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A B S T R A C T   

In actual work we clearly highlight in the first time the experimental factors (dominantly the concentration of the 
macromolecule components) influencing the formation of human serum albumin/hyaluronic acid (HSA/HyA) 
complex carrier particles which is not available in the literature despite the several published articles. We have 
shown that the charge compensation process of the oppositely charged macromolecules results in the formation 
of drug carrier particles (d ~ 200–350 nm), where the size, size distribution and structure can be largely 
controlled by changing the concentration of the macromolecule components and the experimental conditions 
(pH, reaction time, presence of inert salt etc.). Moreover, we firstly demonstrate the encapsulation capability of 
this optimized HSA/HyA carrier particles - which possess dominantly hydrophilic character - using vitamin D3 
(D3) as a model compound having hydrophobic property, where the kinetic properties of the dissolution were 
studied as well.   

1. Introduction 

The delivery of the active ingredient molecule to the appropriate 
point in the human body, as well as the maintenance of the necessary 
therapeutic dose for a long time are significant challenges in the 
development of an advanced and effective medicine. Different colloidal 
drug delivery systems can be successfully applied to solve these prob-
lems, because their physical, chemical, and pharmacokinetic parameters 
can be optimized by the chemical composition and the structure of the 
carrier [1,2]. 

The use of polysaccharides (e.g. hyaluronic acid (HyA), chitosan 
(Chit) etc.) and serum proteins (e.g. mainly bovine serum albumin (BSA)) 
as nanosized drug carriers are well-known in the literature [3]. To reach 
effective carrier particles with narrow size distribution and higher 
encapsulation efficiency, the structure of the mentioned macromole-
cules needs to be modified; generally, it is available for the application of 
cross-linkers [4,5] or modification of the structure [6] by chemical ways. 
On the other hand, the structure-dependent properties of the carrier can 
be enhanced by the design of substrates with mixed composition, which 

is most easily achieved by charge compensation of the components 
[7,8]. Thanks to the excellent biocompatibility and biodegradability, the 
HyA can be preferable used in nanomedicine [9]. For HyA-based carrier 
particles, the charge compensation-based preparation technique plays 
increasingly important role, where the formation of particles, and thus 
hydrophobicity of the macromolecule chains, can be achieved by the 
electrostatic interaction between the negatively charged HyA and the 
other component having positive charge. As cationic agents, various 
surfactants (such as cetrimonium bromide [10]), polymers/poly-
electrolytes (Chit) [11], polyarginine [12] etc.) and proteins (e.g. (BSA) 
[13,14], human serum albumin (HSA) [15]) can be used. For human 
therapy, the application of HSA is more preferred. The HSA can bind 
both the hydrophobic [16,17] and hydrophilic [18] drug molecules as 
well. The formation of HSA/HyA conjugates can be achieved by des-
olvation [19], precipitation [20] or solvent displacement [21] tech-
niques. It is important to note, that the most synthesis techniques for 
production of HSA/HyA complex carrier particles require desolvation (e. 
g. dichloromethane, ethanol, acetone) or cross-linking (e.g. glutaralde-
hyde) agents, which presence in the systems is disadvantageous in terms 
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of biomedical applications [22]. To eliminate them, the simple elec-
trostatic complexation can be perfectly applied, where the particles are 
created by neutralizing the anionic HyA polymer chains with proteins 
having dominantly positive charge in one step. 

We successfully presented previously the fabrication protocol as well 
as the detailed structural characterization of HyA/Chit [23] and BSA/ 
HyA [24] complex carriers. The combination of the two polysaccharides 
and polysaccharide with BSA resulted in controlled preparation proto-
col, well-defined particle size, narrow size distribution and controlled 
encapsulation capacity for ibuprofen (IBU) as model drug molecule. In 
latter case we clearly confirmed that by replacing BSA with HSA [25], 
the drug release is measurably different, despite the two proteins having 
almost identical size and structure. We have firstly demonstrated that 
under the same conditions (concentration, pH), different charge ratios 
can be identified, which have a significant effect on the structure of the 
complex substrates formed by charge complexation, and which requires 
detailed investigation of the interactions between the HyA and HSA 
using a range of physicochemical measurement techniques. It is 
important to note that the effect of pH on the fabrication possibilities of 
the HSA/HyA systems is mainly investigated in the literature, but there 
is only a little information on the effect of the change of the determi-
native experimental parameters on size, structure, and morphology of 
the carrier particles. In addition, measurable less information about the 
HSA-based carriers is available, as the much cheaper BSA derivative is 
used [26,27]. 

