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ABSTRACT
The development of novel treatment strategies for tuberculosis (TB), including its multidrug-resistant forms, remains a global 
health priority. Conventional first- and second-line anti-TB drugs are often incorporated into polymer-based delivery systems to 
improve efficacy and reduce side effects. Among biodegradable, non-toxic, and biocompatible polymers, human serum albumin 
(HSA) stands out as a highly promising drug carrier. In this study, isoniazid (INH)-loaded human serum albumin nanoparticles 
were synthesized via the reaction of HSA macromolecules with cysteine in the presence of urea. Key nanoparticles character-
istics—including size, polydispersity, drug loading efficiency, and drug binding capacity—were systematically evaluated and 
optimized. The effects of various formulation parameters, such as solution pH and concentration of urea, cysteine, albumin, and 
isoniazid, were investigated. Conformational changes in the protein structure were assessed using spectrofluorometric analysis. 
Additionally, the physicochemical properties and in vitro drug release profiles of HSA-INH nanoparticles were characterized. 
The antimicrobial activity of the nanoparticles was tested against the wild-type Mycobacterium tuberculosis H37Rv strain at 
isoniazid concentrations of 5, 25, and 50 mg/mL. The minimum inhibitory concentration of isoniazid when delivered via HSA 
nanoparticles was also determined.

1   |   Introduction

Tuberculosis remains one of the most significant global health 
threats, being the leading cause of death from infectious dis-
eases and ahead of diseases such as HIV/AIDS and COVID-19 
[1]. Mycobacterium tuberculosis (MTB) is the bacterium re-
sponsible for causing this condition. The pathogen usually 
affects the lungs, but it can also affect other parts of the body. 
The disease is spread in the air from tuberculosis patients, 
for example, via coughing [2]. According to the World Health 

Organization, about a quarter of the world's population is at 
risk of developing tuberculosis. The disease moves into the 
active stage with a decrease in immunity, so the likelihood of 
the disease is high in patients with human immunodeficiency 
virus, diabetes, and other chronic conditions [3, 4]. Despite 
great efforts in all countries, the epidemiological situation 
with TB is difficult to control. About 10.8 million people get 
infected with tuberculosis every year worldwide, and the inci-
dence of TB has recently remained at a relatively stable level. 
In 2023, the number of deaths from tuberculosis is estimated 
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at 1.25 million people [1]. This situation is further complicated 
by the fact that over half a million cases of multiple drug-
resistant tuberculosis are identified each year, with fewer 
than 68% ultimately cured [1]. Traditional TB therapy is not 
only insufficiently effective but also disrupts the structural 
and functional integrity of lung tissue (morpho-functional 
imbalance), increases systemic toxicity, and contributes to the 
development of drug resistance [5, 6].

TB therapy usually includes several medications that must be 
taken for 6 months and can even be extended for up to 12 months. 
The US Food and Drug Administration has so far approved ten 
drugs for tuberculosis treatment [7]. Isoniazid (INH) is a widely 
available and cost-effective drug commonly used in the chemo-
therapy of tuberculosis caused by MTB. INH exhibits strong 
bacteriostatic activity against various forms and localizations of 
MTB [8, 9]. Although isoniazid has good pharmacokinetic and 
pharmacodynamic properties, its efficacy is highly dependent 
on regular administration. Disruption of the treatment regi-
men may lead to the development of drug resistance. Isoniazid 
is also rapidly excreted from the body, necessitating the use of 
high doses that can cause toxic effects. Furthermore, a large pro-
portion of the administered drug undergoes biotransformation 
before exerting its antibacterial effect. Developing an effective 
drug carrier that ensures sustained release, targeted deliv-
ery, and prevention of drug resistance is a promising strategy 
to improve treatment outcomes. Encapsulation of isoniazid in 
nanoparticles enables controlled drug release, maintains stable 
levels, and facilitates direct delivery to the target cells, thereby 
enhancing treatment efficacy and reducing the risk of side ef-
fects [10, 11].

Biopolymers, particularly serum albumin, are promising drug 
carriers due to their natural role in transporting biologically ac-
tive substances in the body. The presence of numerous amino-, 
carboxyl, amide, and other functional groups in albumin's pri-
mary structure, along with specific binding sites, makes it an 
ideal candidate for developing bioconjugates with various phar-
macologically active compounds [12, 13]. Preparation of HSA 
nanoparticles as potential drug carriers is of substantial interest. 
Glutaraldehyde is commonly used to stabilize protein nanopar-
ticles prepared by desolvation [14–17]. The primary drawback 
of glutaraldehyde usage is its cytotoxicity, which can trigger ad-
verse biological reactions, including inflammation and immune 
responses [18, 19]. Additionally, the extensive cross-linking in-
duced by glutaraldehyde treatment can cause undesirable struc-
tural modifications in proteins, potentially impairing both drug 
delivery and release properties [20, 21]. In recent years, research 
into alternative, less toxic crosslinking agents derived from nat-
ural compounds has gained considerable attention. Previous 
studies have demonstrated the successful preparation of stable 
HSA nanoparticles through the interaction of the protein with 
cysteine in the presence of urea, including their loading with 
anticancer drugs [22, 23]. However, the application of biocom-
patible components for creating HSA nanoparticles to deliver 
anti-TB drugs remains poorly explored.

In the present study, the feasibility of preparing HSA nanopar-
ticles using biocompatible components and loading them 
with isoniazid was investigated for the first time. The novelty 
of this study lies in the comprehensive analysis of key factors 

influencing nanoparticle formation, stability, and properties, 
including the concentrations of HSA, L-cysteine, urea, and 
isoniazid, as well as environmental conditions such as pH. 
Additionally, the release profile of isoniazid from the nanoparti-
cles was examined, and the minimum inhibitory concentration 
of isoniazid-loaded HSA nanoparticles required to inhibit the 
growth of Mycobacterium tuberculosis was determined.

