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Abstract. This study evaluates the electrophoretic
behaviour and zeta potential of fullerenes in various buffer
systems, hydrogel matrices, and in combination with
insulin-like growth factor-1 (IGF-1) to optimise their
potential for dermal applications. The methodology
involved capillary electrophoresis (CE) and zeta potential
measurements to assess fullerene stability in buffer
solutions with pH values of 2.5, 7, and 9.3, as well as in a
hydrogel base and in combination with IGF-1. Samples
were analysed at 48 and 73 hours after preparation, and
electrophoretic mobility and zeta potential were measured.
Pronounced aggregation and irregular migration in
aqueous and buffer solutions were demonstrated under
acidic and alkaline conditions. Neutral conditions
provided moderate stabilization but remained insufficient
to ensure long-term colloidal stability. Incorporation of
fullerenes into a hydrogel matrix significantly enhanced
stability. The presence of IGF-1 in fullerene dispersions
further improved electrophoretic profiles, suggesting a
potential synergistic stabilizing effect.

Keywords:  fullerenes, zeta  potential, capillary
electrophoresis, skin delivery systems, Franz diffusion cell.

1. Introduction

Concerns about oxidative stress, skin ageing, and
dermatological conditions, including acne, pigmentation
problems, and ultraviolet (UV)-induced damage, are
common and call for creative remedies. Because of their
exceptional antioxidant qualities, fullerenes have become a
material of promise for reducing these problems by
scavenging reactive oxygen species (ROS) and avoiding
skin damage. However, despite their potential, fullerenes

present a number of difficulties in real-world applications.
The hydrophobic nature of pristine fullerenes restricts their
solubility and bioavailability in cutaneous preparations.
Furthermore, questions have not been answered regarding
their long-term safety, propensity for cutaneous irritation,
and capacity to reach deeper skin layers without resulting in
systemic absorption. The promise of fullerene-based
formulations in clinical and cosmetic applications is not
fully realised due to these obstacles. To fully realise their
promise in dermatological therapies, these constraints must
be addressed by formulation improvements, matrix
selection, and the incorporation of functionalised fullerenes,
such as hydroxylated and carboxyfullerenes.

The development of effective dermal delivery
systems is a critical focus in cosmetic and pharmaceutical
research, as these systems must ensure the stability,
bioavailability, and controlled release of active
compounds.' Fullerenes, a distinctive class of carbon-based
nanomaterials, have attracted considerable interest in
biomedical and cosmetic research due to their exceptional
physicochemical properties. Structurally, fullerenes consist
entirely of sp*-hybridised carbon atoms arranged in hollow,
cage-like molecular frameworks, with C60 and C70 being
the most studied variants.? Their unique molecular
architecture imparts extraordinary stability, high electron
affinity, and efficient free radical scavenging ability,
making them highly promising in nanomedicine and
advanced dermatological formulations.>*

Fullerenes, with their unique molecular structure
and antioxidant properties, have emerged as promising
candidates for use in topical formulations. However, their
practical application is challenged by their tendency to
aggregate and their low stability in aqueous environments,
which can significantly impact their efficacy.’
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Because of their exceptional antioxidant qualities,
fullerenes, spherical carbon-based nanomaterials, can
effectively scavenge ROS. This antioxidant action is essential
for combating oxidative stress, which is a primary cause of
skin ageing and a number of dermatological conditions.®
Numerous studies have demonstrated fullerenes’ capacity to
prevent UV-induced damage and lessen ROS-induced
apoptosis in skin cells. Serda ef al.” investigated the potential
use of fullerene-based nanomaterials in improving the
photodynamic therapy of non-melanoma skin malignancies as
an example of its protective role against UV-induced skin
damage. They demonstrated that fullerene nanomaterials are
powerful agents for identifying and treating cancer cells, and
that they can enhance the effectiveness of photodynamic
treatment by boosting ROS generation when exposed to
radiation.

To cure melanoma, Kyung et al.® concentrated on
the biochemical and computational characterisation of
nanoscaled materials, such as fullerenes. The results
suggest that fullerene-based treatments might gather
specifically in melanoma cells, offering a new treatment
option for this aggressive skin cancer. Additionally, they
pointed out that fullerenes may have even greater
therapeutic benefits when coupled with other therapeutic
agents, such as growth factors.

The promise of fullerenes in applications like
photodynamic therapy and anti-inflammatory therapies has
been highlighted recently by developments in nanomedicine
and tailored drug delivery systems.® Liposomal formulations
and fullerene-based nanoemulsions have been found to be
useful in maintaining skin moisture, which makes them
important ingredients in contemporary cosmetic treatments
meant to improve skin health. In their comprehensive
evaluation of topical nanoparticles, Raszewska — Famielec
and Flieger'® examined dermatological and dermo-cosmetic
products. They emphasised how fullerenes’ anti-
inflammatory and antioxidant qualities might lessen the
appearance of skin ageing by lowering inflammation,
avoiding collagen deterioration, and blocking melanin
synthesis. Their study also established fullerenes as
promising components for cosmetics by highlighting the
multifunctional potential of formulations based on fullerenes
in treating acne and other skin disorders.

Despite these developments, there is still a lack of
knowledge about how fullerenes interact with biological
systems, especially in practical applications. The lack of
information about the long-term impacts of fullerene
exposure and their specific modes of action in skin tissues
reflects this gap. This study aimed to evaluate the
electrophoretic behaviour and stability of fullerenes under
various experimental conditions, including different pH
buffer solutions, hydrogel matrices, and in combination
with IGF-1. CE and zeta potential measurements were
employed to assess particle dispersion, aggregation
tendencies, and stabilization mechanisms.
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2. Experimental

The research was conducted by the St. Lazarus
Foundation (Fundacja Sw. Lazarza). The primary
objective was to investigate the stability and
electrophoretic behaviour of fullerenes in different buffer
systems, hydrogel matrices, and in combination with
IGF-1. The study focused on understanding the colloidal
stability, aggregation tendencies, and electrokinetic
properties of fullerenes using CE and zeta potential
measurements. To ensure the accuracy and reproducibility
of the results, all experiments were performed under
standardised temperature and humidity conditions (25 °C,
controlled humidity 50 %). Sample preparation,
instrument calibration, and data collection were carried
out following Good Laboratory Practice (GLP) guidelines.

CE is a high-resolution analytical technique used to
separate charged particles in an electric field based on
their size-to-charge ratio. In this study, CE was employed
to evaluate the migration behaviour, stability, and
aggregation tendencies of fullerene dispersions in
different buffer systems, hydrogel matrices, and in
combination with IGF-1. To complement the
electrophoretic  behaviour analysis, zeta potential
measurements were used to provide a quantitative
assessment of colloidal stability. Zeta potential is a key
parameter that reflects the electrostatic interactions
between dispersed particles, which significantly influence
their aggregation and dispersion stability.