Based on this observation, in this article we demonstrate in the first 
time the experimental factors (mainly the concentration) influencing the 
formation of HSA/HyA complex carrier particles which is not available 
in the literature despite the several reported articles. Namely, the elec-
trostatic interactions between the mentioned protein and poly-
saccharide have been investigated in detail and the structural changes of 
the HSA during fabrication were also evaluated. Moreover, we firstly 
present the encapsulation capability of this optimized HSA/HyA carrier 
particles for vitamin D3 (D3) as a model compound having hydrophobic 
property, where the kinetic properties of the dissolution were studied as 
well. 

2. Materials and methods 

2.1. Materials 

Hyaluronic acid sodium salt (HyA, 1.5–1.8⋅106 Da), human serum 
albumin (HSA, ~67 kDa, fatty acid-free (≤0.1 %)), cholecalciferol 
(Vitamin D3 (abbrev: D3), C27H44O; ≥98 %) and sodium dodecyl sul-
phate (SDS; CH3(CH2)11OSO3Na; ≥99 %) were obtained from Sigma- 
Aldrich. Sodium acetate 3-hydrate (CH3COONa⋅3H2O; ≥99 %) and 
acetic acid (CH3COOH; ≥99 %) were purchased from VWR Interna-
tional. Sodium phosphate dibasic dodecahydrate (Na2HPO4 × 12H2O; 
≥99 %), sodium phosphate monobasic monohydrate (NaH2PO4 × H2O; 
≥99 %), sodium chloride (NaCl; ≥99 %) and ethanol (CH3CH2OH; ≥99 
%) were obtained from Molar Chemicals. Highly purified water was 
obtained by deionization and filtration with a Millipore purification 
apparatus (18.2 MΩ⋅cm at 25 ◦C). All the solvents and reagents used for 
preparations were analytical grade and further purifications were not 
applied. 

2.2. Methods 

2.2.1. Synthesis of the drug-free and D3-loaded HSA/HyA nanosized 
particles 

The HSA/HyA systems were prepared in acetate buffer (pH = 4.50) 
by charge neutralization method, where the formation of the carrier 
particles was studied under different initial conditions: mHSA/mHyA =

0.21–5.00 ratio, cHyA = 0.05–0.20 mg/mL, cNaCl = 0–0.06 M, 10 μL/ 
0–180 s dosing speed and T = 10–40 ◦C. Before preparation of the 
particles, the 1 mg/mL HyA stock solution was stirred for 30 min under 

300 rpm and stored for 24 h at 10 ◦C. During the preparation process, 20 
mg/mL HSA solution was added dropwise (10–40 μL) into the 20 mL 
diluted HyA solutions under 500 rpm magnetic stirring. After the mixing 
of the solutions, the samples were stirred for at least 1 h before further 
use. At the D3-loaded HSA/HyA (D3/HSA/HyA) particles, the D3 was 
dissolved in 50 μL ethanol (cD3 = 5, 10 and 20 mg/mL), which were 
added 300–300 μL 6.67 mg/mL HSA solutions. The mixtures were 
dropped in 20 mL, 0.05 mg/mL HyA solutions under 10 μL/2 min dosing 
speed. The HSA/HyA and D3/HSA/HyA particles were centrifugated 
(12,000 rpm, 15 min) and freeze-dried (Christ Alpha 1–2 LD plus), and 
the solid samples were stored at − 20 ◦C. 

2.2.2. Rheology 
The apparent viscosity curves of the HSA/HyA systems were deter-

mined by Anton Paar Physica MCR 301 Rheometer (Anton Paar, GmbH, 
Germany) at 25 ± 0.1 ◦C and 300 1/s shear rate. The measuring system 
was equipped with concentric cylinder geometry (CC27-SN12793). For 
the determination of the rheological properties, the HSA (20 mg/mL) 
and HyA (0.05; 0.10; 0.15; 0.20 mg/mL) solutions were prepared in pH 
= 4.5 acetate buffer. HSA solution was added dropwise in the 19 mL HyA 
solution with 10–40 μL/3 min dosing speed. The effect of dilution of 
HyA was also investigated (Figs. S1, S2). 