2   |   Materials and Methods

2.1   |   Materials

HSA (lyophilized powder, 98% purity), isoniazid (≥ 99% purity) 
and L-cysteine (98.5% purity) were purchased from Sigma-
Aldrich (Germany). Absolute ethanol was purchased from 
DosFarm (Almaty, Kazakhstan). Urea (99.5% purity) was pur-
chased from HimPribor-SPb (Saint Petersburg, Russia).

2.2   |   Preparation of HSA NPs

HSA-derived nanoparticles (NPs) were produced by the desolva-
tion method in accordance with a slightly modified procedure 
described elsewhere [22–24]. In brief, the pre-set amount of 
serum albumin powder was dissolved in 3 mL of distilled water 
by stirring at 200 rpm at 23°C for 10 min (the concentrations 
of these protein solutions were 10, 20, 40, and 80 mg/mL). The 
solution pH was adjusted to 4–9 with 0.5 mol/L HCl and NaOH. 
Thereupon, 16 mL of ethanol was added to each protein solution 
at a rate of 1 mL/min, thus resulting in a turbid dispersion of al-
bumin nanoparticles. Then, 0.5 mL of aqueous solutions of urea 
at 1, 2, 3, 4, 5, 6, 7, and 8 mol/L was added to each protein solu-
tion, followed by the introduction of 3 mL of aqueous 1, or 2.5, 
or 5, or 10 mg/mL L-cysteine solution. Every reaction mixture 
prepared in this way was stirred continuously for 2 h. Exactly 
3 mL of isoniazid solution was added to the reaction mixture so 
that the concentrations of the drug in the system were 2, 4, 6, 
and 8 mg/mL. The drug loading was conducted under constant 
magnetic stirring at 300 rpm for 2 h. The resultant suspension 
of nanoparticles was washed with distilled water and isolated 
using three centrifugation steps (MiniSpi, Eppendorf, Hamburg, 
Germany) at 14,000 rpm for 15 min each to remove dissolved 
substances and ethanol from the mixture. The precipitated 
nanoparticles were re-dispersed in 10 mL of distilled water after 
each phase of centrifugation using an ultrasonic bath (Launch 
Tech, Shenzhen, China); the ultrasound treatment time was 
10 min.

2.3   |   Nanoparticles Size Measurement, Zeta 
Potential Analysis, and Surface Morphology

The average particle size, polydispersity index (PDI) and zeta po-
tential of the HSA-NPs, both with and without isoniazid, were 
measured using dynamic light scattering (DLS) with Zetasizer 
NanoZS90 (Malvern Instruments Limited, Worcestershire, UK). 
The samples were diluted with deionized water and measured at 
a scattering angle of 90° at 25°C. The isoelectric points of drug-
free and isoniazid-modified HSA nanoparticles were determined 
using electrophoretic mobility measurements while varying the 
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pH of solutions [25]. Size, shape, and surface morphology of 
the HSA-NPs were examined using scanning electron micros-
copy (SEM, MIRA 3LM TESCAN, Brno, Czech Republic, EU). 
For SEM spectroscopy, dried nanoparticles were mounted onto 
a sample holder and coated with carbon. Carbon-coated con-
ductive adhesive tapes were used to adhere the samples to the 
sample holders. The SEM images were analyzed using ImageJ 
software.

2.4   |   Encapsulation Efficiency, Drug Loading, 
and Production Yield

After centrifugation and washing of the nanoparticles, the super-
natant was collected and the drug concentration in the solution 
was determined using high performance liquid chromatogra-
phy (HPLC) method (Shimadzu LC-20 Prominence, Japan). The 
amount of drug encapsulated within the nanoparticles was calcu-
lated by subtracting the free (unencapsulated) drug present in the 
supernatant from the total drug amount. Encapsulation efficiency, 
drug loading, and production yield were calculated as follows:

2.5   |   In Vitro Drug Release

For drug release experiments, 24 mg of nanoparticles were re-
dispersed in 14 mL of phosphate-buffered saline (PBS, pH 7.4) 
and incubated at 37°C with stirring at 200 rpm. At different time 
intervals (0, 2, 4, 8, 12, and 24 h), 1 mL aliquots were withdrawn, 
centrifuged, and the supernatant containing the released drug 
was analyzed using HPLC at 262 nm. All measurements were 
performed in triplicates. The cumulative drug release was plot-
ted as a function of time.

2.6   |   Fluorescence Measurements

Exactly 5 mL HSA solutions (0.66 g/L) prepared in distilled 
water were used to record their fluorescence spectra. The 
solution pH was adjusted to 4–9 with 0.5 mol/L HCl and 
NaOH. Urea was dissolved in the protein solution to reach the 
concentrations of 1–10 mol/L. L-cysteine was dissolved in the 
protein solution to make the solutions with the concentrations 
of 1, 2.5, 5, and 10 mg/mL. Intrinsic fluorescence values were 
measured using a Cary Eclipse fluorescent spectrophotometer 
(Agilent Technologies). The excitation wavelengths for mea-
suring intrinsic fluorescence values were 280 and 295 nm; 
almost all the excitation energy is absorbed by protein tryp-
tophanyl residues at 295 nm. The fluorescence spectra were 
recorded in the wavelength range from 300 to 650 nm. The 
width of the emission and absorption slits in the measurement 
of intrinsic fluorescence was taken as 5 nm. A pulsed xenon 
lamp was used as the excitation source.

2.7   |   Thermal and Spectroscopic Characterization 
of the Nanoparticles

Thermogravimetric (TGA) and differential scanning calorime-
try (DSC) analysis were performed on a LabSYS evo TGA/DTA/
DSC analyzer (Setaram, France) in the temperature range of 
30°C–550°C in an aluminum oxide crucible at a heating rate of 
10°C/min in a nitrogen atmosphere (30 mL/min).

FTIR spectra of the nanoparticles were recorded using IR spec-
troscopy (FSM 1202 LLC “Infraspect,” Russia). A total of 3 mg 
of each sample was mixed with 100 mg of KBr, and a pellet was 
prepared using a KBr tablet press.

