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ABSTRACT: The non-toxic BSA-based NanoParticles (NPs) are developed without any additives
with hydrothermal SubCritical Water Treatment (SCWT). The optimum BSA-based NPs are gained
by applying Response Surface Methodology (RSM) based on particle size, zeta potential, and
polydispersity. The SCWT conditions are optimized in terms of these three dependent variables, which
have significant impacts on the BSA-based NPs application. The optimum BSA-based NPs prepared
with 2.73% (w/v) of initial BSA solution concentration, the lowest initial concentration that is used
to synthesize BSA-based NPs by now. The SCWT condition of 173 °C and 2.07 min of SCWT holding
time shows that the zeta potential of -38.87 mV with the finest particle size and Pl (147.32 nm
and 0.24, respectively) is the optimized composition. The fabricated BSA-based NPs are characterized
by the UV-vis, screening electron microscope (SEM), and stability assessment study.

KEYWORDS: Bovine serum albumin; Nanoparticle; hydrothermal; optimization; subcritical water
treatment; green recovery; blood waste; drug delivery; response surface methodology.

INTRODUCTION

Nanoparticles are produced with different types of The main protein of the vertebrate's plasma that is abundance
components. The antigenic protein-based NPs are in the slaughterhouse waste is Bovine Serum Albumin (BSA)
biocompatible, biodegradable, and easy to assemble [1,2]. with the M,, of 66 kDa; it is stable at a wide range
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of pH and does not have any structural changes by being
heated up to 80 °C [3]. The clean and green hydrothermal
technologies such as super/sub-critical treatment has been
qualified for recovering the protein-rich feedstocks [4,5].
Due to the immunogenicity, nontoxicity, and
biodegradability of albumin-based NPs, the formulated
ones have the great potential to be used for drug delivery
systems and it can be a great application of BSA waste
recovery. Albumin NPs are synthesized by several
techniques such as desolvation [6], nanospray drying [7],
and NAB-technology [8]. Hydrothermal treatment with
subcritical water technology is the recent technique used
by researchers to synthesize nanopharmaceuticals because
the use of organic solvents or chemicals led to undesirable
results in previous methods [9-12]. Environmental
pollution is an important issue and the high usage of
organic solvents during these processes should be
considered [13]. Pu et al. have been working on the
substitution of SCW technology to conventional methods
of producing nanoparticles. They used an organic solvent-
free method, which would be a more economical and
simpler treatment procedure in nanopharmaceuticals
manufacturing processes [14-18]. By adjusting SCWT
parameters and providing solvent anti-solvent
precipitation conditions, protein-based nanoparticles have
been synthesized successfully [16].

Response Surface Methodology (RSM) is mostly
applied for reducing the number of experiments and
optimizing experimental conditions in multivariate
statistical techniques [19-21]. In this research, RSM
was applied for optimum BSA-based NPs preparation
conditions. This research aims to produce solvent-free and
biocompatible BSA-based nanoparticles by using the
SCWT method for the first time. Herein, we optimized the
initial BSA solution concentration to reach the most
miniature particles measurement, PDI less than 0.250,
and surface charge lower than — 30 mV in BSA-based
NPs [22,23].

EXPERIMENTS
BSA-based NPs preparation

BSA-based NPs were prepared by the nanoprecipitation
concept, using the SCW approach that varies in the manner
of the non-solvent. Initial BSA solution concentration
was the main parameter that caused changes
in the BSA-based biomaterial prepared under the
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Table 1: Experimental conditions of different BSA solution in
SCWT.

( Parameter Range \
Concentration % (w/v) 1-10
Reaction time (min) 0.5-15
K Reaction temperature (°C) 80-200 j
hydrothermal condition. Various random reaction

conditions were screened and then RSM was applied to
determine the best condition of BSA-based NPs (Table).

Analysis of particle size, zeta potential, and PDI

The Nano ZS90 (Malvern, UK) was applied to
determine the mean particle size (hm), zeta potential (mV),
and PDI of the BSA-based NPs at room temperature.
Diluted samples with deionized water (1: 100) were
located in the capillary cell for the measuring process.