2.2.3. Charge titration 
The charge titration curves of HSA/HyA systems were determined by 

a Mütek Particle Charge Detector PCD-04 model. Under the measure-
ments, the 19 mL HyA solutions were titrated dropwise by 20 mg/mL 
HSA solution at 25 ◦C and the streaming potential values (mV) were 
registered. During the characterization, 0.05–0.20 mg/mL HyA con-
centrations and acetate buffers (pH = 3.6 and 4.5) were used. Analysis of 
the obtained results was performed by using the modified version of the 
sigmoidal Boltzmann equation [23]. 

2.2.4. Circular dichroism spectroscopy 
CD curves were recorded by a Jasco J-1100 CD spectrometer at 25 ±

1 ◦C and 100 nm/min scanning speed. The spectra of the HSA and HSA/ 
HyA systems were determined in the middle UV-region (200–300 nm) 
under continuous (3 L/min) N2 flow, where the light source was a water- 
cooled, high-energy xenon lamp (450 W). The raw data (average three 
scans per samples) was converted into mean residue ellipticity (MRE) 
(Eq. (1)), and the ratio of the α-helix content was calculated from the 
(Eq. (2)). 

MRE208 =
observedCD(mdeg)

10Cpnl
(1)  

α − helix (%) =
− MRE208 − 4000

33000 − 4000
× 100 (2)  

where the Cp is the molar concentration of the protein, n is the number of 
amino acid residues, and l is the pathlength of the cuvette (1 cm in our 
case). 

2.2.5. Thermoanalytical studies 
Thermogravimetric (TG) and the Differential scanning calorimetry 

(DSC) curves of the solid samples were determined by Mettler-Toledo 
TGA/SDTA 851e Instrument and Mettler Toledo DSC822e, where the 
observed temperature ranges were 25–700 ◦C (TG) and 25–500 ◦C 
(DSC), while the heating rate was 5 ◦C/min. 

2.2.6. Characterization of the particles 
The hydrodynamic diameter, size distribution and zeta potential 

(ζ-potential) values were determined by a HORIBA SZ-100 NanoParticle 
Analyzer (Retsch Technology GmbH), using semiconductor laser (λ =
532 nm, 10 mW) as light source and photomultiplier tubes (PMT) as 
detector at 90◦ scattering angle. The transmission electronmicroscopic 
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(TEM) images were recorded by a Jeol JEM-1400plus equipment 
(Japan) at 120 keV accelerating. A Precision Bench Turbidity Meter 
LP2000 (Hanna Ins.) was used for turbidity measurements. 

For the determination of the encapsulation efficiency (EE%) and the 
drug loading (DL%), the lyophilized solid D3/HSA/HyA samples were 
redispersed in ethanol using ultrasonic bath at 25 ◦C. After 10 min 
sonication, the dispersions were stirred for 2 h and centrifugated 
(10,000 rpm, 10 min). The absorbance spectra of the supernatants of the 
redispersed D3/HSA/HyA samples were registered in 200–500 nm 
wavelength range by Shimadzu UV-1800 UV–Vis spectrophotometer. 
The degree of the encapsulation of the model hydrophobic drug was 
determined from the calibration curves using the measured absorbance 
at λ = 270 nm in ethanol (Fig. S3). The EE% and DL% values were 
defined by Eqs. (3)–(4). 

