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Abstract—The influence of the solution acidity on the interaction between bovine serum albumin (BSA) mol-
ecules and gold nanoparticles in solutions has been investigated by absorbance spectroscopy, fluorescence
spectroscopy, and dynamic light scattering (DLS). The influence of pH on the processes of aggregation—dis-
aggregation of gold nanoparticles with BSA and without it and on the denaturation of protein solution is
demonstrated. It is also shown that BSA molecules can stabilize gold nanoparticles at acidic pH values of 2.0—
4.0. The data obtained can be useful for physiologists studying the influence of nanoparticles on different bio-

logical media of the body.
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1. INTRODUCTION

Optical methods for studying nanoscale media
provide information about the concentration of parti-
cles, their sizes, composition, and some other param-
eters. Especially informative is the study of particles
exhibiting plasmon resonance, for example, gold ones.
Among various types of gold nanoparticles, spherical
ones are most widespread because of the simplicity of
their synthesis and their relative stability in aqueous
solutions [1]. Gold nanoparticles exhibit plasmon res-
onance, due to which they are widely applied in vari-
ous test systems [2]. For example, they are used to
detect the SARS-CoV-2 virus [3], cancer biomarkers
[4], hepatitis B virus [5], ions of different nature, and
simple organic compounds [6]. Silver and copper
nanoparticles also have similar properties; however,
gold nanoparticles are preferred as biosensors specifi-
cally due to their high stability and biocompatibility [7].
In particular, chemically unstable nanoparticles (Fe,
Co, Mo, Ni, etc.) may oxidize at room temperature [8,
9] or release metal ions and induce cytotoxicity [10].

Having entered a physiological medium, nanopar-
ticles inevitably interact with its components [11]. The
result of this interaction is the formation of a “biomo-
lecular corona” on the nanomaterial (adsorption of
proteins mainly occurs) [12, 13]. The protein layer on
the surface of a nanoparticle increases its size, thus
affecting its properties, including optical characteris-

tics [14—16]. Obviously, cell components interact
directly with the protein corona rather than with the
true surface of nanomaterial [17]. External factors
(ionic strength of solution, pH, redox potential, etc.)
may affect the properties of proteins during their inter-
action with nanoparticles [18, 19].

Serum albumin is one of the main proteins of blood
plasma (up to 60% of the total content) [20]. Bovine
serum albumin (BSA) and human serum albumin
have 75.8% similar amino acid sequence and confor-
mation; the low cost of protein make it an excellent
candidate for research [21]. When studying the processes
occurring in a colloid of nanoparticles with proteins, the
most appropriate analytical methods are optical ones,
which make it possible to investigate solutions rapidly
and non-invasively, multiply repeating measurements. In
this paper, we report the results of studying the interac-
tion of BSA molecules with gold nanoparticles in media
with different pH, using such optical methods as absor-
bance spectroscopy, fluorescence spectroscopy, and
dynamic light scattering (DLS).

2. EXPERIMENTAL
2.1. Preparation of BSA Solutions

The experimental objects were colloidal BSA solu-
tions. BSA (PanEko, Russia) was dissolved in deion-
ized water to a final concentration of 1 mg/mL
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(10" mL-"). Solutions were prepared using Milli-Q
water with a resistivity of 18.2 MQ cm.

2.2. Measurement of the Hydrodynamic Diameter
of Molecules

The hydrodynamic diameter of BSA molecules,
gold nanoparticles (AuNPs), and their aggregates was
recorded using a Zetasizer ULTRA Red Label light
scattering analyzer (Malvern Panalytical Ltd., Mal-
vern, UK). Each sample, 2 mL in volume, was placed
in a quartz cell at 25°C. Three measurements were
performed in each experiment. The measurement
technique was described in detail in [22].

2.3. Measurement of Optical Absorption

The optical absorption of the samples was mea-
sured with a Cintra 40 spectrophotometer (GBC Cin-
tra 40, Australia) in quartz cells with an optical path
length of 10 mm at a temperature of 25°C. The optical
density of the samples was recorded in the range of
200—700 nm with a scan rate of 350 nm/min and a slit
width of 1 nm. The measurement technique was
described in detail in [23].

2.4. Fluorescence Measurements

The fluorescence of BSA colloidal solutions was
measured using a Jasco FP-8300 3D fluorimeter
(JASCO Applied Sciences, Victoria, British Colum-
bia, Canada). Experiments were performed in a quartz
mirror cell with an optical path length of 10 mm; mea-
surements were repeated three times for each series of
solutions. Spectra was recorded at a temperature of
25°C. The excitation wavelength was 280 nm; radia-
tion was recorded in the range of 305—450 nm with a
scan rate of 100 nm/min. The measurement technique
was described in detail in [24].