2.8   |   In Vitro Study of the Inhibitory Activity 
of HSA Nanoparticles Loaded With Isoniazid

In vitro experiments were conducted using Airstream 
AC2-4E8 biosafety cabinets (Esco Micro Pte. Ltd., Singapore), 
which ensured sterile working conditions by maintaining 
negative air pressure and filtering air through HEPA filters. 
The antimycobacterial activity of the nanoparticles was stud-
ied using an antituberculosis drug-sensitive wild strain of 
MTB H37Rv obtained from the pulmonary clinic Asklepios 
(Munich-Gauting, Germany). The in vitro bacteriostatic activ-
ity of the nanoparticles was assessed by evaluating the growth 
of the MTB strain in Levenstein–Jensen nutrient-dense me-
dium. The test tubes with inoculations were incubated for 
4 weeks, after which the results were recorded. The results of 
the suppressive activity were evaluated by counting the num-
ber of colony forming units (CFU) of MTB on nutrient-dense 
medium and comparing the control and experimental cul-
tures. Bacterial samples with positive detections were further 
processed using the Ziehl–Neelsen staining method according 
to Dzodanu et al. [26]. The dried smears were then examined 
under a Leica DMLS microscope.

2.9   |   Statistical Analysis

The data are expressed as mean ± standard deviation, and sta-
tistical analysis was carried out using Minitab 19 Statistical 
Software. One-way analysis of variance (ANOVA) was used to 
evaluate the statistical significance of the results.

3   |   Results and Discussion

3.1   |   Optimization of Nanoparticles Preparation

3.1.1   |   Preparation of HSA-INH NPs Using 
the Previously Developed Method

Nanoparticles of human serum albumin loaded with isoniazid 
were prepared in the presence of L-cysteine and urea using 
the method previously reported for the synthesis of nanoparti-
cles loaded with hydroxyurea [22, 23]. This work study aimed 
to modify the previously reported method by replacing the 
conventional crosslinking agent (glutaraldehyde) with a com-
bination of urea and L-cysteine. Urea affects the conformation 

Encapsulation efficiency (%) =
Total mass of the Drug −Mass of free Drug

Total mass of the Drug
× 100%

Drug loading (%) =
Total mass of the Drug −Mass of free Drug

Total mass of nanoparticles
× 100%

NPs yield (%) =
Total mass of nanoparticles

Total mass of the Drug + Total mass of HSA
× 100%
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of serum albumin, causing partial unfolding of its globular 
structure with the exposure of hydrophobic amino acid groups 
to the surface. L-cysteine then reacts to break intramolecular 
disulfide bonds in protein macromolecules, leading to a better 
unfolding of the polypeptide chains [23]. Consequently, cova-
lent intermacromolecular S-S bonds are formed as a result of 
the thiol-disulfide exchange reaction [22, 27–30]. In addition, 
hydrophobic interactions and, to a lesser extent, newly formed 
hydrogen and ionic bonds play a significant role in stabilizing 
the spatial structure of polymer nanoparticles. Therefore, the 
yield of HSA nanoparticles prepared via ethanol-induced de-
solvation followed by stabilization with urea and L-cysteine 
exceeded 50%. Both the encapsulation efficiency of isonia-
zid and its incorporation into the polymer matrix were high. 
However, the particle size of the resulting HSA-INH nanopar-
ticles was 394 ± 9 nm, which exceeds the desired optimal 
range of 50–300 nm [31] (Table 1).

Considering the presence of many reactive functional groups in 
HSA structure, it can be assumed that changing the synthesis 
conditions will affect the characteristics of the final product. 
There are several possible parameters for optimization of the 
synthesis conditions, including the solution pH, the concentra-
tion of reacting components, and drugs.

3.1.2   |   Effect of HSA Solution pH

Solutions of HSA and HSA-INH were prepared at pH values 
ranging from 4 to 9, followed by the addition of an equal volume 
of ethanol to each. After desolvation, the resulting protein solu-
tions exhibited distinct visual appearances (Figure S1).

It is well known that albumins undergo reversible conformational 
transitions upon changes in solution pH [32]. This can certainly 
affect the subsequent stages of the NPs synthesis, their character-
istics, and the yield of the final product. Fluorescence spectros-
copy is an informative method to study the transitions in proteins 
[32]. It is known that HSA consists of a single long polypeptide 
chain with 586 amino acids, packed into 3 linked globular seg-
ments; the conformation of which is fixed by 17 disulfide bonds 
[33–35]. The intrinsic fluorescence of HSA is mainly due to a sin-
gle Trp-214 residue in the hydrophobic cavity of subdomain IIA 
(Sudlow I). Previously, Dockal et al. investigated tyrosyl fluores-
cence to obtain additional insights into the structural character-
istics of proteins [36]. Figure 1 shows the fluorescence emission 
spectra of HSA nanoparticles in solutions prepared at different 
pHs upon excitation at 280 nm. The fluorescence intensity of 
HSA depends on the solution pH (Figure 1). It is known that the 

protein takes the native form at a pH value close to 7.0 [33]. An in-
crease in fluorescence intensity at pH values above and below 7.0 
may be attributed to the emergence of uncompensated positive 
and negative charges on the surface of biopolymer macromole-
cules, resulting from the dissociation of amino acid side chains. 
This charge imbalance promotes repulsion between like-charged 
functional groups, leading to the partial unfolding of HSA macro-
molecules into their F and B conformational forms.

As the pH of the HSA solution decreases from pH 6.0 to pH 4.0, 
the fluorescence intensity of tyrosine diminishes, accompa-
nied by a slight blue shift in the emission maximum from 336 
to 333 nm. This change is likely due to proton redistribution 
around the aromatic ring mediated by nearby carboxyl groups 
[33]. In the pH range from 6.0 to 9.0, tyrosine fluorescence in-
tensity also decreases, while the emission maximum exhibits a 
slight but reproducible red shift from ~336 to ~339 nm. These 
observations are consistent with findings reported by Dockal 
et al. [36].

