out high speed homogenization yielded larger aggregates with
1000 nm average size (Fig. 5(E-top)). Applying homogenizer at
8000 rpm resulted in BSA samples with a broad size distribution from
250 nm to a few micrometers (Fig. 5(E-middle)). Applying the homog-
enizer with the low speed to the viscous network might not be energet-
ically successful to lead uniformly sized spherical nanoparticles.
Viscosity and homogenization speed are directly related with the drop-
let size reduction in turbulence mechanism. The speed of homogenizer
should be balanced with respect to the viscosity of medium to achieve
intense collision between the water pools (Tween 20 molecules are
aligned themselves at the interface) in the BmimPFg network. The ap-
plied powerful energy creates localized pressure differences with the
eddies which tear apart water droplets into smaller droplets. Applying
high-speed homogenizer at 22,000 rpm to water/IL was able to convert
denatured BSA into spherical nanoparticles with the help of glutaralde-
hyde (SEM image in Fig. 5(D)). For SEM measurements, preparation of
these soft nanomaterials could cause clustering during drying.

_.‘ r T T T T T T % T ]
‘ (E) L no homogenizer
5, o I + cross-linked

- at 8.000 rpm A
+ cross-linked |

> o g

'Inttlansi'ty (g.u. )
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Hydrodynamic size (nm)

Fig. 5. Effects of using high-speed homogenizer and glutaraldehyde on the BSA NP preparation. SEM images of BSA samples prepared in the water/Tween 20/BmimPFg microemulsion with
wt% of 5:75:20. (A) Homogenizer treatment was applied at 22,000 rpm without glutaraldehyde addition. Samples in (B-D) include glutaraldehyde: (B) without homogenizer treatment,
(C) homogenizer treatment at 8000 rpm and (D) homogenizer treatment at 22,000 rpm. (E) DLS results of the same samples including glutaraldehyde (B-C).
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Therefore, agglomerations were observed in Fig. 5(B)-(D). However,
small spherical nanoparticles could be observed only in Fig. 5
(D) when the high speed homogenizer was applied. The DLS results
also supported the SEM images. Using high speed homogenizer leaded
to BSA nanoparticles with a narrow size distribution from 250 to
500 nm (Fig. 5(E-bottom)). Without using the homogenizer, larger par-
ticles around 1000 nm hydrodynamic size were detected by DLS. In ad-
dition, the zeta potential of the BSA nanoparticles was found as - 24 mV.
The correlation between the results of SEM images (Fig. 5(A-D)) and
DLS measurements (Fig. 5(E)) showed the necessities of high-speed ho-
mogenizer and glutaraldehyde together for resulting in the production
of small-sized nanoparticles.

Although particle sizes can be determined using DLS or SEM tech-
niques, their results especially for the soft nanomaterials could be differ-
ent [54]. Since particles are measured in solution with DLS according to
their hydration shell, it is reasonable to obtain higher average particle
size compared to the SEM results. On the other hand, preparation of
these soft nanomaterials for SEM measurements could cause clustering
during drying. Fig. 6(A) showed the SEM image of BSA NPs synthesized
in W/IL microemulsion containing another composition of water/Tween
20/BmimPFg with 20:50:30 wt%. The size distribution of spherical BSA
NPs was obtained from the SEM image using Image] program (Fig. 6
(B)). The chosen spherical particles for the particle size analysis were
shown in Fig. S4. BSA NPs of 103 nm average size with a size distribution
between 60 and 260 nm was obtained from the SEM image. However,
DLS provided their average hydrodynamic size as around 396 nm in so-
lution with a PDI 0.367 (Fig. 6(C)). Obtaining smaller average particle
size by SEM compared to DLS shows that dry and wet sizes of BSA NPs
are significantly different which is in accordance with the other

(B)

Counts

Diameter (nm)

0 _ 1 |
0 200 400 600 800

reported results [55-57]. The size discrepancy between DLS and SEM
has various reasons. For example, sizes are measured indirectly by DLS
and determined based on movement frequency of nanoparticles in solu-
tion [55]. But especially for soft nanomaterials, this discordance could be
sourced from the swelling of the nanoparticles in the solution and this is
a general problem in the literature [54,56,57]. Hence, swelling of nano-
particles in the solution, softness of the material, dynamic aggregation
and movement in the solution, rigidity and amount of the surfactant
film could affect the DLS measurement based on the used ratios.