2.5. C-Potential Measurement

The {-potential was measured on a Malvern Zeta-
sizer Ultra instrument (Malvern Panalytical Ltd.,
Malvern, UK) at 25°C, using the ZS Xplorer software.
All measurements were performed in the automatic atten-
uation and measurement mode (range of cycles from 10 to
100 for each measurement) with an interval of 60 s between
repetitions. The balancing time was 60 s. The measure-
ment technique was described in detail in [25].

2.6. pH Measurements

The pH measurements were performed using a
Seven Excellence S470 pH-meter (Mettler Toledo,
Greisensee, Switzerland) in 5-mL quartz flasks, with
constant stirring. The pH of solution was controlled by
adding dropwise different amounts of HCI (1/0.1/0.01 M)
(to acidify the medium) or NaOH (1/0.1/0.01 M) (to

PHYSICS OF WAVE PHENOMENA  Vol.32 No.3

233

alkalize the medium). The pH was varied with a step of
about 0.5—1.0. The measurement technique was
described in detail in [26].

2.7. Preparation of Gold Nanoparticles

Gold nanoparticles were obtained by laser ablation
using a Nd:YAG laser (90 J/cm?, wavelength 1064 nm,
pulse width 10 ns, repetition frequency 8 kHz) [27]. A
bulk target consisting of pure gold (99.999%) was
placed on the bottom of an experimental glass cell
filled with deionized water. The laser beam was moved
over the target surface using a 2M electro-galvanic
scanner (Atko, Russia) so as to exclude overlap of each
new pulse with the previous one [28]. The nanoparti-
cle morphology was investigated using a Libra 200 FE
HR transmission electron microscope (Carl Zeiss,
Germany).

3. RESULTS

The shape and size of the AuNPs obtained by laser
ablation were investigated by transmission electron
microscopy (Fig. 1a). The nanoparticles have a spher-
ical shape and a size of about 8—10 nm. The size dis-
tributions of particles and aggregates in liquid were
determined by DLS. It was shown that individual gold
nanoparticles have an average hydrodynamic diameter
of 12 nm; the particle concentration turned out to be
3.5 x 102 per mL. Aggregates, which are also present
in solution, have a hydrodynamic diameter of 80 nm
with a concentration of 2.6 x 107 mL~'. The concen-
tration ratio of individual gold particles to aggregates
turned out to be 10° : 1. To confirm the morphology of
particles in solution, we recorded absorption spectra
of gold nanoparticles. Peak absorption of gold
nanoparticles is observed at a wavelength of 519 nm,
which corresponds to the spectrum of a solution of
spherical gold nanoparticles with sizes from 10 to
20 nm. To determine the stability of the colloid, we
measured its electrokinetic potential, which turned
out to be —28 mV.

The DLS technique was used to investigate the
influence of pH on the size distribution of aqueous
colloids of BSA and/or gold nanoparticles (Fig. 2a).
The particle-size distribution indicates the percentage
of particles of a certain size (or in a certain range of
sizes). The pH of as-prepared BSA solution was 6.2. In
this case, a unimodal distribution with a single maxi-
mum, corresponding to the size of individual BSA
molecules in an aqueous solution (9 nm), is observed.
With an increase in pH to 9.5 the particle size does not
change, and the monodispersity of the system is
retained. With a decrease in the pH of BSA colloid to
5.5 one can observe an increase in the hydrodynamic
diameter of protein molecules to 13 nm and the forma-
tion of protein aggregates with sizes from 80 to 150 nm.
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Fig. 1. (Color online) Physical characteristics of a colloidal solution of AuNPs: (a) nanoparticle size distribution in aqueous col-
loid, (b) concentration of individual nanoparticles and their aggregatesin colloid, (c) absorption spectrum of aqueous colloid of
gold nanoparticles, and (d) TEM photograph of gold nanoparticles.

The gold nanoparticles obtained by laser ablation
had a concentration of 3.5 < 102 mL~! and a hydrody-
namic diameter of 12 nm; aggregates with sizes of
about 80 nm were also present in a small amount
(Fig. 2b). The pH of the initial solution was 7.4. With
an increase in pH to 10.8 the initial sizes of gold
nanoparticles and aggregates slightly increase: up to 25
and 130 nm, respectively. With a decrease in the pH of
a solution of freshly prepared nanoparticles to 5.2, a
single maximum arises at a size of 90 nm, which cor-
responds to nanoparticle aggregates. It is noteworthy
that with a further decrease in pH the sizes of gold par-
ticle aggregates increase to 600 nm, and individual
nanoparticles are not observed in the colloid.