The experiments utilised Hewlett Packard 3D
Capillary Electrophoresis (HP3DCE) system (Agilent
Technologies, Waldbronn, Germany) with a diode array
detector (DAD). The fused silica capillary from
Composite Metal Services (Worcester, UK; 365 pm outer
diameter, 75 um inner diameter; total length 33.5 cm,
effective length 25 cm) was conditioned with 1M NaOH,
followed by deionised water and appropriate running
buffers (20 mM borate at pH 9.3 or 50 mM phosphate at
pH 7.0). Fullerenes were dispersed in buffer solutions
with pH values of 2.5, 7.0, and 9.3 to investigate the effect
of pH on their electrophoretic mobility. The samples were
incubated for 48 and 73 hours to observe time-dependent
changes in aggregation and dispersion properties.

Incorporation of fullerenes into a hydrogel matrix
revealed notable changes in electrophoretic patterns, with
reduced agglomeration and enhanced stability as
evidenced by a zeta potential value of —459 mV.
Comparatively, fullerene suspensions in pure buffers
demonstrated significant aggregation and sedimentation,
with migration influenced by the EOF and random
clustering of particles. The hydrogel base provided a
stabilizing environment, minimising agglomeration and
enabling more uniform particle distribution.
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3. Results and Discussion

3.1. Electrophoretic behaviour
of fullerenes in phosphate buffer
(pH 2.5 and pH 7.0)

In phosphate buffer at pH 2.5, fullerenes exhibited
strong aggregation and slow migration, as evidenced by
broad, irregular electrophoretic peaks (Table 1). The
highly acidic environment likely contributed to charge
neutralisation, leading to increased particle clustering and
sedimentation.

785

Table 1. Electrophoretic behaviour
of fullerenes in different buffer

Buffer
type
Phosphate | 2.5

pH Electrophoretic behaviour

Strong aggregation, slow migration

Peaks are sharper but still irregular,

Phosphate | 7.0 indicating partial stabilization

Borate 9.3

Irregular electrophoretic patterns

The electropherogram showed multiple scattered
peaks, indicating a polydisperse sample with varying
particle sizes (Fig. 1).

Area, %
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Fig. 1. The electropherogram of a fullerene sample in phosphate buffer (pH 2.5)

The electropherogram of the fullerene sample in
phosphate buffer (pH 2.5) exhibits a prominent initial
peak, signifying substantial aggregation of the fullerenes.
The width of this peak indicates that the fullerenes are
inadequately dispersed in the solution, probably owing to
the low pH. The absence of dispersion aligns with the
propensity of fullerenes to cluster in acidic environments,
where diminished surface charge restricts electrostatic
repulsion among particles. The irregularity in the
migration pattern following the initial peak further
substantiates this, suggesting that the particles are forming
clusters or aggregates, resulting in erratic migration. This
behaviour underscores the instability of fullerenes in low-
pH environments and emphasises the necessity for
stabilization strategies in formulations utilising fullerenes,
particularly in dermal or pharmaceutical applications.

At a low pH of 2.5, the capillary surface acquires a
positive charge due to the ionisation of silanol groups (Si-
OH) present on the inner surface. This generates an
electric field towards the cathode (negative terminal),
which would generally facilitate the movement of
negatively charged entities such as fullerenes. The
aggregation of fullerenes under acidic conditions leads to

increased particle sizes and irregular migration patterns.
The diminution of electrostatic repulsion among particles
results in clustering and a deceleration of migration. The
presence of EOF hinders the migration of fullerenes due
to the increased resistance encountered by larger
aggregates during movement.

At pH 7.0, the migration patterns improved slightly,
with moderate migration and reduced aggregation (Table 1).
However, the electropherogram still displayed some peak
broadening, suggesting that fullerenes were not fully
stabilized in this medium. The results indicate that while
neutral conditions mitigate extreme aggregation, additional
stabilization is required to achieve uniform dispersion
(Fig. 2).

Fig. 2 presents the electropherogram of a fullerene
sample in phosphate buffer at pH 7.0, displaying a
sequence of distinct peaks that signify the migration of
fullerene particles under the influence of the applied
electric field. In contrast to the outcomes at pH 2.5, the
migration pattern observed here is more uniform, and the
peaks are more defined, indicating that the fullerene
particles are more effectively dispersed in the neutral pH
milieu.
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Fig. 2. The electropherogram of a fullerene sample in phosphate buffer (pH 7.0)

The initial peak is narrower than in the acidic
condition, signifying a decrease in aggregation. This
change is probably attributable to the neutral pH
conditions, which create a more conducive environment
for fullerene dispersion by inhibiting charge neutralisation
that occurs at low pH levels. The supplementary peaks,
while still observable, are less prominent than those at pH
2.5, indicating that a degree of aggregation remains, albeit
diminished. The enhancement in migration behaviour
suggests that phosphate buffer at pH 7.0 offers moderate
stabilization. However, supplementary matrix or
stabilizing  agents may be necessary for optimal
dispersion in practical formulations.

In a neutral pH environment (pH 7.0), the EOF
continues to progress towards the cathode, yet the
migration of fullerenes is more regulated. The electrostatic
repulsion is more effectively sustained at this pH,
resulting in reduced aggregation relative to acidic
conditions. Nonetheless, fullerenes may still aggregate
into smaller clusters, which are less problematic than
those formed under acidic conditions. The EOF facilitates
the migration of fullerene particles by propelling them
through the capillary; however, the degree of aggregation
still influences the sharpness and uniformity of the peaks.
Consequently, although EOF is advantageous for
migration, its impact remains ambiguous during
aggregation. The findings demonstrated that phosphate
buffers at pH 2.5 and 7.0 exhibited time-dependent
aggregation. Fullerenes in phosphate buffer at pH 2.5
showed significant aggregation after 48 hours, which
resulted in sluggish migration. Aggregation increased, and
the migration rate further dropped at 73 hours, confirming
fullerenes’ fragility in acidic conditions. At pH 7.0,
migration improved at 48 hours but worsened slightly by
73 hours due to increased aggregation. These results
demonstrate that to stop aggregation in neutral buffer
solutions, more stabilizing agents are required.