EE% =
encapsulation mass of drug

total mass of drug
× 100 (3)  

DL% =
encapsulation mass of drug
total mass of nanoparticles

× 100 (4)  

2.2.7. In vitro release studies 
The in vitro release of the bulk (solid powder of D3), the dissolved (D3 

solution in same amount) and the encapsulated D3 from the carrier were 
carried out by UV–Vis spectrophotometer, where the changes of the 
concentration of the active compound were determined by calibration 
curves at λ = 267 nm (Fig. S4). The dissolution was studied at 37 ◦C in 
PBS buffer (pH = 7.4, NaCl 0.9 %) for 420 min. To facilitate the better 
solubility of the dissolved model drug molecules, 0.5 % sodium dodecyl 
sulphate (SDS) was added into the media [28]. The D3 samples with 5 
mL of SDS/PBS medium were placed in the semipermeable cellulose 
membrane (Mw cut-off = 14,000; Sigma-Aldrich), which were inserted 
into 35 mL dissolution phase. The acquired results were fitted by QtiPlot 
0.9.8.9 svn 2288 program with different kinetic models (zero order, first 
order, Korsmeyer–Peppas, Peppas-Sahlin, Higuchi, Hopfenberg and 
Weibull equation) [5,29,30]. 

3. Results 

3.1. Rheology and charge titration studies 

In our previous publication, we interpreted the effect of the pH to the 
preparation possibilities of BSA/HyA systems, and the optimal value was 
determined at pH = 4.5 [24]. Using this optimized pH = 4.5 (in acetate 
buffer medium), where the HyA and HSA possess opposite surface 
charges (HyA: pKa ~ 3–4 [31]; HSA: isoelectric point (pI) pI = 4.7 [32]), 

the effect of the HyA concentration to the HSA/HyA system was exam-
ined by rheology and charge titration methods (Fig. 1A, B). The apparent 
viscosity curves as a function of the mHSA/mHyA ratio show breaking 
points (Fig. 1A); the detected breaking points are observed at increas-
ingly higher mHSA/mHyA mass ratios as the concentration of HyA in-
creases. This systematic change can be detected for the charge titration 
studies as well. Based on the fitting of the modified sigmoidal Boltzmann 
equation, the inflection point is continuously shifted with increasing 
HyA concentration (Fig. 1B). In contrast to the BSA/HyA systems, which 
have a neutralization point at mBSA/mHyA = 5.05 at pH = 4.5 under same 
concentration and buffer [24], the streaming potential values for HSA 
tend asymptotically to 0 mV, but neutralization is not occurred. This 
observation confirms our finding that two proteins interact differently 
with HyA at the same pH and concentration, which may result from their 
different pI (pIBSA = 5.1; pIHSA = 4.7) [25]. 

These measurements were also performed at pH = 3.6 acetate buffer, 
and similar effects are observed for the shift of the inflection point 
(Fig. S5), however, as expected, the neutralization is observed in this 
case due to the lower pH. If we assume purely electrostatic interactions 
between the two macromolecules, the inflection points (Fig. 1C) should 
appear at the same mass ratio values without any shift. These results 
may indicate the existence of hydrophobic interactions as well in the 
studied protein/polymer system. In this regard, it is essential to consider 
the concentrations of the components for characterization of these 
complex conjugates, because significant differences can be obtained for 
the system-specific parameters. 

3.2. Effect of pH and HyA concentration on the drug-free HSA/HyA 
carrier particles 

After rheology and charge titration experiments, the formation of 
HSA/HyA particles through interactions between macromolecules and 
their characteristic structural properties (size, size distribution, ζ-po-
tential etc.) were studied at different pH and wide mHSA/mHyA mass ratio 
ranges by dynamic light scattering (DLS). Figs. 2 and S6 show that nearly 
constant particle size can be achieved at lower HSA to HyA mass ratios 
(~200 nm (pH = 3.6), ~205 nm (pH = 4.0) and ~285 nm (pH = 4.5) up 
to mHSA/mHyA = 2). After a significant increase in the hydrodynamic 
diameter, the aggregation of the particles is appeared mHSA/mHyA =

1.89, 2.74 and 4.21 at pH = 3.6, 4.0 and 4.5, respectively, which occur 
very close to the inflection point of the curves. The ζ-potential values 
(analogous to the streaming potential) are constantly changing, espe-
cially near the inflection point, where the particles have less and less 
stability. In Fig. 2, it also can be observed that the ζ-potential at HSA 
excess (for the last few points of the curves) is close to +30 mV (pH =

Fig. 1. Change of the (A) apparent viscosity and (B) streaming potential of HSA/HyA system at different initial HyA concentration values (pH = 4.5 acetate buffer; 
VHyA = 19 mL; cHSA = 20 mg/mL). (C) The detected breaking points and inflection points as a function of HyA concentration. 
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3.6) (Fig. 2A), +10 mV (pH = 4.0) (Fig. 2B) and 0 mV (pH = 4.5) 
(Fig. 2C). Considering the pH of the samples, this change can be 
explained by the decreasing of the positive charge of the HSA with 
increasing pH. 