Following desolvation of protein macromolecules with etha-
nol, urea and L-cysteine were added sequentially to the solu-
tion. The mechanism of the protein reactions with urea and 
L-cysteine is described in detail in [37]. Table  2 shows the 
characteristics of the prepared nanoparticles. The nanoparti-
cles with substantial yield were prepared in the pH range from 

TABLE 1    |    Characteristics of Nanoparticles and Production Efficiency (pH 7.4, HSA concentration—20 mg/mL, L-cysteine concentration—1 mg/mL).

NPs

Characteristics of nanoparticles Production efficiency

Size (nm) PDI Zeta potential (mV)
Encapsulation 
efficiency (%) Drug loading (%) NPs yield (%)

HSA 244 ± 7 0.317 ± 0.021 −14 ± 3 — — 69 ± 5

HSA-INH 394 ± 9 0.232 ± 0.067 −21 ± 3 85 ± 2 15 ± 2 56 ± 5

Note: All values are presented as the mean ± SD (n = 3).

FIGURE 1    |    Fluorescence spectra of HSA nanoparticles recorded 
in solutions with different pHs. Insert: pH dependence of the intensity 
of the tyrosine fluorescence maximum in solution upon excitation at 
280 nm (Figure S2).

 10970282, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bip.70036 by Z

hanar K
osanova - K

araganda B
uketov U

niversity , W
iley O

nline L
ibrary on [07/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

Buk
eto

v u
niv

ers
ity



5 of 14

5 to 7, both for drug-free and INH-loaded nanoparticles. The 
particle size and polydispersity values observed within the pH 
range were also within acceptable limits. Above and below 
this pH range, the yield of nanoparticles was relatively low, 
which indicates that these conditions are not suitable for the 
synthesis of nanoparticles. At pH = 6 the values of zeta poten-
tial of HSA and HSA-INH nanoparticles are in the range of 
−28 to −31 mV, which indicates that these samples are colloi-
dally stable. These observations are in good agreement with 
the study of Langer et al. [15]. As shown, both drug-free HSA 
and isoniazid-modified nanoparticles have an isoelectric point 
around pH 4. Below this value, most of the amino and carboxyl 
groups are in the protonated state, resulting in a positive sur-
face charge of the nanoparticles. On the contrary, at pH above 
the isoelectric point, deprotonation of these functional groups 
occurs, which leads to the predominance of negative charge 
on the particle surface [38].

Further studies were aimed at elucidating the effects of urea con-
centration on the physicochemical characteristics of nanoparti-
cles in terms of their particle size, polydispersity, and yield.

3.1.3   |   Study of Urea Concentration Effect

Previous studies [22, 23] demonstrated that the use of a mild cha-
otropic agent is essential for enhancing the availability of HSA 
functional groups for thiol-disulfide exchange during nanopar-
ticle synthesis. In this work, we have used urea as a chaotropic 
agent in the synthesis of nanoparticles. Urea binds reversibly 
to proteins, disrupting intermolecular hydrogen bonds regard-
less of its concentration in solution [39]. While some studies 
report that protein denaturation by urea is reversible [40, 41], 
others suggest it is not. In this work, interactions between urea 
and the protein were examined to identify the optimal urea 

concentration and the most effective method of its addition. 
This aims to ensure efficient unfolding of biomacromolecules 
involved in thiol-disulfide exchange reactions in the presence 
of cysteine.

As was discussed above, fluorescence spectroscopy can be used 
to probe the changes in the protein conformation. It is known 
that albumin fluorescence originates from tryptophan (Trp), 
tyrosine (Tyr), and phenylalanine residues [42]. Figure 2 shows 
the fluorescence spectra of the protein recorded at different con-
centrations of urea upon excitation at 280 and 295 nm, which 
excite tyrosine and tryptophan residues of HSA, respectively. 
Tyr fluorescence (280 nm) provides limited information on the 
changes in protein structure, as it has been shown in a number 
of studies to be almost completely quenched upon ionization of 
the amino group, of the carboxyl group of Trp [42, 43]. However, 
some changes in the conformation of protein biomacromole-
cules can still be observed (Figure 2a), which is associated with 
the changes in the neighborhood of tryptophan residues [33]. 
The intensity of Trp (Figure  2b) fluorescence decreases with 
increase in the concentration of urea; however, this effect is ob-
served only at Curea > 2 mol/L. It is known [33] that tyrosine flu-
orescence of albumin is an indicator of domain structure change 
upon protein denaturation. Some authors believe [43, 44] that 
tyrosine fluorescence is an indicator of changes in the primary 
hydration shell of biomacromolecules, which is associated with 
the redistribution of hydrogen bonds between surface amino 
acid groups and solvent molecules. Consequently, the observed 
changes in the intensity of the spectra with increasing urea 
concentration support the hypothesis that hydrogen bonds are 
responsible for protein denaturation in the presence of these 
chaotropic agents [45, 46].

At low urea concentrations (< 2 mol/L), there were prac-
tically no differences in the fluorescence intensity when 

TABLE 2    |    Characteristics of nanoparticles and production efficiency using different pH.

NPs pH

Characteristics Production efficiency

Size (nm) PDI
Zeta potential 

(mV)
Encapsulation 
efficiency (%)

Drug loading 
(%) NPs yield (%)