3.2. Electrophoretic behaviour
of fullerenes in borate buffer (pH 9.3)

In borate buffer at pH 9.3, fullerene dispersions
were highly polydisperse, with inconsistent migration
patterns (Table 1). The electropherogram showed
numerous irregular peaks, reflecting random clustering
and fluctuating migration velocities. The instability of
fullerenes in this medium suggests that high pH conditions
do not provide sufficient stabilization, leading to erratic
electrophoretic behaviour (Fig. 3). Fullerenes in a
hydrogel matrix within borate buffer tendered
agglomeration, as indicated by multiple spots in the
electropherogram. However, the hydrogel provided some
degree of stabilization, as confirmed by zeta potential
measurements, which showed values above —30 mV.

Fig. 3 presents the electropherogram of a fullerene
sample in borate buffer at pH 9.3, which displays a
pronounced, sharp initial peak, signifying substantial
migration of fullerene particles within the buffer. The peak
is comparatively narrow, indicating a degree of
aggregation. The migration at pH 9.3 appears less stable
than that in the neutral buffer (pH 7.0), as evidenced by the
irregular secondary peaks that accompany the primary
migration. These irregularities likely indicate the formation
of particle clusters, resulting in inconsistent migration
behaviours and a polydisperse distribution of fullerene
particles.

The instability of the borate buffer underscores the
propensity of fullerenes to aggregate under elevated pH
conditions. The initial sharp peak, followed by scattered
peaks and a broad area, indicates that the buffer fails to
adequately stabilize fullerene particles. The existence of
multiple peaks indicates random particle clustering,
underscoring the necessity for supplementary stabilizing
agents or matrices in high-pH environments to achieve
more uniform dispersion. The findings indicate that,
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although fullerenes can migrate in borate buffer at pH 9.3,
the observed aggregation and polydispersity necessitate
additional formulation modifications to enhance stability
in high-pH conditions.

Fullerenes exhibited markedly irregular migration
patterns at 48 and 73 hours in a borate buffer at pH 9.3.
Aggregation was observed at 48 hours, leading to
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irregular migration. This deteriorated at 73 hours, further
evidencing that elevated pH levels do not sufficiently
stabilize conditions. The instability was attributed to both
the lack of electrostatic repulsion and the diminished
effects of EOF in high-pH solutions. The results indicate
that buffer pH influences fullerene behaviour and the
efficiency of EOF in particle migration.

R
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Fig. 3. The electropherogram of a fullerene sample in borate buffer (pH 9.3)

At elevated pH (pH 9.3), the capillary surface
acquires a negative charge, thereby reversing the direction
of EOF towards the anode (positive terminal). In this
instance, EOF hinders the migration of negatively charged
fullerenes by propelling the fluid in the contrary direction.
At this pH, fullerenes exhibit a greater tendency to
aggregate due to diminished electrostatic repulsion among
particles. The elevated pH conditions fail to sufficiently
stabilize the fullerenes, resulting in irregular migration
patterns and erratic flow. The interplay between EOF and
fullerene aggregation in this elevated pH environment
leads to suboptimal and inconsistent migration, thereby
diminishing the overall stability of the system.
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3.3. Electrophoretic behaviour
o fullerenes in water

Fullerenes suspended in deionised water showed
random clustering and significant peak broadening in
the electropherograms, suggesting poor electrostatic
stabilization. The lack of ionic content in water likely
contributed to low electrostatic repulsion, leading to
particle aggregation (Fig. 4). The migration of
fullerenes was erratic, reinforcing the fact that
hydrophobic fullerene molecules tend to form clusters
in aqueous environments.
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Fig. 4. The electropherogram of a fullerene sample in water (phosphate buffer, pH 7)
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Fig. 4 illustrates the electropherogram of a
fullerene sample in water (phosphate buffer at pH 7),
exhibiting a broad and irregular peak at the beginning of
migration. This indicates that the fullerene particles are
undergoing considerable aggregation, as evidenced by the
dispersed nature of the electrophoretic peak. The peak’s
width signifies the presence of diverse particle sizes in the
sample, indicative of an unstable colloidal dispersion.

The irregularities in the migration pattern following
the primary peak further substantiate the hypothesis that
the fullerenes are aggregating, resulting in unpredictable
migration behaviour. The absence of uniform migration
results from the hydrophobic characteristics of fullerenes,
leading to their aggregation in aqueous environments. The
lack of adequate electrostatic repulsion in water leads to
inadequate dispersion, highlighting the necessity for
stabilizing agents or matrices to enhance the dispersion
and stability of fullerenes in aqueous settings.

The electropherogram in water demonstrates that
fullerenes possess low stability and show an increased
tendency for aggregation, resulting in erratic migration.
This discovery highlights the significance of selecting
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suitable stabilization techniques or matrices for fullerene
dispersions in aqueous settings.

Fullerenes dispersed in deionised water exhibited
considerable aggregation and erratic migration patterns.
At both 48 and 73 hours, the migration exhibited erratic
behaviour, signifying inadequate electrostatic
stabilization. The deficiency of ionic content in water led
to diminished electrostatic repulsion, facilitating particle
aggregation. This observation corroborates the findings
from the pH 2.5 phosphate buffer, underscoring the
significance of pH and matrix conditions in stabilizing
fullerene dispersions.

3.4. Electrophoretic behaviour
of fullerenes with IGF-1

The addition of IGF-1 to fullerene dispersions in
borate buffer (pH 9.3) resulted in improved electrophoretic
migration patterns compared to fullerenes in buffer
solutions alone. The electropherograms showed sharper,
more defined peaks, indicating reduced aggregation. This
suggests that IGF-1 may have contributed to the steric or
electrostatic stabilization of fullerene particles (Fig. 5).
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Fig. 5. The electropherogram of a fullerene sample in Genfactor with IGF-1 (borate buffer, pH 9.3)

Fig. 5 illustrates the electropherogram of a
fullerene sample in Genfactor with IGF-1 in borate buffer
at pH 9.3, demonstrating markedly enhanced migration
characteristics relative to the prior sample without IGF-1.
The initial peak is prominent and clearly delineated,
indicating diminished aggregation and enhanced particle
mobility. IGF-1 seems to exert a stabilizing influence,
probably via electrostatic or steric interactions, as
indicated by the reduced peak widths and increased
symmetry values. The evidence suggests that IGF-1
facilitates the distribution of fullerenes in high-pH

conditions, thereby enhancing their stability and mobility,
which is essential for their prospective use in dermal and
pharmaceutical formulations.

The incorporation of IGF-1 into fullerene
dispersions within a borate buffer (pH 9.3) markedly
enhanced the migration characteristics of fullerenes.
Following incubation periods of 48 and 73 hours, more
pronounced and distinct peaks were noted, signifying
diminished aggregation. This indicates that IGF-1 may
facilitate the stabilization of fullerene particles via
electrostatic or steric interactions. These findings
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correspond with prior studies regarding the function of
growth factors in improving the stability of nanoparticle
formulations and indicate a possible direction for further
enhancement.