To confirm the DLS and ζ-potential results, turbidimetric studies 
were performed, where the turbidity of the dispersion was determined 
under the same experimental conditions (Fig. S7A). Initially, the 
turbidity is increased due to the continuous formation of the particles, 
but after the aggregation point, the large particles are deposited, which 
is resulted the decreasing of the values. From the maximum values of the 
turbidity (aggregation point), we obtained the protein to polysaccharide 
mass ratios with a very good agreement to the light scattering results. 
Based on the previously mentioned effect of the HyA concentration, we 
also determined the turbidity, hydrodynamic diameter, and ζ-potential 
at 0.05 mg/mL HyA in pH = 4.5 acetate buffer as well (Figs. 2D, S7B). 
The Fig. 2C, D show that much smaller size can be detected in wide mass 
ratio range, when higher concentrations of HyA is applied (~240 nm for 
0.05 mg/mL HyA, ~285 nm for 0.10 mg/mL HyA). This observation also 
proves the dominant effect of HyA concentration on the hydrodynamic 
diameter. In line with previous results, the HSA/HyA particles are 
aggregated at higher mass ratios by the increasing of the presence of the 
HyA macromolecule, which is also confirmed by turbidimetric mea-
surements (Fig. S7B). Examining the zeta potential values, their 
continuous increase can be observed due to the addition of HSA. 

Based on the previous measurements at different pH, the preparation 
of stable particles is possible at mHSA/mHyA = 1 ratio, thus, the 

characterization of these particles was performed using 1:1 mass ratio 
with different HyA concentrations (Fig. 3). From the determined size 
distribution curves at pH = 4.5, it can be clearly seen that the maximum 
of the peak shifts to the larger hydrodynamic diameters by increasing 
the amount of the polysaccharide (Fig. 3A). Moreover, considering the 
change of the size distribution, formation of a much more polydisperse 
system can be observed. The determined average particle size is changed 
from ~240 nm (0.05 mg/mL HyA) to ~405 nm (0.20 mg/mL HyA), 
while the ζ-potential has a systematically lower negative value from 
~− 35 mV (0.05 mg/mL HyA) to ~− 46 mV (0.20 mg/mL HyA) (Fig. 3B). 
As the lower polydispersity and hydrodynamic diameter (below 300 nm 
for blood brain barrier) are the favourable for the drug carriers, thus 
below 0.1 mg/mL HyA concentration are optimal to produce these HSA/ 
HyA-based systems. 

3.3. Effect of the experimental conditions on the drug-free HSA/HyA NPs 

The effect of further experimental conditions like the dosing speed 
during the components mixing, inert salt (NaCl), HSA concentration and 
the temperature on the prepared HSA/HyA systems have been studied at 
pH = 4.5 using 0.05 mg/mL HyA (Fig. 4). In the knowledge of the 
concentration dependence (Fig. 2), the experiments were performed 
with 2:1 HSA:HyA mass ratio, because the dispersion is still stable and 
enough proteins can interact with the polysaccharide. Firstly, we char-
acterized the role of the dosing speed on the hydrodynamic diameters 
and ζ-potential (Fig. 4A). Fig. 4A shows, significantly larger particle size 