HSA 4 144 ± 6 0.207 ± 0.064 −5 ± 2 — — 3 ± 1

5 169 ± 8 0.427 ± 0.058 −19 ± 2 — — 78 ± 4

6 216 ± 13 0.378 ± 0.047 −31 ± 4 — — 63 ± 5

7 244 ± 7 0.317 ± 0.021 −14 ± 3 — — 69 ± 6

8 71 ± 8 0.317 ± 0.079 −22 ± 3 — — 18 ± 3

9 60 ± 9 0.098 ± 0.023 −39 ± 4 — — 2 ± 1

HSA-INH 4 146 ± 7 0.191 ± 0.025 −5 ± 2 75 ± 5 3 ± 3 2 ± 1

5 175 ± 2 0.494 ± 0.057 −6 ± 5 73 ± 8 12 ± 3 53 ± 7

6 211 ± 9 0.183 ± 0.021 −28 ± 1 78 ± 8 10 ± 3 68 ± 3

7 394 ± 9 0.232 ± 0.067 −21 ± 3 85 ± 7 15 ± 4 56 ± 5

8 88 ± 5 0.384 ± 0.049 −26 ± 3 81 ± 7 3 ± 1 2 ± 1

9 71 ± 8 0.405 ± 0.060 −27 ± 4 92 ± 4 7 ± 4 1.0 ± 0.1

Note: All conditions, except pH, were consistent with the standard parameters. Data for pH 7 were taken from Table 1. All values are presented as mean ± SD (n = 3).
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excited at 280 and 295 nm. A substantial reduction in the 
fluorescence intensity was observed in the concentration 
range of Curea = 2–7 mol/L, which may be a result of the 
quenching of  tryptophan fluorescence due to the denatur-
ation of domains  II and III [47]. In the concentration range 
of Curea = 7–10 mol/L, the fluorescence intensity reaches a pla-
teau with low values.

The results of the study of urea concentration effect on the char-
acteristics of the nanoparticles formed in the absence and in the 
presence of isoniazid are presented in Table 3.

At a urea concentration of 4 mol/L, HSA nanoparticles with an 
average size of 287 ± 1 nm and low polydispersity (0.039 ± 0.06) 
were formed with a high yield (99%). Increasing the urea 

FIGURE 2    |    Fluorescence spectra of HSA in the presence of urea recorded upon excitation at 280 nm (a) and 295 nm (b). Inserts show dependence 
of the fluorescence intensity of tyrosine and tryptophan residues of HSA on the concentration of urea (Figures S3 and S4).

TABLE 3    |    Characteristics of nanoparticles prepared in solutions of urea.

NPs

Urea 
concentration 

(mol/L)

Characteristics Production efficiency

Size (nm) PDI

Zeta 
potential 

(mV)
Encapsulation 
efficiency (%)

Drug 
loading 

(%)

NPs 
yield 
(%)

HSA 1 245 ± 9 0.165 ± 0.049 −28 ± 1 — — 68 ± 7

2 301 ± 5 0.082 ± 0.011 −27 ± 3 — — 62 ± 7

3 269 ± 10 0.172 ± 0.127 −31 ± 4 — — 71 ± 4

4 287 ± 1 0.039 ± 0.061 −27 ± 2 — — 98 ± 2

5 407 ± 6 0.090 ± 0.023 −18 ± 1 — — 75 ± 6

6 296 ± 5 0.164 ± 0.039 −23 ± 7 — — 58 ± 9

7 158 ± 9 0.297 ± 0.018 −24 ± 3 — — 14 ± 6

8 106 ± 7 0.456 ± 0.055 −16 ± 3 — — 13 ± 4

HSA-INH 1 264 ± 7 0.081 ± 0.098 −20 ± 5 75 ± 8 11 ± 3 60 ± 7

2 277 ± 6 0.059 ± 0.072 −28 ± 3 80 ± 7 11 ± 4 56 ± 8

3 241 ± 9 0.195 ± 0.030 −27 ± 2 80 ± 6 13 ± 5 56 ± 6

4 217 ± 8 0.168 ± 0.032 −16 ± 1 80 ± 9 23 ± 5 31 ± 4

5 254 ± 9 0.125 ± 0.041 −19 ± 6 85 ± 9 20 ± 6 38 ± 4

6 281 ± 6 0.090 ± 0.033 −33 ± 3 85 ± 5 15 ± 4 53 ± 6

7 148 ± 9 0.327 ± 0.046 −14 ± 2 46 ± 7 21 ± 4 20 ± 6

8 160 ± 2 0.536 ± 0.022 −12 ± 1 63 ± 7 11 ± 2 13 ± 6

Note: All conditions, except urea concentration, were maintained to standard parameters. Data are presented as the mean ± SD (n = 3).
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concentration to 7 and 8 mol/L resulted in the formation of 
smaller nanoparticles (106–158 nm), but with significantly 
lower yield. For the preparation of HSA-INH nanoparticles, the 
optimal urea concentration range was 4–6 mol/L, producing 
nanoparticles with diameters of 217–281 nm, polydispersity in-
dices of 0.090–0.168, and yields ranging from 31% to 53%. Drug 
loading reached up to 23%.

3.1.4   |   Effect of L-Cysteine Concentration

More efficient formation of nanoparticles was achieved using 
L-cysteine, which can cleave intramolecular disulfide bonds in 
proteins. This promotes more complete unfolding of the protein 
chain and facilitates the interaction of L-cysteine with intramo-
lecular S–S bridges within the HSA globule [18]. The subsequent 
formation of intermolecular disulfide bonds by thiol-disulfide 
exchange represents a post-translational modification of the 
protein structure.

The characteristics of HSA and HSA-INH nanoparticles pre-
pared at different concentrations of L-cysteine (1–10 mg/mL) are 
presented in Table 4. An improvement in all parameters both for 
drug-free formulations and for INH-loaded nanoparticles was 
observed with L-cysteine concentration of 5 mg/mL, resulting 
in nanoparticles of 97 ± 6 nm and 113 ± 5 nm, respectively. In the 
latter case, a particle size distribution was close to monomodal 
(PDI 0.08 ± 0.01). The yield of NPs and the drug loading were sat-
isfactory. However, increasing the concentration of L-cysteine 
above 5 mg/mL negatively impacted all system parameters. This 
concentration likely represents the saturation point of terminal 
cysteine units, indicating the stabilization of HSA nanoparticles 
had been achieved through thiol disulfide exchange reactions.

Spectrofluorometric analysis revealed that increasing the 
L-cysteine concentration from 1 to 5 mg/mL enhances the 
excitation of the protein's chromophore groups (Figure 3), sug-
gesting spatial modification in the albumin structure. This 
effect is likely due to the formation of S–S bridges within the 

HSA globule. At L-cysteine concentrations above 5 mg/mL, a 
decrease in fluorescence intensity is observed, indicating the 
potential reduction of newly formed interchain S–S bridges [12], 
which disrupts the intramolecular structuring necessary for sta-
ble protein nanoparticle formation.