Design of experiments

The central composite rotatable designs (CCRD) with
a five-level, three-factor approach was applied to
investigate the influence of three independent factors such
as initial BSA concentration (xi1) (1.32-4.68%, wi/v),
SCWT temperature (x2) (159.77-210.23°C), and SCWT
holding time (x3) (0.46-9.29min) on the dependent factors
(particle size (Y1), zeta potential (Y2), and PDI (Y3)).
By applying “Design Expert-11”, 20 runs were set up,
which included eight factorial, six axial, and six repeated
conditions. Optimization was done to obtain SCWT conditions
to control the particle size, zeta potential magnificent, and
PDI. Table 2: shows all five different coded independent
variables. The CCRD method provides the possibility of
simultaneous interpretation of non-dependent variables
and independent variables interaction on the results.

Characterization
UV-Vis absorption

The UVs absorption spectra is calculated shortly after
the preparation of BSA-based NPs, using the wavelength
range of 400-800 nm by employing the UV-Vis
spectrophotometer (UV-1800, SHIMADZU).

Screening Electronic Microscopy (SEM)

The surface formation and changes of BSA-based NPs
samples were scrutinized by screening electronic microscopy.
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Table 2: Independent parameters for RSM design application.

K Levels \
Variables Unit Symbol
-0 -1 0 +1 +a
Initial BSA solution W) X, 132 2 3 4 4.68
concentration
SCW-temperature (°C) Xz 159.77 170 185 200 210.23
\_ SCW-time (min) X3 0.46 2.25 4.88 75 929 )/
K Stepl: initial BSA solution step2:nucleation step3: particles participation \
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Scheme 1: Schematic diagram of BSA particles formation during SCWT.

The NPs surface size distributions were detected by using
the Hitachi S-3400N Tabletop Microscope.

Stability test

Investigation of BSA-based NPs stability was measured
by monitoring the main factors such as particles size
and color changes and precipitation during the storage
in different duration. Freshly prepared samples of BSA-
based NPs were put into test tubes. The mean particle size,
zeta potential, and PDI of BSA-based NPs were measured
to investigate varying changes over the time after one week,
a month, and three months.

RESULTS AND DISCUSION
Formation of BSA-based NPs by SCWT

BSA is dissolved in a liquid phase, whereas SCW
is applied as a low-grade solvent for proteins with excellent
water solubility. Afterward, under the optimum condition
of the temperature and pressure, the supersaturated BSA

Research Article

nucleus was formed in the hydrothermal reactor. This
is followed by the condensation of the BSA units around
the nucleus to produce BSA-based NPs (Scheme 1). The
precipitation technique was used to prepare size-controlled
BSA-based NPs and unimodal distribution [24,25].

Screening the independent parameters

A research was conducted to assess the percentage of
independent factors. According to the outcomes, the lower,
central, and higher levels of the three independent factors
were obtained. The initial ranges were selected based on
the preliminary studies. Protein-based NPs used in drug
delivery systems should have particle sizes of less than 150 hm,
PDI about 109.0.1-0.270, and zeta potential of + 25 mV.
These ranges were used for the optimization study to
determine the optimum condition. Other SCWT
parameters, such as heating bath string speed and cooling
time, were fixed because their effects on the modeling
framework are negligible [26].
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Table 3: The predicted and experimental sets of particle size, zeta potential, and PDI design by CCRD.