Fig. 2. The hydrodynamic diameter (○, left y-axis) and the ζ-potential ( , right y-axis) of the HSA/HyA conjugates at (A) pH = 3.6, (B) pH = 4.0, (C) pH = 4.5 (cHyA 
= 0.1 mg/mL, VHyA = 20 mL, cHSA = 20 mg/mL) and (D) 0.05 mg/mL HyA concentration (pH = 4.5 acetate buffer; VHyA = 20 mL; cHSA = 20 mg/mL) (The measuring 
data with the appropriate errors are seen in Tables S1, S2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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can be produced with lower dosing steps (dDLS ~ 328 nm and dDLS ~ 
287 nm at 0 s/10 μL and 15 s/10 μL, respectively), than 30s/10 μL (dDLS 
~ 252 nm). However, the further increase of the duration does not cause 
a significant change in either the hydrodynamic diameter or the zeta 
potential (ζaverage = − 34 ± 2 mV). Based on these, it can be stated that 

the use of higher dosing speed is optimal to produce HSA/HyA particles. 
The effect of the inert salt on electrostatic stability was studied using 
NaCl (cNaCl = 0–0.06 M) (Fig. 4B). As it can be seen on Fig. 4B, the size 
and the ζ-potential constantly increase from ~258 nm and ~− 36 mV (0 
M NaCl) to ~364 nm and ~− 3.8 mV (0.06 M NaCl). This change can be 

Fig. 3. (A) Representative DLS curves and (B) hydrodynamic diameter (○, left y-axis) and the ζ-potential ( , right y-axis) values of HSA/HyA particles at different 
HyA concentration (pH = 4.5 acetate buffer, mHSA/mHyA = 1, VHyA = 20 mL, cHSA = 20 mg/mL) (The measuring data with the appropriate errors are presented in 
Table S3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The hydrodynamic diameter (grey column, left y-axis) and the ζ-potential ( , right y-axis) of the HSA/HyA particles at different (A) dosing speed, (B) NaCl 
concentration, (C) HSA concentration and (D) temperature (pH = 4.5 acetate buffer, mHSA/mHyA = 2, cHyA = 0.05 mg/mL, VHyA = 20 mL) (The measuring data with 
the appropriate errors are presented in Table S4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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explained that the appearance of an inert salt in the dispersion reduces 
the electrostatic repulsion between the particles, because the conjugates 
charge can be covered by the ions with opposite charge to the adducts. It 
appears significant increase in particle size at lower ionic strength 
values, while the dispersion destabilizes and aggregates at higher salt 
concentrations. The effect of the concentration of HSA stock solution 
was also examined (Fig. 4C). Based on the results, significant change is 
not observed during these studies, and we obtained that this parameter 
does not play an influential role in the formation of carrier conjugates 
only the mass ratio of the macromolecules. For the temperature 
dependence, 10–40 ◦C interval was used due to avoid protein precipi-
tation. Fig. 4D presents that the hydrodynamic diameter follows a 
maximum curve, and the largest particle size can be achieved at 25 ◦C 
(251 ± 2 nm). At higher temperatures, the decrease in size can be 
explained by denaturation of the protein, because much less protein is 
able to interact with HyA. The small particle sizes at lower temperatures 
can be explained with so-called “cold denaturation” [33]. This phe-
nomenon starts in the temperature range above the freezing point of 
water, which is due to fact that the process of the unfolding of globular 
proteins has a high positive heat-capacity, mainly due to hydrophobic 
interactions. In this sense, it is conceivable that the effect of the initial 
stage of this process can be observed in the change of the particle size. 
Contrast to the particle size, the zeta potential shows a steady increase, 
thus, the HSA/HyA system has lower electrostatic stability by the 
increasing of the temperature. 

3.4. Morphology and structural characterizations of the optimized HSA/ 
HyA particles 

Based on the results of the previous section, we obtained a prepa-
ration protocol using the following parameters: mHSA/mHyA = 2; cHSA =

20 mg/mL, VHSA = 100 μL, cHyA = 0.05 mg/mL, VHyA = 20 mL, 10 μL/ 
120 s HSA dosing speed, T = 25 ◦C, pH = 4.5 acetate buffer medium. The 
morphology, size, and the size distribution (number average) of the 
prepared HSA/HyA NPs were characterized by TEM (Fig. 5). The TEM 
images confirmed the conjugates having ~232 nm average diameter. 
This value is close to the DLS results (~251 nm), the difference can be 
explained by the hydrodynamic diameter. The interaction between the 
two macromolecules and the degradation temperature (Td) of the pre-
pared conjugate were determined by thermoanalytical measurements 
(Figs. 6A, S8). According to the DSC curves (Fig. 6A), the Td value of the 
HSA is 205 ◦C. The exothermic peak of the HyA and the endothermic 
peak of HSA are not detected for HSA/HyA NPs, which indicates the 
absence of the free macromolecules and the presence of the electrostatic 
and hydrophobic interactions. Above 325 ◦C, the heating flow contin-
uously increases, as it is seen for pure HSA as well. This is presumably 
caused by the large amount of protein interacting in the conjugate. The 