3.1.5   |   Effect of HSA Solution Concentration on 
the Properties of Nanoparticles

Biopolymer concentration is another factor influencing the 
properties of nanoparticles. Table 5 presents the characteristics 
of the HSA-NPs and HSA-INH-NPs prepared at various albu-
min concentrations.

The optimal concentration of the initial albumin to prepare HSA-
NPs is 40 mg/mL. In this case, a high yield of HSA nanoparticles 

TABLE 4    |    Characteristics of nanoparticles and production efficiency using different L-cysteine concentrations.

Nano-
particles

L-cysteine 
concentration 

(mg/mL)

Characteristics Production efficiency

Size (nm) PDI

Zeta 
potential 

(mV)
Encapsulation 
efficiency (%)

Drug 
loading 

(%)

NPs 
yield 
(%)

HSA 1 244 ± 7 0.317 ± 0.021 −14 ± 3 — — 69 ± 6

2.5 216 ± 5 0.154 ± 0.021 −42 ± 11 — — 76 ± 6

5 97 ± 6 0.209 ± 0.056 −36 ± 10 — — 78 ± 5

10 145 ± 8 0.075 ± 0.084 −42 ± 3 — — 88 ± 4

HSA-INH 1 394 ± 9 0.232 ± 0.067 −21 ± 3 85 ± 6 7 ± 3 56 ± 7

2.5 206 ± 5 0.121 ± 0.041 −36 ± 2 69 ± 4 9 ± 4 76 ± 3

5 113 ± 5 0.083 ± 0.012 −31 ± 2 73 ± 5 15 ± 2 89 ± 9

10 259 ± 10 0.118 ± 0.086 −50 ± 5 — — 76 ± 7

Note: All conditions, except L-cysteine concentration, were maintained according to standard parameters. Data for 1 mg/mL L-cysteine concentration were taken from 
Table 1. All values are presented as mean ± SD (n = 3).

FIGURE 3    |    Fluorescence spectra of HSA in the presence of L-
cysteine recorded upon excitation at 280 nm. Insert shows the depen-
dence of tyrosine fluorescence intensity on L-cysteine concentration 
(Figure S5).
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(82% ± 5%), the smallest average particle size (228 ± 3 nm), a 
low polydispersity index, and the highest absolute zeta poten-
tial values were observed. As the experiment demonstrated, 
HSA nanoparticles prepared at the biopolymer concentration of 
40 mg/mL were relatively stable over time. Analysis of samples 
within a week showed no particle aggregation or structure deg-
radation. When the drug is included, this concentration remains 
optimal, taking into account all parameters (particle diameter 
302 ± 6 nm, PDI 0.046 ± 0.018, yield 64% ± 9%) and characteris-
tics (encapsulation efficiency 85% ± 7%).

3.1.6   |   Effect of Isoniazid Concentration

The antituberculosis drug INH was loaded into albumin 
nanoparticles as a model biologically active substance. Drug 
loading was carried out by incorporating isoniazid during the 
preparation of HSA nanoparticles, followed by a 2 h incubation 
period [22–24]. The drug concentration ranged from 2 to 8 mg/
mL. The results are presented in Table 6.

The results presented in the table indicate a significant effect 
of drug concentration on the characteristics of the system. 
The encapsulation efficiency and NPs yield decreased with 

increasing isoniazid concentration, whereas drug loading 
showed a corresponding increase. A high drug content in the 
polymer was achieved (73% ± 5%), although the nanoparticles 
yield remained relatively low (31% ± 3%). Particle diameter and 
polydispersity index were within optimal ranges at 230 ± 6 nm 
and 0.160 ± 0.045, respectively. Considering the requirement for 
therapeutic efficacy, a drug concentration of 8 mg/mL was iden-
tified as the most suitable.

For further application of the produced albumin nanoparticles 
both in research and practical context, it is important to en-
sure their stability over a defined period. Therefore, the stabil-
ity of the nanoparticles prepared under optimized conditions 
(CHSA = 40 mg/mL, CL-cysteine = 5 mg/mL, Curea 4 mol/L, pH 6, 
in case with drug CINH = 8 mg/mL) was evaluated for 8 days 
at room temperature (25°C). The measurement of HSA NPs 
demonstrated (Figure S6) an average particle size ranging from 
304 ± 4 to 392 ± 5 nm, with slight variations. During the same 
observation period, HSA-INH NPs maintained consistent size 
measurements between 321 ± 2 and 366 ± 3 nm. At all mea-
sured time points, HSA nanoparticles retained a narrow size 
distribution, with PDI values below 0.2, which indicates a sta-
ble nanoparticle dispersion without signs of aggregation. These 
results confirm the stability of the albumin-based nanoparticle 

TABLE 5    |    Characteristics of nanoparticles and production efficiency prepared using different HSA concentrations.

Nanoparticles

HSA 
concentration 

(mg/mL)

Characteristics Production efficiency

Size (nm) PDI

Zeta 
potential 

(mV)
Encapsulation 
efficiency (%)

Drug 
loading 

(%)

NPs 
yield 
(%)

HSA 10 238 ± 7 0.165 ± 0.134 −21 ± 4 — — 68 ± 3

20 244 ± 7 0.317 ± 0.021 −14 ± 3 — — 69 ± 5

40 228 ± 3 0.316 ± 0.019 −35 ± 6 — — 82 ± 5

80 786 ± 7 0.315 ± 0.061 −21 ± 12 — — 60 ± 5

HSA-INH 10 315 ± 3 0.029 ± 0.010 −22 ± 2 75 ± 7 17 ± 3 74 ± 9

20 394 ± 9 0.232 ± 0.067 −21 ± 3 85 ± 2 15 ± 2 56 ± 5

40 302 ± 6 0.046 ± 0.018 −34 ± 4 85 ± 7 7 ± 3 64 ± 9

80 209 ± 7 0.411 ± 0.030 −30 ± 4 85 ± 4 4 ± 3 53 ± 5

Note: All conditions, except HSA concentration, were consistent with standard parameters. Data corresponding to the 20 mg/mL HSA concentration were taken from 
Table 1. All values are presented as mean ± SD (n = 3).