3.3. Effect of surfactant and water concentrations on the BSA nanoparticle
preparation

Surfactant molecules are necessary to reduce the interfacial tension
between water and BmimPFg phases, and so to stabilize the nano-
sized water droplets in microemulsions. If the number of Tween 20 mol-
ecules is not sufficient with respect to the number of BmimPFg, then the
coalescence between water pools takes place to minimize the surface
energy. This could also lead to form larger BSA NPs in the water pools.
In the water/IL microemulsion region, BSA NPs could be synthesized
using different Tween 20/BmimPFg weight ratios from 8.50 (85:10) to
0.27 (20:75). The corresponding mole ratios changed from 2:1 to 1:16.
Fig. 7 shows the SEM images and DLS results of BSA NPs prepared in
microemulsions with different Tween 20/BmimPFg mole ratios. At a
constant water content (5 wt%), using an excess amount of Tween 20
(Tween 20/BmimPFg, 2:1 mol ratio) yielded BSA NPs with a more uni-
form size distribution. The SEM image revealed the formation of BSA
NPs with 100-200 nm particle sizes (Fig. 7(A), down). Also, DLS pro-
vided their average hydrodynamic size as 400 nm in solution with a

396 nm

PDI = 0.367

0 T r r
0 200 400 600 800
Hydrodynamic size (nm)

Fig. 6. (A) SEM image of BSA NPs prepared in the water/Tween 20/BmimPFg microemulsion with wt% of 20:50:30. (B) Particle size distribution obtained from the SEM image (A). (C) DLS

hydrodynamic size distribution of BSA NPs.
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Fig. 7. (A) SEM images of BSA NPs prepared in the water/Tween 20/BmimPFs microemulsions with wt% of 5:20:75 (top) and 5:85:10 (down), and their corresponding Tween 20/BmimPFg
mole ratios are 1:16 (top) and 2:1 (down), and (B) DLS results of hydrodynamic size distributions of BSA NPs prepared in different water/Tween 20/BmimPFs microemulsions with the

constant water concentration (5 wt%).

PDI 0.32. On the other hand, using a lower Tween 20/BmimPFg mole
ratio (1:16) yielded a limited number of BSA NPs around 500 nm parti-
cle size (Fig. 7(A), top). DLS results also supported SEM image with an
average particle size of 600 nm and a larger PDI 0.52. In addition, the
broad size distribution obtained by the DLS reveals the instability of
nanoparticles in the dispersion when a limited number of Tween 20
was used. Since nano-sized water droplets are used as nanoreactors to
prepare inorganic or polymeric nanoparticles in the water-in-oil
microemulsions, size and shape of water droplets are important to get
the desired size and shape of nanoparticles.

Especially for the synthesizing of inorganic nanomaterials, increas-
ing the water content increases the size of nanoparticles [16]. However,
water content is not the only parameter to control the nanoparticle size.
Other control parameters e.g. types and concentrations of oil, surfactant
and co-surfactant, and the flexibility of surfactant molecules affect the
final size of the nanoparticles.

Here, a broad range of water content between 2 and 30 wt% was
used to prepare BSA NPs inside the water droplets of different W/IL
microemulsions. Table 1 shows the chosen composition fractions of
W/IL microemulsions in which water content varies while keeping the
surfactant or IL contents constant. Fig. 8 shows the DLS and SEM results
of BSA NPs prepared in W/IL microemulsions. From DLS measurements,
at constant Tween 20 concentration (50 wt%) or at constant BmimPFg
concentration (20 wt%), changing the water content from 2 wt% to
30 wt% yielded similar average size BSA NPs around 350-450 nm. The
PDI results of DLS measurements were between 0.25 and 0.58. The
nanoparticle size distribution became broader when 30 wt% of water
was used. This result is in accordance with the obtaining a broader
size distribution of water droplets without BSA when 30 wt% of water
content was used (Fig. 3). In addition, SEM results of BSA nanoparticles
showed that increasing the water content in the microemulsion did not
affect the size of BSA NPs significantly. Moreover, using another non-
ionic surfactant TX-100 instead of Tween 20 in the preparation of BSA
NPs yielded comparable results. In Fig. S5, SEM and DLS results showed

that BSA NPs prepared in the water/Tween 20/BmimPFg or in the water/
TX 100/BmimPFg microemulsions with wt% of 5:50:45 had similar sizes
with similar size distributions.

3.4. Cellular uptake of BSA NPs

The uptake of BSA NPs by Huh7 cells was studied using confocal mi-
croscope (Fig. 9(A-D)). For the cellular uptake experiments, fluorescein
isothiocyanate (FITC) labeled BSA was used to visualize the distribution
of BSA NPs. FITC-BSA nanoparticles were prepared inside the water/
Tween 20/BmimPFg microemulsion system with wt% of 20:50:30. At a
concentration of 0.1 mg/mL, FITC-BSA NPs were mostly distributed in-
side the cell after incubation times of 4 and 24 h. In addition, folate con-
jugated BSA NPs were prepared to study the intracellular nanoparticle
uptake. Previously, it has been shown that conjugation of folic acid to
serum albumin nanoparticles increased nanoparticles uptake into can-
cer cell lines; the human neuroblastoma (UKF-NB-3) and the rat glio-
blastoma (101/8) due to the elevated expression of the folate
receptors in various types of human cancers [40,58]. However, here fo-
late conjugation did not increase BSA nanoparticles binding to Huh7
cells. Both nonmodified and folate conjugated BSA NPs were uptaken
by Huh7 cells extensively (Fig. 9(A-D)).