sample was also studied by TG measurements, where the determined Td 
of the HSA/HyA particles is 199 ◦C, lower than HyA (223 ◦C) and HSA 
(209 ◦C) (Fig. S8). The structure of the HSA was followed by CD spec-
troscopy (Figs. 6B, S9). Fig. 6B shows that the calculated α-helix content 
of the HSA is 67.3 % at pH = 4.5 (Eq. (1), Eq. (2)). When the poly-
saccharide appears, it causes a significant change in the secondary 
structure of the protein, and the α-helix content is decreased to 28.2 %. 
The CD curves of the HSA and the conjugate were fitted by Reed model 
[34] and the results are pointed out the β-sheet content is increased 
(29.4 % (HSA); 60.7 % (HSA/HyA)) in addition to the change in α-helix 
(Table S5). The effect of the presence of HyA on the HSA structure 
clearly proves the formation of electrostatic and hydrophobic in-
teractions which is resulted, the HyA polymer chains does not allow the 
protein to unfold to the extent, as it can do in the solvated form in the 
buffer. If the pH is higher (pH = 7.4, Fig. 6C), than the isoelectric point 
of HSA (pI = 4.7 [32]), the HSA structure are shown less change with the 
addition of HyA (48.3 % (HSA); 55.8 % (HSA/HyA)), which indicates a 
decrease of the electrostatic interaction. Further studies were also per-
formed at pH = 3.6 (Fig. S9A, Table S6). In this case, the HSA/HyA 1:1 
mass ratio was used to avoid the aggregation and it was found that the 
HSA excess (from 1:1 to 2:1) does not significantly change the run of the 
CD curves. In Fig. S9B, similar change is observed at pH = 3.6 and 4.5, 
which is confirmed, the decreasing of the pH (and the charge of the HyA 
in this range) does not have dominant effect on the protein structure. 

3.5. Characterization of D3-loaded HSA/HyA NPs 

During the study of the applicability of the HSA/HyA conjugate as a 
drug carrier, we used vitamin D3 as a model compound. The vitamin D3 
concentration-dependence to the size, polydispersity, ζ-potential, 
encapsulation efficiency (EE(%)) and drug loading (DL(%)) were 
determined; the results are summarized in Table 1. Indicating successful 
encapsulation, both the polydispersity and the hydrodynamic diameter 
increase continuously from PDI ~ 0.152 and dDLS ~ 240 (0 mg/mL D3) 
to PDI ~ 0.325 and dDLS ~ 272 (0.1 mg/mL D3) with the amount of 
vitamin molecule. In contrast, systematic shift cannot be observed in the 
ζ-potential. EE(%) and DL(%) were studied by UV–Vis spectrophotom-
eter. As Table 1 summarizes, the EE(%) has lower and lower value, so 
less active compound is encapsulated compared to the quantity added at 
baseline. However, opposite change is observed for the DL(%) and the 
highest value can be achieved at 0.10 mg/mL D3 (~22 %). In conclu-
sion, the increase in the added amount of D3 to the carrier particles 
promotes the quantity of the encapsulated active substance, however the 
EE% is decreasing, which is costly from a financial point of view. To 
determine the effect of the HSA/HyA conjugates on the dissolution, we 
measured the release curve in case of 0.10 mg/mL D3-loaded HSA/HyA 
NPs, where bulk and dissolved vitamin were used as reference (Fig. 7). 