/ Particle size Zeta Potential PDI \
Run X1 X2 X3
Actual Predicted Actual Predicted Actual Predicted
1 2.00 200.00 7.50 145.10 145.10 -32.70 -32.56 0.13 0.11
2 3.00 185.00 9.29 371.60 371.60 -40.30 -40.68 0.40 0.42
3 3.00 210.23 4.88 8799.00 8799.00 -23.60 -23.84 0.73 0.76
4 2.00 170.00 7.50 603.30 603.30 -19.80 -20.04 1.00 0.98
5 2.00 170.00 2.25 253.90 253.90 -33.40 -33.40 0.32 0.34
6 3.00 185.00 4.88 408.00 408.00 -12.20 -12.06 0.51 0.48
7 4.00 200.00 7.50 972.10 972.10 -26.00 -26.38 1.00 0.98
8 3.00 159.77 4.88 480.50 480.50 -25.50 -25.16 1.00 1.02
9 4.00 170.00 7.50 3755.00 3755.00 -30.40 -30.23 0.72 0.63
10 3.00 185.00 4.88 414.30 468.66 -33.40 -33.23 0.78 0.69
11 4.68 185.00 4.88 4260.20 4800.56 -36.60 -36.43 0.47 0.47
12 3.00 185.00 0.46 350.00 3755.00 -36.30 -36.13 1.00 1.00
13 3.00 185.00 4.88 569.90 468.66 -34.00 -30.78 0.43 0.43
14 3.00 185.00 4.88 608.50 480.56 -28.10 -30.78 0.59 0.59
15 1.32 185.00 4.88 400.00 474.61 -28.50 -30.78 0.80 0.66
16 2.00 200.00 2.25 573.80 474.61 -30.00 -30.78 0.53 0.66
17 4.00 170.00 2.25 454.20 474.61 -28.80 -30.78 0.53 0.66
18 3.00 185.00 4.88 145.10 174.61 -35.20 -30.78 0.60 0.66
19 3.00 185.00 4.88 371.60 474.61 -32.70 -32.56 0.67 0.66
KZO 4.00 200.00 2.25 499.00 474.61 -40.30 -40.68 0.69 0.66 /

“Note: X; (initial concentration, g/mL), X, temperature, °C), X (time, min)

Fitting the response surface models and statistical
analysis

The actual and predicted values are shown in Table 3
Based on the experiments, models are chosen quadratic,
quadratic, and linear for particle size, zeta potential, and
PDI respectively. The synthesized BSA-based NPs
illustrated a particle size, zeta potential, and PDI within the
range of 145.10 to 8799.00 nm, -12.06 to -40.68mV, and
0.11to 1.02, respectively. The CCRD provided a model to
estimate variations of dependent factors as a function of
SCWT conditions.

Analysis of variance (ANOVA) showed that the SCW-
temperature (Xz) and initial BSA concentration, X, with a
great F-value (500.53, 26.80) and acceptable p-value
(<0.0001) was the most significant parameter affecting the
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BSA-based particle size and zeta potential. Additionally,
in the linear prediction model of the PDI, the concentration
of the initial BSA solution (w/v) was the most influential
factor with (P-value<0.001, F-value =14.63).

The combination of high F-values and low P-values
revealed remarkable consequences about the individual
response parameters [27]. Moreover, the ANOVA results
recommended the quadratic model for particle size and
zeta potential as well as a linear model for PDI prediction,
and they received the highest coefficient correlation
(R?=10.9992, 0. 9306, 0. 9381), respectively.

In this study, SCWT was employed for synthesizing
BSA-based NPs from BSA solution to assess if they
can be used as an alternative and novel method without using
any reagent, toxic cross-linker, and organic solvent-free
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and within a shorter processing time to prepare the BSA-
based NPs. Response surface methodology is used to find
the best operating condition for BSA-based NPs
preparation. Conclusively, based on the assumptions of
RSM (Table 3), the mathematical models for prediction of
Particle Size (PS), Zeta Potential (ZP), and PDI are
represented in equation 1 to 3 respectively.

PS(nm) = 474.61-1174.09X, +973.51X, + (1)
3.54X 5 —1143.36 X, X, +1371.95X, X5 —81.59X, X4 +
874.01X? +580.94 X3 +1515.92X,X,X; +612.56 XX,

ZP (Y,) =-30.78-5.61 X, —0.89X, +0.089X; — (2)
0.24%X,X, —1.31X, X5 —0.18X,X 5 +5.32X,% —0.34X ,2 —

1.95 X2 +4.83 X?X, +4.68 X5X,

PDI(Y;)=+0.66+0.018X, +0.16X, +0.047X; —  (3)
0.023 X; X, —0.043 X, X —3.750e 003X, X5 +

0.025 X3 —0.054 X3 +0.072X,X5 +

0.023 X3X4 +0.14 X,X3

Response surface analysis
Average particle size (nm)

Three-dimensional (3D) graphs show the effect of
initial BSA solution concentration, SCW temperature, and
SCW holding time in Fig. 1(a); the increase in SCW
temperature negatively affected the average particle size.
Conversely, the increase of the initial BSA concentration
was an effective factor in the response value (Fig. 1(b)).
This behavior may be explained by a better precipitation
condition provided at a higher initial BSA concentration.
While the initial BSA concentration was the most
meaningful effective factor for the particle size of BSA-
based NPs, the time of SCW did not have an effect on this
response notably (Fig. 1(c)). The ideal mean particle size
was derived from the combination of 2.73% (w/v) BSA,
173°C, and 2.07 min.