The size distribution for a mixture of gold nanopar-
ticles with BSA contains one wide peak with a maxi-
mum at 18 nm; the solution pH is 7.1 (Fig. 2c). The
separate peak corresponding to single BSA molecules
with a maximum at 9 nm is not observed. With an
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increase in pH to 10.8 the maximum slightly shifts to
larger sizes (up to 24 nm). With a decrease in pH of the
solution containing protein molecules and gold
nanoparticles, beginning with pH 5.2, aggregates with
sizes from 70 to 130 nm are formed. With a further
decrease in pH to 2.7, the sizes of protein-encapsu-
lated gold nanoparticles and their aggregates increase
to 45 and 270 nm, respectively. One wide peak with a
maximum of 45 nm is observed at pH 2.0.

In the total size distribution (Fig. 2d) for gold
nanoparticles, BSA molecules, and a colloid contain-
ing simultaneously gold nanoparticle and BSA mole-
cules, there is a range of pH values from 4.5 to 10.8, in
which the sizes of initial gold nanoparticles and pro-
tein-encapsulated particles coincide. The aggregates
that are present in the initial solution of gold nanopar-
ticles are absent in the colloid containing both BSA
molecules and nanoparticles. Likely, addition of pro-
tein caused disaggregation of nanoparticles during
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Fig. 2. (Color online) (a—c) Influence of pH on the size distribution of objects in (a) BSA (1016 mL_l), (b) AuNPs (1012 mL_l),
and (c) BSA (1016 mL_]) + AuNPs (10]2 mL_]) colloids. (d) Dependence of the hydrodynamic diameter of objects in BSA
(10" mL~1), AuNPs (102mL "), and BSA (10'® mL~!) + AuNPs (102 mL~!) colloids on pH.

protein adsorption on the nanoparticle surface. How-
ever, in the case of BSA (10" mL-!') + AuNPs
(102 mL-") colloid, when adding HCI with pH 6.0,
aggregates with sizes from 50 to 270 nm begin to form
(upper blue curve). The size of aggregates in the col-
loidal solution with gold nanoparticles and BSA at pH
5.0 was already 200 nm, which is larger by a factor of
2.5 than that in the initial BSA solution (80 nm aggre-
gates) at the same pH.

The influence of pH on the optical absorption of
BSA solutions was investigated (Fig. 3a). It was shown
that the maximum absorption of BSA colloid is
observed at 277 nm. With a change in the pH, the
position of the maximum varies in a narrow range
from 275 to 278 nm. The absorption intensity does not
change much and varies within 0.58—0.60.

The absorption peak of the solution of gold
nanoparticles obtained by laser ablation, with pH 7.4,
corresponds to a wavelength 519 nm. It is known that
the maximum absorbance depends on the nanoparti-
cle size. The larger the nanoparticle size, the longer
the wavelength region the peak shifts to [29]. Signifi-
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cant changes occur when pH decreases to 2.0. The
absorption maximum shifts to larger values (up to
580 nm). When adding alkali (KOH) and changing pH
to 10.8, the position of the absorption peak for the ini-
tial gold solution changes only slightly (to 524 nm).
Thus, the DLS data on the size distribution of gold
nanoparticles in a wide range of pH are confirmed.

When adding BSA to gold nanoparticles, the posi-
tion of the absorption peak in the range of the plasmon
resonance of gold nanoparticles barely changes with a
change in pH. In a wide range of pH, the absorption
peaks of the BSA (10 mL-') + AuNPs (10> mL™")
colloid lie in range of 520—523 nm (Fig. 3c).

The absorption of the BSA initial solution in the
entire range of measured pH values changes only
slightly (275—278 nm); when adding gold nanoparti-
cles, the positions of the absorption peaks do not
change (see Fig. 3¢), while the absorption intensity in
this range doubles in the colloid with gold nanoparti-
cles. In the range of A = 510—600 nm the absorption
peak position linearly depends on pH.The absorption
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Fig. 3. (Color online) (a—c) Influence of pH on the optical absorption of solutions: (a) BSA (1016 mL_]), (b) AuNPs (1012 mL_l),
and (c) BSA (10]6 mL_]) + AuNPs (1012 mL_l). (d) Dependence of the maximum absorption wavelength A, on pH for BSA

(1016 mL’l) + AuNPs (1012 mL’l), BSA (1016 mL’l), and AuNPs (10l2 mL’l) colloids.(e) Dependence of the optical density
on pH for BSA (10 mL~1) + AuNPs (1012 mL™!), BSA (101® mL™1), and AuNPs (102 mL!) colloids.

intensity also changes only slightly: it increases from
0.44 to 0.50 when pH increases from 2.0 to 10.8.