Fig. 5. (A) TEM image and (B) size distribution of the HSA/HyA particles.  
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On the one hand, as expected, due to its extremely poor solubility, the 
penetration of the pure D3 molecules from their solution is much better 
than it was obtained for solid form, as Fig. 7 represents. When we 
analyze the dissolution of the D3 molecules for the carrier particles, it 
was obtained that faster dissolution process is occurred: ct/c∞ = 10.0 % 
for bulk D3 and ct/c∞ = 20.1 % for D3-loaded carriers in the 420 min 
time range. This can be explained, the application of nanosized conju-
gates with loose colloidal structure results larger specific surface area, 
thereby promoting the enhanced solubility and thus the possibility of 
higher D3 release. Further analyzing the dissolution curves, lower 
released drug concentration can be observed for the D3/HSA/HyA NPs 
than the D3 solution (57.0 % at 420 min), presumably due to retention of 
the drug in the carrier. The recorded dissolution data was fitted with 
different kinetic models (zero order, first order, Korsmeyer–Peppas, 

Peppas-Sahlin, Higuchi, Hixson and Weibull), but the first order, 
Korsmeyer-Peppas (Fig. 7B) and the Weibull (Fig. 7A) formulations give 
the best fit for the studied systems (Table 2). From the results, we 
conclude that the dissolution of drug from the carrier was mainly driven 
by diffusion effects, as we can see from the values from the Korsmeyer- 
Peppas model. Here, the diffusion dissolution index (n) exponent value 
is below 0.5, which represents full diffusion (Fickian) contribution, and 
zero relaxation effect (coming from matrix degradation, erosion or 
swelling). As the value is well below 0.5 (n = 0.346 for D3/HA/HyA 
NPs), we can assume that the carrier nanoparticles are spherical (in this 
case, the n value should be 0.42), and size distribution effects make the 
value even lower [29]. 

4. Conclusion 

Considering the applicability as drug carrier, we performed the 
comprehensive characterization of the HSA/HyA macromolecule-based 
carrier particles. Summarizing the rheological and charge titration 
measurements, the interactions between the serum albumin and the 
polysaccharide are influenced by the applied HyA concentration. The 
results highlighted that the formation of the hydrophobic interaction 
can appear in addition to the electrostatic interaction. It was confirmed 
that the preparation of the electrostatically compensated HSA/HyA 
particles can be planned, which can be uniquely tuned with the initial 
synthesis parameter (e.g., pH, dosing speed, temperature, HSA, HyA and 
inert salt concentrations). A production process has been optimized by 
controlling the size, size distribution and the ζ-potential that can be 
produced HSA/HyA conjugate with relatively small size and high sta-
bility (dDLS = 240 ± 4). The encapsulation and dissolution features of 

Fig. 6. (A) DSC curves of the HSA, HyA, and the lyophilized HSA/HyA conjugate, and CD curves of HSA (continuous red line) and HSA/HyA conjugates (dotted 
orange line) at t = 25 ◦C in (B) acetate buffer (pH = 4.5) and (C) phosphate buffer (pH = 7.4) (cHSA = 1.25 μg/mL, cHyA = 0.625 μg/mL). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Polydispersity index (PDI), hydrodynamic diameter (dDLS), ζ-potential, encap-
sulation efficiency (EE) and drug loading (DL) of the HSA/HyA particles at 
different D3 concentration.  

cD3 (mg/ 
mL) 

PDI ± SD dDLS ± SD 
(nm) 

ζ ± SD 
(mV) 

EE ± SD 
(%) 

DL ± SD 
(%) 

0.000 0.152 ±
0.091 

240 ± 4 − 38.5 ±
2.9 

– – 

0.025 0.247 ±
0.101 

250 ± 6 − 31.9 ±
1.5 

69 ± 5.3 10 ± 1.0 

0.050 0.269 ±
0.032 

265 ± 7 − 30.7 ±
2.4 

49 ± 2.1 14 ± 0.7 

0.100 0.325 ±
0.075 

272 ± 12 − 35.4 ±
3.0 

43 ± 3.1 22 ± 1.5  
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vitamin D3 as hydrophobic model compound were also studied. It was 
determined, even ~22 % drug loading (0.1 mg/mL D3) can be available 
by using this HSA/HyA nanoconjugate having hydrophilic character. 
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[23] Á. Turcsányi, N. Varga, E. Csapó, Chitosan-modified hyaluronic acid-based 
nanosized drug carriers, Int. J. Biol. Macromol. 148 (2020) 218–225, https://doi. 
org/10.1016/J.IJBIOMAC.2020.01.118. 
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