TABLE 6    |    Characteristics of nanoparticles and production efficiency using different isoniazid concentrations.

Nano-
particles

INH 
concentration 

(mg/mL)

Characteristics Production efficiency

Size (nm) PDI

Zeta 
potential 

(mV)
Encapsulation 
efficiency (%)

Drug 
loading 

(%)

NPs 
yield 
(%)

HSA-INH 2 394 ± 9 0.232 ± 0.067 −21 ± 3 85 ± 2 15 ± 2 56 ± 5

4 238 ± 8 0.317 ± 0.025 −28 ± 2 80 ± 5 19 ± 3 72 ± 5

6 262 ± 7 0.193 ± 0.049 −29 ± 4 82 ± 4 43 ± 5 44 ± 5

8 230 ± 6 0.160 ± 0.045 −24 ± 3 78 ± 4 73 ± 5 31 ± 3

Note: All conditions, except INH concentration, were consistent with standard parameters. All values are presented as mean ± SD (n = 3).
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system, supporting its potential as a promising carrier for fur-
ther development in controlled drug delivery.

3.2   |   Physicochemical Characteristics of HSA-NP 
Loaded With Isoniazid

Nanoparticles produced under optimal conditions were used to 
investigate their physicochemical parameters. Morphological 
analysis of HSA NPs and HSA-INH NPs samples was conducted 
using SEM, with the resulting images presented in Figure  4. 
ImageJ software was used to analyze the images, revealing av-
erage particle sizes of 226 ± 7 and 220 ± 5 nm for HSA and HSA-
INH nanoparticles, respectively. Both types of nanoparticles 
exhibited a spherical morphology.

TGA (a) and DSC (b) thermograms of isoniazid (INH), drug-free 
HSA nanoparticles, and HSA nanoparticles loaded with INH are 
shown in Figure 5. The results showed a slower degradation of al-
bumin nanoparticles loaded with isoniazid, indicating its improved 

stability compared with drug-free albumin nanoparticles. TGA 
profile shows the temperature stability and degradation behavior 
of HSA-INH nanoparticles as a function of increasing tempera-
ture (Figure 5a). The onset of degradation is observed at ~240°C. 
A sharp weight loss occurs beyond 300°C, likely due to the release 
of small volatile compounds such as carbon dioxide and ammo-
nia [48]. A characteristic endothermic peak for INH appears at 
177.2°C in the DSC thermogram (Figure 6b), corresponding to its 
melting point and indicating its crystalline nature. Additionally, an 
exothermic peak is observed at 361.8°C, accompanied by a weight 
loss of up to 74% within the 250°C–370°C range (Figure 5a), which 
is attributed to drug decomposition. Notably, the endothermic 
peak associated with crystalline isoniazid is absent in the thermo-
gram of HSA-INH nanoparticles (Figure 6b), suggesting the drug is 
present in an amorphous form or is molecularly dispersed within 
the nanoparticle matrix [49].

FTIR spectra of isoniazid, drug-free HSA nanoparticles, and 
HSA-INH nanoparticles were recorded (Figure  6). The spectra 
show characteristic bands for albumin, including a broad band at 

FIGURE 4    |    SEM images of HSA-NPs (a) and HSA-INH NPs (b).

FIGURE 5    |    TGA (a) and DSC (b) thermograms for isoniazid, HSA nanoparticles, and HSA-INH nanoparticles.
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3437 cm−1 (amide A, NH– stretching), a sharp peak at 2928 cm−1 
(amide B, associated with free ions), and amide II at 1535 cm−1, 
corresponding to –CN stretching and –NH bending vibrations. 
The amide I peak at 1635 cm−1 is attributed to –C–O stretch-
ing, while –CH2 groups appear at 1396 cm−1, and amide III at 
~1245 cm−1 is associated with –C–N stretching and N–H bending 
vibrations [50]. The FTIR spectrum of isoniazid (Figure 6) shows 
characteristic absorption bands at 3310 cm−1 (–NH2 stretching), 
1666 cm−1 (–C=O conjugated with the pyridine ring), 1550 cm−1 
(–CN stretching), and 1140 cm−1 (–N–N amide group). The spec-
trum of HSA-INH-NPs shows characteristic peaks for both the 
protein and isoniazid, indicating the absence of chemical bonding 
between the drug and the nanoparticle matrix. Previous molecu-
lar dynamics and spectroscopic studies [27, 51] have shown that 
electrostatic interactions and hydrogen bonding are the primary 
forces governing the interaction between drugs and albumin.

The release of isoniazid from HSA nanoparticles was studied 
using three samples prepared with initial drug concentrations of 
4, 6, and 8 mg/mL (Figure 7).

HSA-INH nanoparticles prepared under optimized conditions 
were dispersed in 7 mL of phosphate buffered saline (PBS; 
pH = 7.4) at 200 rpm and 37°C. The amount of isoniazid re-
leased was determined for 24 h. Approximately 20% of the drug 
was released within 24 h from the HSA-INH nanoparticles pre-
pared at isoniazid concentration 8 mg/mL. The burst release 
of the drug at the beginning of the process can be explained 
by the release of weakly bound isoniazid, mainly from the 
nanoparticles surface. Further release occurs, most likely, due 
to the diffusion of the drug molecules from the inner part of the 
nanoparticles as a result of their partial degradation [52]. This 
enables the development of an HSA-INH nanoparticle-based 
drug delivery system for sustained release of active ingredients 
against mycobacteria.

Table 7 presents the results of a comparative analysis of mathe-
matical models used to describe the release kinetics from albu-
min nanoparticles at isoniazid concentrations of 4, 6, and 8 mg/
mL. Two models were evaluated: the Korsmeyer–Peppas model 
(Mt/M∞ = ktn), which characterizes diffusion-controlled release, 
particularly in the initial phase; and the Peppas–Sahlin model 
(Mt/M∞ = ktm + k2t2m), which accounts for both Fickian diffu-
sion and relaxation of the polymer matrix [53–55].