The dependences of the BSA colloid fluorescence
in the presence of gold nanoparticles and without
them on the pH of the medium were studied (Fig. 4).
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The fluorescence of proteins arises due to the presence
of certain amino acids in their composition: tyrosine,
tryptophan, and phenylalanine. Tryptophan has the
highest relative absorbance in comparison with other
aromatic amino acids; its absorption peak corresponds
to 280 nm. The strongest fluorescence of BSA solution
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Fig. 4. (Color online) Influence of pH on the fluorescence intensity from (a) BSA (10!°mL~!) and (b) BSA (10!°mL~!) + AuNPs
(1012mL_1) solutions. (c) Dependence of the fluorescence A, on pH for BSA (1016 mL_l) and BSA (1016 mL_l) + AuNPs

(1012 mL_l) colloids. (d) Dependence of the fluorescence inte
(1012 mL’l) colloids.

was observed at a wavelength of 339 nm upon exci-
tation at 280 nm. In the range of pH from 4.0 to 7.0 the
fluorescence peak lies in the range from 337 to
338 nm. With a decrease in the solution pH to 2.5 the
wavelength corresponding to the fluorescence peak
(M) shifts significantly (to 330 nm), and the fluores-
cence intensity decreases. An increase in pH causes
also a monotonic decrease in the intensity and A,,,,.
Addition of gold nanoparticles to a BSA colloid leads
to an increase in A,,,, by 1 nm for pH ranging from 8.5
to 11.5.

4. DISCUSSION

A change in the acidity of the medium affects the
particle size distribution in aqueous solutions of BSA
and gold nanoparticles. At pH less than 5.5 molecular
aggregates begin to arise in a BSA solution; they
increase in size with further decrease in pH (see Fig. 2).
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nsity on pH for BSA (10'© mL~") and BSA (10'® mL~") + AuNPs

This may be related to partial denaturation of protein
[30]. With gold nanoparticles added, the aggregation
onset shifts by unity to larger values on the pH scale. At
pH 2.0—4.0 BSA prevents agglomeration of gold
nanoparticles.

The solution of gold nanoparticles with a hydrody-
namic diameter of 12 nm, obtained by laser ablation
and stable under normal conditions, exhibits maxi-
mum absorption at 519 nm. The position of the
absorption maximum corresponds to the spectrum of
an aqueous colloid of spherical gold nanoparticles
whose surface was not subjected to chemical modifi-
cation [31].

The absorption intensity of BSA colloid in the
range of 250—310 nm changes significantly when add-
ing gold nanoparticles. The optical density doubles in
comparison with the initial BSA solution. The depen-
dence of the optical density on pH in the range of
450—650 nm for a colloid of gold nanoparticles with
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added BSA molecules changes (becomes linear).
Addition of BSA to gold nanoparticles, which are
unstable in the range of pH from 2.0 to 4.0, prevents
their aggregation due to the formation of a “protein
corona” on the nanoparticle surface (see Fig. 3). Note
that addition of BSA molecules to solutions with pH in
the range of 6.0—11.0 does not lead to any significant
shift of the maximum absorption wavelength (A,,)-
The A, value is determined by the nanoparticle size;
an increase in the size of gold spherical nanoparticles
causes a red shift of the absorption maximum [32],
which confirms reliability of the DLS data for colloids
with varied acidity of the medium (see Fig. 2). Specif-
ically, at pH 2.0—4.0 gold nanoparticles form agglom-
erates with sizes up to several hundreds of nanometers.

The fluorescence of proteins also depends on the
acidity of the medium. In the range of pH from 5.0 to
8.0 one can observed maximum fluorescence intensity
for pure BSA preparations and BSA with added gold
nanoparticles (see Fig. 4). Note that the position of
the fluorescence peak changes with a decrease in pH:
from 338 nm at pH 4.5 to 330—331 nm at pH 2.5.
When the protein denaturates, its fluorescence inten-
sity decreases mainly due to the screening of some
amino acid groups of molecules by other groups [33].

5. CONCLUSIONS

Thus, it was established that optical methods can
be applied to monitor the change in the state of protein
molecules and nanoparticles in aqueous colloids with
a change in pH, as well as the interaction of protein
molecules with nanoparticles. Changing pH is likely
the simplest way to control the protein corona on gold
nanoparticles. The data obtained in this study make it
possible to monitor the state of colloidal solutions of
BSA molecules and AuNPs using one or two simple
and available methods. On the whole, BSA molecules
can stabilize gold nanoparticles at acidic pH values of
2.0—4.0, which may be useful when studying the influ-
ence of nanoparticles on physiological processes. We
believe that other important lines of further research
may the study of the interaction between proteins and
nanoparticles in dependence of the ionic strength [34]
and the presence of cosmotropic and chaotropic ions
in colloid [35]. The interaction between protein mole-
cules and nanoparticles may be affected by tempera-
ture [36], mechanical impacts [37], alternating mag-
netic fields [38], and hypomagnetic conditions [39].
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