During hydrothermal diffusion, BSA molecules
overcome its thermodynamic water-soluble region, and the
system commences to form the protein NPs nuclei. It
means that, development of the BSA-based NPs depends
on the pH of the process that in this system is controlled
by the initial BSA concentration and SCW temperature.
If the pH is not sufficient to meet the supersaturation state,
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Fig. 1: Response surface diagrams for mean particle size (nm)
as a function of (a) initial BSA concentration, (b) preparation
temperature and(c) time.

precipitation does not increase or results in irregular
particles with a wide range of particle size distribution.
This could be explained by the size interruption at the
lower SCW temperature. Simply, the temperature was
as low as possible to achieve proper precipitation. It was
found that for an initial BSA solution concentration of
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2-2.5% (w/v) BSA and SCW temperature of 170 °C, BSA-
based NPs with uniformed size distribution were detected
and narrowed by decreasing SCW temperature. However,
a little coagulation is .occurred in the reparation sample
at 173 °C.

The results showed when the SCW temperature was
above 175 °C, the particle size distribution would be wide,
and the measurement would be awkward. These results
were found in the same line with [28]. The BSA
concentration influences the zeta potential of NPs, which
has been evaluated. This result is in agreement with
previous works on the preparation of human serum
albumin (HSA) NPs by nanoprecipitation [6,22,29]. They
reported that the HAS concentration in the range of 25 to
100 mg/mL has no notable effect on the particle size
(particle size varied from 150 to 170 nm). On the other
hand, in the newer research, initial BSA concentration
increment from 12 to 100 mg/mL doubled the particle size
(75 increased to 135 nm). In contrast, it was revealed that
the BSA concentration increase between 5 to 30 mg/mL
caused the particle size reduction of 204 to 145.7 nm [25].

Zeta potential

Fig. 2(a) shows that by increasing the initial BSA
concentration, the zeta potential of BSA-based NPs
decreased to -31mV around 2.5% (w/v) of the initial BSA
concentration and then increased by increasing the initial
BSA concentration. In contrast, SCW temperature changes
had the opposite effect on zeta potential. It means that by
increasing SCW temperature from 170°C to around 185
°C, the zeta potential of BSA-based NPs increased from -
35 mV to -32 mV. Above 185 °C, by increasing SCW
temperature, the zeta potential was decreased to -40 Mv
(Fig. 2(b)). As the results reveal, BSA-based NPs
produced by SCW under mild conditions showed a
decrease in negative surface load compared to BSA-based
NPs produced in the upper and down limits of SCW
condition. The holding time also did not have a significant
influence on the zeta potential (Fig. 2(c)).

The zeta potential value decreased by increasing the
SCW temperature, and then it increased to a maximum of
2.5% (w/v). It could be explained that samples are spread
extremely, and then at elevated SCW temperature, it is not
measured accurately. Besides, it is believed that the great
absolute zeta potential content leads to the excellent
colloidal durability of NPs. As shown in Fig. 2(b), BSA-
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Fig. 2: Response surface diagrams for the mean zeta potential
as a function of (a) initial BSA concentration, (b) preparation
temperature, (c) time.

based NPs had the greatest colloidal stability at the initial
BSA concentration of 2 %(w/v).

Polydispersity index (PDI)

Fig. 3(a) indicates that the maximum PDI associated
with the highest SCW condition (i.e., 200 °C, 7.5 min
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and 4% (w/v) initial BSA concentration) is not within
the acceptable range of NPs for medicinal applications,
while the SCW temperature decreased to 170 °C and the
reaction time to 2.25 min (Fig. 3(b)) and the PDI decreased
sharply to around 0.25. However, the results indicated
a wide variation in PDI due to a small change in SCW
temperature, while PDI with an initial BSA concentration
changed slightly. The optimum PDI obtained at the set
level of 2.73% (w/v) BSA, 173 °C, 2.07 min determined
using the response surface diagrams (lowest PDI value,
Y3=0.253).