3.5. Electrophoretic behaviour
of fullerenes in a hydrogel matrix

When fullerenes were suspended in a hydrogel
matrix, the electropherograms showed stable and uniform
migration patterns, indicating minimal aggregation. The
peaks were well-defined, suggesting that the hydrogel
environment provided steric hindrance and electrostatic
stabilization, preventing the formation of large aggregates.
This result strongly supports the use of hydrogel-based
formulations for dermal applications (Fig. 6).

Fig. 6 illustrates the electropherogram of a
fullerene sample with a hydrogel matrix in phosphate
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buffer at pH 7.0, demonstrating remarkably stable and
consistent migration characteristics. The initial peak is
pronounced, and the following peaks are distinctly defined
with minimal broadening, suggesting that the fullerene
particles are uniformly dispersed within the hydrogel
matrix. The sample’s stability is indicated by the lack of
substantial aggregation, as demonstrated by the narrow
and symmetrical peaks. This indicates that the hydrogel
matrix offers effective stabilization, inhibiting particle
aggregation and ensuring a homogeneous distribution of
fullerenes. The findings indicate that hydrogels serve as
an ideal medium for preserving fullerene stability,
especially in dermal applications where uniform
dispersion is essential for effectiveness. Fig. 7 displays the
electropherogram of a fullerene sample with a hydrogel
base in borate buffer at pH 9.3, demonstrating a notable
enhancement in the stability and dispersion of fullerene
particles relative to the pure buffer.
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Fig. 6. The electropherogram of a fullerene sample with the hydrogel base (phosphate buffer, pH 7)
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Fig. 7. The electropherogram of a fullerene sample with the hydrogel base (borate bufter, pH 9.3)
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In Fig. 7, the initial peak is acute and distinctly
delineated, meaning that the hydrogel proficiently
stabilizes the fullerenes, inhibiting aggregation. The
ensuing peaks exhibit clarity and symmetry, with
negligible broadening, indicating uniform migration and
effective dispersion throughout the analysis. This stability
differs from earlier samples in borate buffer lacking the
hydrogel base, which exhibited irregular peaks and
aggregation. The findings indicate that the hydrogel
matrix effectively stabilizes fullerenes in high-pH
conditions, ensuring uniform particle distribution and thus

rendering it an optimal medium for dermal or
pharmaceutical applications.
Fullerenes dispersed in a hydrogel matrix

demonstrated consistent and uniform migration behaviour,
with minimal aggregation at both 48 and 73 hours. The
electropherograms exhibited distinct peaks, signifying
successful stabilization. The hydrogel matrix presumably
offered steric and electrostatic stabilization, inhibiting
particle aggregation and facilitating migration. These
results confirm that hydrogels effectively preserve
fullerene stability in dermal formulations, even during
prolonged incubation periods.

When fullerenes are incorporated into a hydrogel
matrix, the effect of EOF is less pronounced. The
hydrogel serves as a stabilizing agent, preventing particle
aggregation through both steric and -electrostatic
stabilization. The matrix helps maintain consistent particle
migration by minimising the impact of EOF, allowing
fullerenes to move more uniformly through the capillary.
This results in sharper and more defined peaks in the
electropherogram, as seen in samples with the hydrogel
matrix. The EOF still influences the movement of the
particles, but the hydrogel mitigates the aggregation that

Table 2. Zeta potential and stability behaviour of fullerenes
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would typically hinder migration in aqueous or buffer
solutions.

3.6. Zeta potential measurements
of fullerenes

Zeta potential measurements were conducted to
quantify the stability of fullerene dispersions. A high
absolute zeta potential value (>30 mV in magnitude)
typically indicates strong electrostatic repulsion and
colloidal stability, whereas low values suggest
aggregation and instability.

Zeta potential assessments were performed at 48
and 73 hours, indicating the stability of fullerene
dispersions across various media. In phosphate buffers at
pH 2.5 and 7.0, the zeta potential was consistently low,
signifying  inadequate electrostatic repulsion and
diminished colloidal stability, particularly at pH 2.5. At
pH 7.0, a marginal enhancement in zeta potential was
noted at 48 hours. However, the values continued to
indicate moderate instability. Conversely, fullerenes
within a hydrogel matrix demonstrated a substantial
negative zeta potential of 459 mV, signifying
exceptional stability and negligible aggregation at both
time intervals. These measurements validate the visual
observations of enhanced migration and diminished
aggregation within the hydrogel matrix.

Fullerenes dispersed in deionised water exhibited
low zeta potential values, ranging from —12.2 mV to
—16.2 mV (Table 2). These values confirm that fullerenes
in water experience weak electrostatic repulsion, leading
to aggregation and poor stability. The measured instability
correlates with the broad, scattered electrophoretic peaks
observed in CE, reinforcing the need for stabilization
strategies.

Sample Buffer pH Zeta potential, mV Stability behaviour
—12.2 Significant particle clustering, low colloidal stability
Fullerene + water - - —12.4 Increased agglomeration
-16.2 Moderate instability; partial agglomeration observed
2.5 -2.97 Highly unstable
Phosphate 2.5 —6.91 _ Unstable . '
Fullerene 7 —24 Moderate stability, but some degree of aggregation remains
7 25 Moderate stabilization, minimal agglomeration
Borate 9.3 — Polydisperse
Hydrogel -16.9 Improved stability
Fﬁgsizzzr a - —45.9 Excellent stabilization, minimal aggregation

At pH 7.0, the zeta potential improved to —24 mV
to —25 mV, indicating moderate stability (Table 2). While
this level of electrostatic repulsion partially prevented
aggregation, it was not sufficient to maintain full colloidal

stability over time. The electropherograms also reflected
reduced, but still present, clustering, reinforcing that
neutral buffer conditions alone do not ensure stable
fullerene dispersion.
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The zeta potential of fullerenes in water was
measured, revealing low values between —12.2 mV and
—16.2 mV at both 48 and 73 hours, indicating weak
electrostatic repulsion and a propensity for aggregation in
deionised water. The instability evident in the
electropherograms, characterised by random clustering
and broad peaks, corresponds with the low zeta potential
values, underscoring the necessity for stabilization in
aqueous environments.

In phosphate buffer at pH 2.5, fullerenes exhibited
high instability, with zeta potential values of —2.97 mV
and —6.91 mV (Table 2). These low values indicate rapid
agglomeration, consistent with the slow migration and
strong clustering observed in electrophoretic analysis.