Based on the coefficient of determination (R2), the Peppas–
Sahlin model provided the best fit to the experimental data 
(R2 > 0.99), confirming its suitability for describing a combined 
release mechanism involving both diffusion and polymer relax-
ation. The Korsmeyer–Peppas model also yielded good results 

FIGURE 6    |    FT-IR spectra of isoniazid, drug-free HSA nanoparticles, and HSA nanoparticles loaded with isoniazid.

FIGURE 7    |    Isoniazid release from albumin nanoparticles prepared 
using 4, 6, and 8 mg/mL of the drug in the initial mixture.
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(R2 = 0.88–0.98), suggesting that diffusion plays a predominant 
role. Overall, the analysis indicates that the Peppas–Sahlin 
model is the most appropriate for describing the kinetics of iso-
niazid release from the albumin-based polymeric matrix.

3.3   |   In Vitro Assessment of the Inhibitory Activity 
of Isoniazid-Loaded HSA Nanoparticles on MTB

To evaluate whether isoniazid-loaded HSA nanoparticles retain 
their anti-tuberculosis activity, the drug-loaded nanoparticles 
were tested against the wild strain of Mycobacterium tubercu-
losis H37Rv. The samples were incubated on Levenstein–Jensen 
medium for 4 weeks, and the results were subsequently recorded. 
Figure 8a presents a histogram of the number of colony forming 
units (CFU/107 cells) of Mycobacterium tuberculosis following 
treatment with different formulations: control (no nanoparticles 
added), drug-free HSA nanoparticles (without isoniazid), and 
HSA-INH nanoparticles with isoniazid concentrations of 5, 25, 
and 50 mg/mL.

As shown, the addition of INH-loaded nanoparticles resulted in 
a statistically significant reduction in bacterial growth compared 
with both the control and drug-free groups, with the inhibitory 
effect increasing in a concentration-dependent manner. The re-
duction in CFU counts at 25 and 50 mg/mL was particularly pro-
nounced, confirming the high efficacy of nanoparticle-loaded 
isoniazid. The minimum effective concentration of isoniazid 
in HSA-INH nanoparticles required to achieve substantial 
suppression of MTB growth was determined to be 25 mg/mL. 
Photographic documentation of the experimental samples ob-
tained during the microbiological study further supports these 
findings (Figure S7).

Figure  8b presents microscopic images of Ziehl–Nielsen-
stained smears, illustrating differences in MTB growth among 
the treated groups. High mycobacterial density is observed in 
both the control and drug-free nanoparticle groups, whereas a 
noticeable reduction in bacterial presence is evident with INH-
loaded nanoparticles at a concentration of 5 mg/mL. These 
data confirm that loading of INH in albumin nanoparticles 

TABLE 7    |    Model parameters describing isoniazid release from HSA-INH nanoparticles.

Concentration of isoniazid 
in HSA-INH nanoparticles

Korsmeyer–Peppas Peppas–Sahlin

k n R2 k1 m R2

4 mg/mL 8.08 0.18 0.986 9.52 0.28 0.998

6 mg/mL 10.36 0.17 0.876 11.99 0.38 0.997

8 mg/mL 12.38 0.17 0.885 14.33 0.38 0.995

FIGURE 8    |    Results of microbiological activity test of the samples on the growth of Mycobacterium tuberculosis H37Rv on Levenstein-Jensen 
nutrient-dense medium. “*,” “**,” and “****” indicate p < 0.01, p < 0.005 and p < 0.0001, respectively, ns—denotes no significant difference. Data are 
presented as mean ± standard error of the mean (n = 3). (b) Microphotographs of Mycobacterium tuberculosis H37Rv growth on the samples, stained 
using the Ziehl–Neelsen method.
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enhances its antimycobacterial activity and may contribute 
to the improved therapeutic outcomes in the treatment of 
tuberculosis.

4   |   Conclusion

Desolvation of HSA using ethanol followed by stabilization 
of the dispersion with L-cysteine represents a promising ap-
proach for the preparation of polymer nanoparticles for anti-
tuberculosis drug delivery. The physicochemical characteristics 
of the resulting biopolymer nanoparticles during drug loading 
are influenced by the concentrations of HSA, L-cysteine, urea, 
and INH in the formulation. Additionally, the pH of the me-
dium and the concentration of these components determine 
both the yield and stability of the nanoparticles, as well as their 
drug loading capacity. The optimal pH range for this system 
lies between pH 5 and 7, with the most stable NPs obtained at 
pH 6, likely due to pH-induced conformational changes in the 
protein structure.

Optimal synthesis conditions were achieved with the inclu-
sion of urea, which functions as a mild chaotropic agent. Urea 
interacts reversibly with proteins, disrupting intermolecular 
hydrogen bonds and facilitating partial denaturation. Unlike 
heat-induced denaturation, urea-induced protein unfolding fol-
lows a stepwise mechanism involving reversible transitions be-
tween unfolded and refolded states.

L-cysteine contributes to HSA nanoparticles stabilization 
through the formation of intermolecular disulfide bonds via the 
thiol-disulfide exchange, thereby enhancing structural integrity. 
The observed dependence of nanoparticle stability on L-cysteine 
concentration supports the occurrence of post-translational 
modifications of HSA under these conditions.

HSA nanoparticles stabilized in this manner demonstrated a 
high loading capacity, with more than 70% encapsulation effi-
ciency of isoniazid. In vitro studies of HSA-INH nanoparticles 
confirmed their potential for sustained drug release and effec-
tive suppression of Mycobacterium tuberculosis. Specifically, 
treatment with HSA-INH nanoparticles resulted in complete 
and significant inhibition of the wild-type H37Rv strain, sup-
porting their suitability as a controlled drug delivery system for 
tuberculosis therapy.
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