3.5. Cell viability

BmimPFg involved in the preparation of BSA nanoparticles ex-
hibits cytotoxicity when cell is directly exposed to the BmimPFg. In
the literature, it has been shown that the half maximal effective con-
centration (ECsq) value of imidazolium based ILs decreases with in-
creasing the alkyl side chain length of the imidazolium ring, while
the anion has a low effect on the EC5q [59]. For example, the reported
log ECsq values of C;mimPFg, CsmimPFg and CsmimPFg are 3.07, 2.17
and 0.95 pM, respectively. Here, BmimPFg (C4mimPFs) was used as
continuous phase in microemulsion instead of conventional organic


Image of Fig. 7

B. Demirkurt et al. / Journal of Molecular Liquids 295 (2019) 111713 9

(A) Constant Tween 20

30:50:20

PDI: 0.58

20:50:30

PDI: 0.37

10:50:40

PDI: 0.25

Intensity (a.u.)

PDI: 0.43

2:50:48

PDI: 0.25

1

0 400 800 1200
Hydrodynamic size (nm)

(B) Constant BmimPF,

T T T T T T T

30:50:20

PDI: 0.58

|

23:57:20

PDI: 0.38

15:65:20

PDI: 0.26

Ihtehsity (a.u. .

5:75:20

PDI: 0.40

PDI: 0.44

0 400 800 1200
Hydrodynamic Size (nm)

Fig. 8. DLS results and SEM images of BSA NPs prepared in the series of different water/Tween 20/BmimPFs microemulsions at constant wt% of Tween 20 (A) and at constant wt% of

BmimPFg (B). The wt% order is water:Tween 20:BmimPFg.

solvents e.g. DCM (ECsq: 4.07-4.53), benzene (ECsq: 1.41-3.12) or
chloroform (ECso: 3.55-4.32). Therefore, the cytotoxicity of
BmimPFg is not expected to be so different than the cytotoxicities
of these volatile organic solvents. To avoid BmimPFg, albumin nano-
particles were centrifuged and purified a few times. For Huh7 cells,
cellular uptake of BSA NPs or folic acid conjugated BSA NPs had no
significant influence on cell viability up to 4 mg/mL concentrations
for 24 h and 48 h (Fig. 9(E-F)). Therefore, BSA NPs prepared in the
water-in-BmimPFg microemulsions over a broad concentration
range could be used for future drug delivery studies without affect-
ing the cell viability.

4. Conclusions

Here we showed that albumin nanoparticles can be prepared in
water-in-IL microemulsion system with help of high-speed homoge-
nizer and glutaraldehyde as cross-linker. As an alternative to conven-
tional organic volatile solvents, a green solvent of BmimPFg was used
in preparation of microemulsions. Dispersed nano-sized water droplets
inside the microemulsion behave like a nanoreactor to prepare BSA NPs.

Increasing water content from 2 wt% to 30 wt% significantly increased
water droplets sizes but not the sizes of formed BSA NPs. On the other
hand, using a higher surfactant/IL weight ratio stabilized the formed al-
bumin nanoparticles with a narrower size distribution. This showed the
importance of surfactant molecules in stabilization of nanoparticles in
microemulsions. By systematically changing the weight ratios of
microemulsion components, BSA NPs of 103 nm average size with a
size distribution between 60 and 260 nm were obtained. Moreover,
their high cellular uptake ability and no influence on cell viability
showed that BSA nanoparticles prepared with this technique could be
used in drug delivery studies.
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Fig. 9. Huh7 cells were treated for 4 h (A-B) and 24 h (C-D) with 0.1 mg/mL non modified (top) or folate conjugated (bottom) FITC-BSA NPs. Cell membranes are stained with Dil (red) and
nuclei are stained with DAPI (blue). Scale bar = 20 um. (E-F) Cell viability of nonmodified and folate modified BSA nanoparticles, and also PBS as reference. The cells were incubated with
different concentrations of nanoparticles: 0.05, 0.1, 0.5, 1.0, 2.0, 4.0 mg/mL for 24 h (E) and 48 h (F) incubation times.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.molliq.2019.111713.
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