At pH 2.5 in phosphate buffer, the zeta potential
values after 48 hours were —2.97 mV and —6.91 mV,
respectively,  signifying inadequate  stability and
considerable agglomeration. These values diminished
further at 73 hours, corroborating the heightened instability
over time. At pH 7.0, the zeta potential was marginally
elevated, attaining —24 mV to —25 mV at both intervals,
signifying moderate stability yet remaining susceptible to
aggregation. These findings underscore the significance of
optimising pH conditions for fullerene dispersions.

The zeta potential of fullerenes in borate buffer at
pH 9.3 could not be consistently measured due to the highly
polydisperse nature of the sample (Table 2). This aligns
with the irregular electrophoretic peaks observed in CE,
confirming that fullerenes in high-pH environments exhibit
significant aggregation and instability. In a borate buffer at
pH 9.3, the zeta potential of fullerenes could not be reliably
quantified owing to the significant polydispersity of the
sample at both 48 and 73 hours. This corroborates the
electrophoretic findings, wherein anomalous migration
patterns were noted, and further substantiates the instability
of fullerenes in high-pH conditions.

The most stable dispersion was observed in
hydrogel-based formulations. The zeta potential of
fullerenes in hydrogel was measured at —45.9 mV,
indicating excellent stability and minimal aggregation
(Table 2). This high negative charge suggests that the
hydrogel provided strong electrostatic and steric
stabilization, effectively preventing particle clustering and
sedimentation. The uniform migration observed in
electrophoretic measurements supports this finding,
demonstrating that hydrogels are highly effective
stabilizing agents for fullerene dispersions.

The zeta potential of fullerenes within a hydrogel
matrix was measured at —45.9 mV at both 48 and 73
hours, indicating superior colloidal stability. The sustained
elevated zeta potential values indicate that the hydrogel
matrix offers efficient electrostatic and steric stabilization,
inhibiting aggregation and guaranteeing uniform particle
dispersion for optimal dermal application.
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3.7. Solubility and dispersion challenges
of fullerenes in various solvents

The study successfully demonstrated that fullerenes
exhibit strong aggregation in aqueous and buffer
solutions, particularly at extreme pH levels. However,
incorporating fullerenes into a hydrogel matrix
significantly improved their stability, as evidenced by
sharper electrophoretic peaks and a high zeta potential of
—45.9 mV, indicating strong electrostatic and steric
stabilization. These results confirm that hydrogel matrices
provide an optimal medium for maintaining the dispersion
of fullerenes, making them highly suitable for cosmetic
and pharmaceutical applications.

Additionally, the analysis of fullerenes in
combination with IGF-1 revealed improved migration
behaviour, suggesting that IGF-1 may contribute to
fullerene stabilization. However, due to the lack of zeta
potential data for IGF-1-stabilized fullerenes, further
research is required to fully determine their long-term
stabilizing  effects and potential synergistic role in
bioactive dermal formulations.

Through a systematic evaluation of electrophoretic
migration and electrostatic  stability, this study
successfully achieved its goal of identifying suitable
dispersion conditions for fullerene formulations,
demonstrating that hydrogels provide superior stability,
while unmodified aqueous and buffer suspensions result
in rapid aggregation. The findings serve as a foundation
for future research on optimising fullerene-based
formulations, particularly in terms of transdermal
penetration, functionalisation strategies, and long-term
biocompatibility assessments.

The results obtained in this study provide crucial
insights into the electrophoretic behaviour and stability of
fullerenes in different buffer solutions, hydrogel matrices,
and in combination with IGF-1. The data highlight how
pH, dispersing medium, and stabilization agents influence
the colloidal stability, migration behaviour, and
aggregation tendencies of fullerene particles.

The solubility and dispersion of fullerenes in
diverse solvents, including aqueous and buffer solutions,
presented difficulties owing to their hydrophobic
characteristics and propensity to aggregate. This study
corroborated that, akin to prior research, fullerenes
demonstrated inadequate dispersion in aqueous and buffer
solutions, especially at extreme pH levels. Nonetheless,
integration into a hydrogel matrix markedly enhanced
their stability, indicating that matrix selection is vital for
optimising fullerene dispersion in dermal applications.

The primary goal of this study was to assess the
electrophoretic behaviour and stability of fullerenes under
different buffer conditions, hydrogel matrices, and in
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combination with IGF-1 to optimise their potential use in
dermal and transdermal applications. This goal was
successfully achieved through a comprehensive analysis
of migration patterns in CE and zeta potential
measurements, which provided key insights into fullerene
stability and aggregation behaviour.

The findings confirmed that fullerenes exhibit strong
aggregation tendencies in aqueous and buffer solutions,
particularly at extreme pH levels, which compromise their
stability. However, the incorporation of hydrogel matrices
significantly —improved dispersion and  prevented
aggregation, as evidenced by sharper electrophoretic peaks
and a high zeta potential of —45.9 mV. The observed
enhanced stabilization within hydrogels suggests that they
provide an effective medium for fullerene-based
formulations, ensuring long-term stability and uniform
dispersion in cosmetic and pharmaceutical applications.

Additionally, the electrophoretic analysis of
fullerenes with IGF-1 revealed improved migration
patterns, indicating that IGF-1 may contribute to particle
stabilization. However, further investigation is required to
fully understand its role in electrostatic stabilization and
long-term dispersion behaviour.

The results confirm that hydrogel-based delivery
systems are optimal for fullerene formulations,
successfully addressing the key challenge of aggregation
and instability that has historically limited their practical
applications. These findings lay a strong foundation for
further research on functionalised fullerenes, transdermal
penetration studies, and advanced matrix stabilization
techniques, ultimately contributing to the development of
next-generation cosmetic and therapeutic products.

The study’s principal findings underscore the
necessity for stabilizing matrices in fullerene formulations.
Fullerenes in buffer solutions at extreme pH levels (both
acidic and alkaline) exhibited considerable aggregation and
suboptimal migration behaviour, whereas hydrogel
matrices ensured optimal stabilization. The findings
indicate that IGF-1 may provide further stabilization,
enhancing the migration and dispersion of fullerenes. These
findings have significant implications for the formulation of
fullerene-based  products in the cosmetic and
pharmaceutical sectors, especially for applications aimed at
dermal delivery systems.!! The research facilitates
subsequent investigations into functionalised fullerenes and
sophisticated matrix stabilization methods to improve their
bioavailability and effectiveness.

Thus, the research successfully met its objective by
demonstrating that matrix selection plays a critical role in
stabilizing fullerenes, improving their dispersion, and
enhancing their suitability for dermal applications. Future
work will focus on Franz diffusion cell studies to assess
skin penetration and bioavailability, further optimising the
delivery of fullerenes in biomedical formulations.
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3.8. Discussion

Due to their exceptional physicochemical
characteristics, fullerenes, in particular C60 and C70, have
received a lot of interest in both biological and cosmetic
applications.  Fullerenes’ potential for cutaneous
applications, particularly their anti-inflammatory and
antioxidant properties, has been investigated in recent
research. In order to maximise fullerenes’ performance for
cutaneous applications, this study assessed their
electrophoretic behaviour and zeta potential in a variety of
buffer systems, hydrogel matrices, and in conjunction
with IGF-1.