However, a small amount of particles coagulation
appeared in samples that have been processed above 170
°C. In addition, when the SCWT holding time was around
5 min, the peak lost its perfect Gaussian shape and
switched to the left, demonstrating a rise in PDI. A narrow
peak illustrating the presence of coagulation was also
detected (Figure 3(b)). Eventually, at a holding time
of 5 min, an unusual peak indicated the high PDI of the
BSA-based particles with a strong association (Fig. 3: c)).

In this research, it was approved that the experimental
factors of the nanoparticles precipitation method could
have a dramatic effect on the colloidal properties of NPs.
Besides, the change of experimental factors can increase
PDI in the samples. The highest concentration of bovine
serum albumin can considerably influence the capability
of emulsification. In this case, the coalescence rate
increased sharply. Therefore, bigger particles tend
to aggregate in a shorter time compared to small
particles, and broader particle size distribution leads
to higher PDI [30].

Optimization of operational condition

The optimum condition refers to the condition in which
SCW treatment has produced the best BSA-based NPs in
terms of particle size, zeta potential, and PDI. The RSM
results indicated that the optimum SCW parameters were
as follows: temperature of 173 °C, initial BSA
concentration of 2.73% (w/v), and SCW time of 2.07 min.
Response values (i.e., particle size, zeta potential, and PDI)
under the optimum conditions can be found in Table 4. The
optimal condition of BSA-based NPs resulted in 146.398
nm, -39.5161 mV, and 0.239, respectively, for particle
size, zeta potential, and PDI. Given the similarity of the
experimental data and predicted values, the model was
approved. The conclusion was that the experimental model
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Fig. 3: Response surface diagrams for average PDI as
a function of (a) initial BSA concentration, (b) SCWT-
temperature, (c) SCWT holding time.

by RSM design could sufficiently explain the dependency
degree of effective factors and responses.

BSA-based NPs have been prepared under various
SCW treatment conditions. It was clear from visually
inspected specimens that there was a variance in the
properties of BSA-based NPs at varying SCW temperatures.
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Table 4: The optimum condition derived by RSM For SCW preparing BSA-based Nps.

4 Optimum conditions Responses h
Particle Size(nm) Zeta Potential(mV) PDI
X;" X5 X3
Actual Predicted Actual Predicted Actual predicted
\_ 173 °C 2.73 2.07 147.02 146.398 -38.87 -39.52 0.24 0.239 )
"X,= temperature (°C), X,= initial BSA solution concentration %(w/v), X;= SCW time (min)
4%(wiv)

Fig. 4: BSA-based NPs prepared in different initial BSA solution concentrations by SCW.

Samples produced in the 170°C range exhibited a
transparent white color. By increasing the initial BSA
concentration, the color (i.e., opacity) of the suspension
solution became whiter and more stable until it ceased to
be transparent at 2.5% (w/v) initial BSA concentration
(Fig. 4). It can be assumed that the self-assembly process
is also used in the preparation of BSA-based NPs using the
SCW method by increasing the initial BSA concentration
in addition to the precipitation. Increasing the
hydrophobicity of albumin and primary amine groups on
the protein surface could lead to the self-assembly of BSA-
based stable suspension. The formation of the inner core
was a combination of albumin via disulfide bonds,
resulting in the formation of multimeric albumin
aggregates. The result is the production of very stable
BSA-based NPs with a very good surface charge.

Characterization
Formation of BSA-based NPs analysis by UV-vis

The UV-visible spectra of pure BSA and BSA-based
NPs prepared at optimum SCW condition (173 °C, 2.73%
(w/v) initial BSA and 2.07 min). The maximum absorption
peaks were evaluated between 220 and 400 nm. Fig. 5(a)
shows that raw BSA powder had two absorption peaks at
209 and 278 nm associated with the absorption of aromatic
amino acids ( orange line) and the optimum BSA-based
NPs at room temperature (blue line). It shows the
improvement in absorption before 280 nm. Due to the
capability of the BSA to offer multiple connection sites,
which may consist of the -NH, -SH, -COOH, and —OH
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groups, the absorption peak moved to a right (red shift)
wavelength of approximately 212 nm after SCWT.