The work of Kausar,'? who investigated the uses of
fullerene nanocomposites in a variety of industries, such
as cosmetics and medical, is directly tied to the current
study. With an emphasis on their stability and distinctive
chemical interactions, Kausar’s study investigated the
potential of fullerene-based nanocomposites to improve
the qualities of materials in biomedical domains.
However, this work expands on the knowledge of
fullerene behaviour in dermal formulations, specifically
about their stability and aggregation tendencies in buffer
solutions and hydrogels, whereas. Kausar’s study focused
on fullerene composites in material sciences.

The results of this study are also supported by
investigation of Romero Robles et al.'* on the antioxidant
potential of fullerenes in cosmetic formulations. Romero
Robles et al. concentrated on the advantages of fullerenes in
skincare products, showing how they may shield skin from
oxidative damage. This is consistent with recent studies that
demonstrated fullerenes’ low stability in aqueous solutions
while also confirming their antioxidant properties. By
providing a useful method for enhancing fullerene
dispersion in dermal applications, the current study expands
on Romero Robles’ work by using hydrogel matrices to
improve fullerene stability and functioning.

Fullerenes in the current research showed a
considerable propensity to aggregate when suspended in
different buffer solutions, particularly in alkaline (pH 9.3)
and acidic (pH 2.5) environments. This outcome confirms
previous research by Francis Luther King and
Sherin Nithya,'* who talked about the difficulties in
obtaining stable fullerene dispersions in various solvent
systems. Like their results, the current study shows that
buffer pH has a substantial impact on fullerene stability.
At high pH levels, decreased zeta potential values are
seen, which suggests poor dispersion and an aggregation
propensity.

Fullerenes, on the other hand, were more stable
when added to a hydrogel matrix; their zeta potential was
—45.9 mV, indicating good dispersion and little
aggregation. Biswas et al.'” investigated the utilisation of
fullerene derivatives in biological applications, including
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their capacity to stabilize inside polymer matrices, and this
supports their results. The new work builds on previous
research by demonstrating that hydrogels are perfect for
dermal applications because they promote more uniform
particle distribution in addition to improving fullerene
stability.

Furthermore, enhanced migratory patterns were
seen when IGF-1 was added to fullerene dispersions,
indicating a possible stabilizing impact. The study of
Mulqueen et al.,'® who emphasised the possibility of
mixing nanoparticles with growth factors to improve their
performance in medicinal and cosmetic applications, is
consistent with this conclusion. IGF-1 stabilizing impact,
as shown in this work, may improve the performance of
fullerene-based dermal systems by providing further
advantages in skin regeneration and antioxidant defence.

The difficulties of using fullerenes in dermal
formulations, especially with regard to their propensity to
congregate in aqueous conditions, are supported by the
results of this work. The findings suggest that fullerenes
need stabilization techniques such as matrix incorporation
to get optimum dispersion, which is in line with the study
of Mchedlov — Petrossyan et al.'” The findings of
Kyzyma,'® who showed that the use of hydrogels for
nanoparticle dispersion might increase the stability and
bioavailability of fullerenes in dermal systems, are
supported by the current study’s conclusion that hydrogel
matrices offer greater stabilization.

Furthermore, although previous research, such as
that conducted by Shinde et al.,'® highlighted the potential
of fullerenes in anti-aging and skin rejuvenation
applications, this study goes beyond those conclusions by
offering a thorough examination of the circumstances in
which fullerenes show the best stability. The new work
adds to the body of literature by showing that hydrogels
and IGF-1 can improve the stability and dispersion of
fullerenes, providing useful information for the creation of
pharmacological and cosmetic products based on
fullerenes.

Even though this study shows how fullerene-based
formulations may be used in cutaneous applications, there
are still a few areas that need more research. To assess the
transdermal  penetration and  bioavailability  of
formulations based on fullerene, in vivo investigations are
the next step. According to Dubey et al.,”’ functionalised
fullerenes provide encouraging chances to get over the
solubility issues that virgin fullerenes confront. Future
studies might look at the long-term impacts of fullerene-
based products on skin health as well as the
functionalisation of fullerenes to improve their solubility,
biocompatibility, and targeting ability.

To assess the stabilizing impact of IGF-1 and other
bioactive compounds in fullerene formulations, more
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research is also required. Even though this study found
that IGF-1 improved migratory behaviour, further
thorough investigation is required to completely
comprehend its function in stabilizing fullerene and its
possible synergistic effects in dermal systems.

The significance of matrix selection in maximising
fullerene-based formulations for dermal applications is
emphasised by this study’s result.?! By showcasing the
impacts of hydrogels and IGF-1 on stability, the study
offers a useful starting point for the creation of advanced
fullerene-based cosmetic and medicinal goods. The
optimisation of these formulations, including transdermal
penetration evaluation, functionalisation techniques, and
long-term biocompatibility evaluations, should be the
main emphasis of future research.

The results of this study provide a strong
foundation for the continued optimisation of fullerene-
based formulations, particularly in the fields of dermal
and transdermal applications. While this study
successfully demonstrated improved stability and
dispersion of fullerenes in hydrogel matrices, several
critical areas require further exploration to ensure their
efficacy, safety, and potential for large-scale biomedical
and cosmetic applications. One of the primary challenges
with fullerene applications remains their limited solubility
in most solvents. Although colloidal suspensions and
nanoemulsions have shown potential in enhancing
fullerene dispersibility, the precise interactions between
fullerenes and various solvents, surfactants, or stabilizing
agents remain incompletely understood.?

The potential stabilizing effect of IGF-1 observed in
this study presents a novel avenue for improving fullerene
formulations. IGF-1 is widely recognised for its role in
cellular regeneration and skin repair, but its interactions
with fullerene nanoparticles have not been fully explored.
Expanding functionalised fullerene research also holds
promise in  overcoming  solubility  limitations.
Functionalisation is one of the most promising strategies for
improving fullerene solubility, biocompatibility, and
targeting ability. While pristine fullerenes exhibit poor
solubility in aqueous environments, various chemical
modifications can enhance their stability, dispersibility, and
potential biological activity.?