Fig. shows the UV spectra of BSA-based NPs
synthesized in different initial BSA concentration
solutions at optimum SCW temperature and time.
According to the UV spectra, the special absorption peaks
of BSA-based NPs appeared at the same site (192 nm). The
particle size has a direct effect on the absorption intensity
and peak width [31,32]. Based on this principle, it can be
concluded that the size of BSA-based NPs is maximum in
2.73 mg/mL BSA solution and that the size of BSA-based
NPs is minimum in 4.5 mg/mL (ho NPs) BSA solution.
These findings are consistent with the predicted RSM
result concerning the impact of initial BSA concentration
on the initial experiments. It was found that the solution
color (after the SCW precursor) had shifted from
transparency to white opacity stable emulsion by
increasing the initial BSA concentration. Moreover,
at concentrations of more than 4% (w/v), the stable white
emulsion disappeared with the formation of two phases of
transparent liquid and white solid.

When BSA-based NPs were formulated, the intensity
of the peak was decreased. These results indicated that
the formation of BSA-based NPs altered BSA backbone
amino acids by maintaining aromatic amino acids for drug
interaction [33].

These sites include most molecular amino acids that
may bind to hydrophobic or positively charged surfaces.
Thus, there is a great possibility of the direct interaction
of these subdomains with negatively charged molecules
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Fig. 5: UV-vis absorption spectra for a) BSA solution and
optimum BSA-based NP prepared at 173 °C, 2.73 (w/v) % and
2.07min, b) BSA-based NPs prepared at concentration of 4.5
%(wW/v),1.5 %(w/iv), 2.73 %(wiv)

or delocalized negative charges like heterocyclic ligands
or carboxylic acids [33]. The outcome of UV-Vis
spectroscopy is strongly supported by other synthetic
BSA-based NPs [22,34,35].

Structural analysis and particle size distribution of opting
BSA-based NPs

Fig. 6 (a) illustrates SEM images of biosynthesized
BSA-based NPs with initial BSA concentrations of 1.5,
2.73, and 4.5% (w/v) via SCW. The SEM images and their
size distribution indicated that the mean diameters and
standard deviation of BSA-based NPs were around 100-
110 nm at room temperature, as shown in Fig. 6(b). These
SEM results are in agreement with the RSM optimization
and UV-vis results. Fig. 6(c) shows the stable BSA
nanoemulsion from 2.73% (w/v) initial BSA solution and
an increase of the initial BSA concentration to more than
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4.5% (w/v) of the NPs. According to the preparation
section, no BSA-based NPs were formed at the initial BSA
1.5% (w/v) concentrations due to the lack of BSA
molecules to complete in the three steps. BSA-based NPs
exhibited a zeta potential of -36.1 mV, which is good for
stable nanosuspension. In line with the results of the
particle size analysis, SEM images suggested that the
shape of the NPs is almost spherical and monodisperse
without aggregates. SCW agrees with the particle size of
BSA-based NPs and the result of BSA-based NPs prepared
by using pH 7 and 2 mM of ionic strength (time consuming
and using toxic chemicals) [36].

The BSA NPs have been prepared as a colloidal
carrier in the presence of glutaraldehyde in the range of
101-503 nm [37], while those for drug or nutrient carriers
were 400-820 nm for an anti-tumor 5-fluorouracil carrier [38]
and 50-400 nm for a bone morphogenetic protein carrier
[39]. Malvern assessed different BSA-based NPs size
distributions from different initial BSA concentrations to
determine the amount of BSA needed to prepare NPs with
sufficient sizes.

The particle size distribution of the prepared NPs is
shown in Fig. 7. For BSA protein, the optimum initial
concentration of 2.73% (w/v) was achieved by RSM
software as the desired concentration of BSA for NPs with
a target size of drug delivery application. The optimum
size was not produced in the higher and lower SCW
condition (i.e. temperature and holding time) as shown in
UV-vis and SEM. Galisteo-Gonzalez and Molina-Bolivar
(2014) reported that BSA-based NPs with a size of 100—
120 nm were derived from the desolvation method in the
presence of glutaraldehyde in 8 h. Besides, the results of
the earlier studies indicated that for the preparation
of BSA NPs, the level of protein should be between 50
and 60 g/L. However, in the green SCW preparation
method used for the first time in this study, a lower
concentration of BSA prepared BSA-based NPs
with a diameter of 100-200 nm.

Zeta potential analysis

The zeta potential analysis was performed to collect
information on the surface properties of the BSA-based
NPs. The stability of systems can be demonstrated in the
long term by this analysis. A zeta value of about £25 mV
is required for a physical suspension stabilized by
electrostatic repulsion [40].
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Fig. 6: Representative images for (a) BSA-based NPs prepared
with 1.5%(w/v)initial BSA solution concentration, (b) BSA-
based NPs prepared with 2.73%(w/v)initial BSA solution
concentration, and (c) BSA-based NPs prepared with
4.5%(w/v)initial BSA solution concentration.

The negative zeta potential (-38.87 mV) for BSA-
based NPs shows that a high absolute zeta potential value
implies high colloidal stability of NPs [41]. Based on
the adequate value for solution stability (25 mV) [42],
the BSA-based NPs were sufficiently stable.

BSA-based NPs stability test

To check the short-term stability of BSA-based NPs,
it was centrifuged for 15min, 45min and 60 min. There was
not any changes in the emulsion appearance. Particle size,
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Fig. 7: Particle size distribution of BSA-based NPs which
prepared at 173°C, 2.07min and 2.73% (w/v) initial BSA, (327
particles counted).

PDI and zeta potential have a significant role to play in
assessing the stability of the nanoparticles in long term
storage. The result of their long-term changes is listed in
Table 5.

A drastic dependence of colloidal properties of BSA-
based NPs with experimental factors has been confirmed.
Particle size, zeta potential, and PDI were obtained
by Zetasizer and provided in Over the three months,
the particle size, PDI, and zeta potential of BSA-based NPs
were found to be stable with no remarkable changes.
In general, this will lead to faster aggregation. Large
particles tend to coalesce faster than small particles. Each
droplet is surrounded by a shear-plane potential called zeta
potential. Repulsive electrostatic interactions between
emulsion droplets with a similar charge prevent them from
getting closer and thus preventing coalescence [43].
The change in zeta potential over time is the result of
an increase or decrease in the surface charge of particles.
Earlier reports indicate that the fabricated BSA-based NPs
are negatively charged and stabilized by electrostatic
repulsion [44]. Furthermore, more considerable surface
potential leads to more active repulsion between colloidal
particles, resulting in more moderate coagulation kinetics
corresponding to observation [45]. PDI provides
information on the deviation from the average size
between large and small particles.

CONCLUSIONS

For the first time, the BSA-based NPs were synthesized
with SCWT technology. The influence of the important
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Table 5: The long-term stability test result of BSA-based NPs

by SCW.
f Time (week) Partéﬁ:]eq)size Zeta(pmo\t/e)ntial PDI\
0 147.02 -39.52 0.240
1 147.1 -39.5 0.253
4 146.15 -39.28 0.259
\ 12 146.35 -38.81 0'259/

factors on the particle size and colloidal properties of BSA-
based NPs has been studied. BSA-based NPs were
produced without using cross-linkers or any toxic
chemicals with unimodal particle size distribution
depending on the variation of the experimental factors
in a very short time. Besides, the initial BSA concentration
may have a dramatic effect on the particles size and zeta
potential. On the other hand, some factors may cause
coagulation or dissociation of the prepared particles due to
instability. This research was capable of identifying
the optimal conditions for the producing of BSA-based
NPs using the SCW method, which could be an excellent
candidate for in vivo drug delivery since no toxic additives
were used in the formation process.

Nomenclatures

BSA Bovine Serum Albumin
SCWT Subcritical Water Treatment
NPs Nanoparticles
ZP Zeta Potential
PDI Polydispersity Index
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