Additionally, understanding the skin permeability
and bioavailability of fullerene-based formulations is
crucial for their clinical and commercial viability.
Although previous studies have shown that fullerenes can
penetrate the epidermis, additional research is needed to
assess their long-term retention, metabolism, and potential
systemic absorption. Investigating the cytotoxicity and
long-term effects of fullerene-based formulations is also
critical. Although fullerenes have been widely studied for
their antioxidant and anti-inflammatory properties, there
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are still concerns regarding their potential toxicity, long-
term accumulation, and effects on skin health. Some
studies have suggested that functionalised fullerenes
exhibit low cytotoxicity, while others have raised
concerns about ROS generation and oxidative stress in
certain biological environments.?* Finally, there is
significant potential for the development of advanced
fullerene-loaded  formulations for cosmetic and
pharmaceutical use. With the increasing interest in
nanotechnology-driven skincare and drug delivery
systems, there is an opportunity to develop new, optimised
formulations that enhance the stability, efficacy, and
bioavailability of fullerenes.

4. Conclusions

This study provided valuable insights into the
behaviour and stability of fullerene particles in various
experimental conditions, including buffer solutions of
differing pH levels and a hydrogel matrix, and in
combination with IGF-1. Through CE and zeta potential
measurements, the study established critical parameters
that influence the stability, dispersion, and aggregation
tendencies of fullerenes, highlighting their potential for
dermal and transdermal applications.

The research demonstrated that fullerene particles
exhibit significant aggregation and sedimentation in
aqueous and buffer solutions, particularly under highly
acidic (pH 2.5) and alkaline (pH 9.3) conditions. Zeta
potential measurements confirmed that at these pH
extremes, the particles lacked sufficient surface charge to
maintain stability. Moderate stability was observed at
neutral pH (zeta potential: —25 mV), but the suspensions
remained prone to polydispersity. These findings
underscore the importance of matrix stabilization for
practical applications.

Incorporating fullerenes into a hydrogel matrix
markedly improved their stability, with a zeta potential of
—45.9 mV indicating excellent dispersion and minimal
aggregation. The hydrogel provided steric and
electrostatic  stabilization, ensuring uniform particle
distribution and long-term stability. Electropherograms
further supported this conclusion, showing reduced
aggregation and consistent migration patterns. These
results demonstrate that hydrogels are an optimal medium
for fullerene stabilization in cosmetic and therapeutic
formulations. Additionally, the combination of IGF-1 with
fullerene dispersions showed improved migration patterns
in CE, suggesting a potential stabilizing effect.

While the study highlights the potential of
fullerene-based hydrogels, limitations include the absence
of in vivo studies or transdermal diffusion experiments,
which are necessary to validate their efficacy and safety in
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practical applications. The impact of functionalisation on
stability and  biocompatibility = warrants  further
investigation.

Future research should focus on optimising
hydrogel formulations for targeted fullerene delivery,
conducting Franz diffusion cell studies to assess skin
penetration, and exploring the long-term effects of
fullerene-based products on human skin. Investigating
functionalised fullerenes or alternative matrices could
further enhance their stability and broaden their
applicability in dermal and biomedical fields.

Overall, this study confirms the feasibility of
stabilizing fullerene particles in hydrogels and in
combination with IGF-1, establishing a foundation for
developing advanced cosmetic and therapeutic products.

References

[1] Jeong, W.Y.; Kwon, M.; Choi, H. E.; Kim, K. S. Recent
Advances in Transdermal Drug Delivery Systems: A Review.
Biomater. Res. 2021, 25, 24. https://doi.org/10.1186/s40824-021-
00226-6

[2] Ekpete, O. A.; Orie. K. J. Fullerenes: Synthesis and
Application. FNAS J. Sci. Innov. 2023, 4, 221-236.

[3] Heflich, L. W. Carbon 60: Vision for the Future. Act. Sci.
Nutr. Health. 2023, 7, 16-20.
https://doi.org/10.31080/ASNH.2023.07.1307

[4] Luby, S. Nanoscience — From Manipulation of Atoms to
Human Needs. Eur. Pharm. J. 2021, 68, 84-88.
https://doi.org/10.2478/afpuc-2021-0005

[5] Ghabdian, Y.; Taheri, A.; Jahanian-Najafabadi, A.
Development of Novel Topical Formulation from Fullerene with
Antibacterial Activity Against Propionibacterium acnes. Fuller.
Nanotub. Carbon Nanostruct. 2020, 29, 163—-173.
https://doi.org/10.1080/1536383X.2020.1825388

[6] Kozlovs’ka, T.; Malovanyy, M.; Nykyforov, V.;
Novokhatko, O.; Liuta, O.; Tymchuk, I.; Onipko. V. Possibility of
Obtaining Hyaluronic Acid from Cyanobacteria. Chem. Chem.
Technol. 2025, 19, 327-334.
https://doi.org/10.23939/chcht19.02.327

[71 Serda, M.; Szewczyk, G.; Krzysztynska-Kuleta, O.;
Korzuch, J.; Dulski, M.; Musiol, R.; Sarna, T. Developing

[60] Fullerene Nanomaterials for Better Photodynamic Treatment
of Non-Melanoma Skin Cancers. ACS Biomater. Sci. Eng. 2020,
6, 5930-5940. https://doi.org/10.1021/acsbiomaterials.0c00932
[8] Kyung, A;; Lee, Y.; Kwon, H. J. Proceedings of the 10th
Annual Ubiquitous Computing, Electronics & Mobile
Communication Conference, New York, NY, Oct 10-12, 2019;
Institute of Electrical and Electronics Engineers: New York, 2019;
pp 862-866.
https://doi.org/10.1109/UEMCON47517.2019.8993106

[9] Kulkarni, S.; Chaudhari, S. B.; Chikkamath, S. S.; Kurale,
R. S.; Thopate, T. S.; Praveenkumar, S.; Ghotekar, S.; Patil, P.;
Kumar, D. Potential Applications of Fullerenes in Drug Delivery
and Medical Advances. Inorg. Chem. Commun. 2025, 173,
113829. https://doi.org/10.1016/j.inoche.2024.113829



Testing the effectiveness of growth factors in dermal applications

[10] Raszewska-Famielec, M.; Flieger, J. Nanoparticles for
Topical Application in the Treatment of Skin Dysfunctions — An
Overview of Dermo-Cosmetic and Dermatological Products. /nt.
J. Mol. Sci. 2022, 23, 15980.
https://doi.org/10.3390/ijms232415980

[11] Garg, U.; Jain, K. Dermal and Transdermal Drug Delivery
through Vesicles and Particles: Preparation and Applications. Adv.
Pharm. Bull. 2022, 12, 45-57.
https://doi.org/10.34172/apb.2022.006

[12] Kausar, A. Poly(methyl methacrylate)/Fullerene
Nanocomposite — Factors and Applications. Polym.-Plast.
Technol. Mater. 2021, 61, 593-608.
https://doi.org/10.1080/25740881.2021.1995422

[13] Romero Robles, L.; Antunes-Ricardo, M.; Vega-Canttl, Y.
I.; Zarich Carrillo, V. V.; Ortiz-Buentello, S. T. Proceedings of the
22nd International Multi-Conference for Engineering, Education,
and Technology: Sustainable Engineering for a Diverse,
Equitable, and Inclusive Future at the Service of Education,
Research, and Industry for a Society 5.0, Costa Rica, July 2024;
Latin American and Caribbean Consortium of Engineering
Institutions: Costa Rica, 2024; pp. 1-9.
https://doi.org/10.18687/LACCEI2024.1.1.324

[14] Francis Luther King, M.; Sherin Nithya, S. Applications of
nanoparticles in the cosmetic field. In Sustainable Utilization of
Nanoparticles and Nanofluids in Engineering Applications;
Boopathi, S.; Davim, J., Eds.; Hershey, PA: IGI Global Scientific
Publishing, 2023; pp. 102—129. https://doi.org/10.4018/978-1-
6684-9135-5.ch005

[15] Biswas, R.; Batista Da Rocha, C.; Bennick, R. A.; Zhang, J.
Water-Soluble Fullerene Monoderivatives for Biomedical
Applications. ChemMedChem. 2023, 18, €202300296.
https://doi.org/10.1002/cmdc.202300296

[16] Mulqueen, N.; Sneed, K.; Pathak, Y. Recent Trends in
Fullerenes Biomedical Applications. Nov. Res. Sci. 2022, 10,
000748.

[17] Mchedlov-Petrossyan, N. O.; Marfunin, M. O.; Kriklya,

N. N. Colloid Chemistry of Fullerene Solutions: Aggregation and
Coagulation. Liquids. 2024, 4, 32-72.
https://doi.org/10.20944/preprints202310.0808.v1

[18] Kyzyma, O. A. Liquid Systems with Fullerenes in Organic
Solvents and Aqueous Media. Ukr. J. Phys. 2020, 65, 761.
https://doi.org/10.15407/ujpe65.9.761

[19] Shinde, D. B.; Pawar, R.; Vitore, J.; Kulkarni, D.; Musale,
S.; Giram, P. S. Natural and Synthetic Functional Materials for
Broad Spectrum Applications in Antimicrobials, Antivirals and
Cosmetics. Polym. Adv. Technol. 2021, 32, 4204—4222.
https://doi.org/10.1002/pat.5457 Dubey, S. K.; Dey, A.; Singhvi,

795

G.; Pandey, M. M.; Singh, V.; Kesharwani, P. Emerging Trends
of Nanotechnology in Advanced Cosmetics. Colloids Surf. B:
Biointerfaces. 2022, 214, 112440.
https://doi.org/10.1016/j.colsurfb.2022.112440
[20] Zawadzka, O.; Gnatowski, P.; Pitat, E.; Kucinska-Lipka, J.
Investigation on the Swelling Kinetics of Gelatin Based
Hydrogels. Chem. Chem. Technol. 2025, 19, 259-269.
https://doi.org/10.23939/chcht19.02.259
[21] Guo, K.; Li, N.; Bao, L.; Lu, X. Fullerenes and Derivatives
as Electrocatalysts: Promises and Challenges. Green Energy
Environ. 2024, 9, 7-27. https://doi.org/10.1016/j.gee.2022.11.002
[22] Fernandes, N. B.; Shenoy, R. U. K.; Kajampady, M. K.;
DCruz, C. E. M.; Shirodkar, R. K.; Kumar, L.; Verma, R.
Fullerenes for the Treatment of Cancer: An Emerging Tool.
Environ. Sci. Pollut. Res. 2022, 29, 58607-58627.
https://doi.org/10.1007/s11356-022-21449-7
[23] Hui, M.; Jia, X.; Li, X.; Lazcano-Silveira, R.; Shi, M. Anti-
Inflammatory and Antioxidant Effects of Liposoluble C60 at the
Cellular, Molecular, and Whole-Animal Levels. J. Inflamm. Res.
2023, 16, 83-93. https://doi.org/10.2147/JIR.S386381

Received: July 14, 2025 / Revised: September 22, 2025 /
Accepted: September 24, 2025

BHUITPOBYBAHHA EGEKTUBHOCTI ®AKTOPIB
POCTY B AEPMAJIBHUX 3ACTOCYBAHHAX

Anomayin. Y docniodcenni oyineno enexkmpoghopemuuny noee-
OJIHKY ma O3zema-nomeHyian (Qyiepenie y pisHux Oy(epHux cucmemax,
2iopoeenesux Mampuysix ma y nOCOHAHHI i3 IHCYIIHONOOIOHUM (akmopom
pocmy-1 (IGF-1) i3 memow onmumizayii ixHb020 nomeHyiany o
3acmocysanusi y depmamonoeii. Memooonozis nepedbauana KaniiapHuil
enrexkmpoghopes (CE) ma eumiprosanHs 03ema-nomeHyiany Oas OYiHwo-
eanmns cmabinenocmi Qynepenie y 6ygepnux pozuunax 3i snavenusimu pH
2,5, 7 ma 9,3, a makooic y eiopozenesiti ocnogi ma y noeonauti 3 IGF-1.
3pasku auanizyeaiu uepez 48 ma 73 200uHu nicis NPUSOMYSAHHS,
BUMIPIOBAIU  eleKMpOhopemuuHy pyxausicme ma O3ema-nomenyian. Y
KUCTOMHUX | JYHCHUX YMOBAX NPOOEMOHCHPOBAHO BUPAICEHY Acpe2ayilo
ma HepezyispHy Miepayilo y 600Hux i Oygepnux poszuunax. Hetimpanvni
yMo8u 3abe3neuunu NOMIpHy cmabinizayiro, aie 6yau Hedocmamuimu Ois
3a6e3neyentss 00820CMPOKOBOI  KONOIOHOI cmabinenocmi. Bruouenns
Gynepenis 0o 2iopozeneoi mampuyi icmomHoO NIOBUWULO CIMADLILHICD.
Hasenicme IGF-1 'y ducnepcisx gynepenie we Oinvuie nominwuia enex-
mpogopemuuni npoghini, wjo ceiOuUMsb PO NOMEHYIUHUL CUHEPSeMUYHUL
cmaobinizyeanvrull egexm.

Knrwouosi @ynepenu, O0zema-nomenyian, KaniiAPHULl
enekmpodghopes, cucmemu O00CMABKU yepe3 WIKIpY, Ougy3ilina KoMipka
Dpanya.
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