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Abstract: Phosvitin shows chelating abilities, an affinity for ACTH (corticotropin), growth factors,
antioxidant properties, and acidic nature. An attempt was made to use this protein in hydrogels as
a transporter of other protein substances: somatotropin (STH) and (ACTH). The aim of the study
was to evaluate the effect of phosvitin on the permeation of ACTH and STH from semi-solid forms
of the drug applied to the skin. Four hydrogel substrates were prepared using natural polymers:
sodium alginate, methylcellulose, and starch. Based on the evaluation of physicochemical parame-
ters, the hydrogel with the most favorable properties was selected and loaded with the active sub-
stances STH and ACTH, followed by the addition of phosvitin. A study of the permeation of STH
and ACTH through the artificial cellulose membrane and through porcine skin was carried out
without and with the addition of phosvitin. The effect of protein substances on rheological and
textural parameters was studied. The evaluation of physicochemical parameters showed a favorable
effect of STH and Phosvitin on the stability of the hydrogel with 4% methylcellulose and no effect
of ACTH. All prepared formulations showed a reaction close to the natural pH of human skin. In
the porcine skin permeation study, the addition of Phosvitin to the hydrogel with STH caused a
slight increase in the amount of STH permeated and an increase in the time for STH to permeate
porcine skin by 30 min. Phosvitin caused an increase in the amount of ACTH permeated through
porcine skin almost twofold. Phosvitin may prove to be a promising permeation promoter for model
protein-peptide substances when applied to the skin surface.

Keywords: biodegradable polymers; functional properties of polymers; phosvitin; skin permeation;
drug carrier; hydrogels; topical application; natural membrane; artificial membrane; rheological
parameters

1. Introduction

In recent years, interest in the use of hormones in medicine has increased. Hormones
are substances that are sensitive to the gastrointestinal environment, and oral prepara-
tions do not provide an adequate therapeutic effect. So far, somatotropin (STH) prepara-
tions, which were introduced for subcutaneous treatment in the 1980s, are known [1]. So-
matostatin analogs are manufactured in injectable form for intramuscular and subcutane-
ous administration [2]. Corticotropin (ACTH) is used in the form of an injectable subcu-
taneous or intramuscular extended-release formulation, Acthar gel, in which ACTH is
dissolved in a gelatin solution [3].

The utilization of hormones in the form of topical preparations represents a promis-
ing avenue for the supplementation of hormone deficiencies, circumventing the discom-
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fort commonly associated with the administration of injections. There are studies confirm-
ing the skin penetration of protein-peptide particles in the range of 4.5-65 kDa. It has been
found that the transport of these substances does not depend solely on the size of their
particles. The penetration of substances is influenced by many factors such as the nature
of the molecule, its physicochemical properties, the type of matrix in which the active
substance is incorporated, as well as the condition, state, and thickness of the skin and the
age of the patient [4-6].

Another promising protein seems to be phosvitin. Phosvitin (PSV) is the major phos-
phoprotein found in the egg yolk. It is a source of amino acids necessary for proper body
function. Phosvitin has anti-inflammatory and antioxidant properties. It inhibits the pro-
duction of pro-inflammatory cytokines and has antimicrobial activity against gram-nega-
tive bacteria. In addition, it can affect cell division, suggesting anticancer activity. It has a
beneficial effect on the immune system by increasing the activity of T-lymphocytes and
the number of cytokines produced [7,8].

The use of phosvitin in skin care products protects against free radicals. Phosvitin
inhibits the activity of enzymes that degrade the ECM (extracellular matrix) so that the
aging process is inhibited. In addition, the use of phosvitin helps maintain healthy skin
by increasing collagen production and inhibiting melanogenesis [8].

The large number of phosphoryl groups and the small proportion of hydrophobic
amino acids make phosvitin predominantly hydrophilic, with only 10% of the amino acids
in its structure being hydrophobic. Phosvitin is an acidic protein rich in phosphate groups,
mainly bound by serine. In acidic solutions of low ionic strength, phosvitin has good metal
chelating potential. It is able to form complexes with divalent ions such as Ca?*, Mg?, Co?,
Mn? and with Fe¥ [9]. Therefore, it is used in dietary supplements to increase the bioa-
vailability of iron, especially in patients with iron deficiency or anemia [7]. Phosvitin pro-
tects against lipid oxidation by binding heavy metal ions [10]. In addition, phosvitin
shows better emulsifying activity and emulsion stability compared to other proteins such
as bovine serum albumin, (3-casein, or soy protein [7]. Phosvitin peptides added to diets
at a concentration of 0.125-0.5% (1.25-5.0 mg/g) significantly increase Ca absorption and
accumulation in bone [11].

Somatotropin (STH), also designated as growth hormone (GH), is a polypeptide hor-
mone predominantly produced by the anterior lobe of the pituitary gland. STH is a pro-
tein polypeptide hormone comprising 191 amino acids. Two isoforms of 22 kDa and 20
kDa are known to exist within the body [12]. The half-life of GH in the blood is relatively
short, at 20-50 min, and this is due to its pulsatile secretion [13].

The primary stimuli that stimulate GHRH (growth hormone-releasing hormone) se-
cretion are low GH concentrations, stress factors, sleep, exercise, nutrition, glucose or glu-
cocorticosteroids, fatty acids, insulin, amino acids, and sex hormones [14]. The stimuli that
stimulate the secretion of GHIH (growth hormone inhibitory hormone) are high concen-
trations of GH, as well as glucose, amino acids, and sex hormones. The most important
factor regulating the secretion of insulin-like growth factor (IGF-1) is the pulsatile secre-
tion of GH [15].

The primary function of GH is to stimulate growth by stimulating chondrocyte pro-
liferation, as well as regulating lipolysis and maintaining calcium homeostasis and bone
health. With GH, the body is able to increase physical and mental activity. GH is also
involved in regulating immune system function [15]. The action of GH is through the
stimulation of insulin-like growth factor (IGF-1) production in the liver, which subse-
quently stimulates growth.

An imbalance in the production of GH within the human body can result in the de-
velopment of various metabolic disorders and diseases. Excessive GH production can re-
sult in gigantism, whereas GH deficiency can lead to insulin resistance and an increased
incidence of impaired glucose tolerance and diabetes, as well as dwarfism [16].

Since 1985, recombinant human growth hormone (GH) has been employed in the
treatment of various conditions in children and adults associated with growth hormone
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deficiency [17]. Growth hormone has been employed to facilitate growth in individuals
with a range of low-growth conditions that are not directly associated with GH deficiency
(GHD) such as Turner syndrome, Noonan syndrome, Prader-Willi syndrome, idiopathic
growth hormone deficiency, chronic renal failure, and children born with low body
weight relative to gestational age [18,19].

The symptoms of GH deficiency in adults may include a decline in mood and general
well-being, loss of muscle mass, increased body fat, hyperlipidemia, bone weakness, or
an increased predisposition to atherogenesis [20]. Adults with GHD are more susceptible
to developing non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver disease
(NAFLD) [21]. Substitution therapy has been demonstrated to positively influence muscle
and fat mass, the lipid profile, lower diastolic blood pressure, and enhance bone mass.
Furthermore, the therapy has been shown to improve patients” quality of life [20].

STH has been successfully employed in the treatment of a number of diseases that
result in muscle mass loss, including HIV (human immunodeficiency virus). It has also
been utilized in the management of catabolic diseases such as cystic fibrosis and inflam-
matory bowel disease (IBD), which encompasses Crohn’s disease and ulcerative colitis.
One significant application of STH is its impact on bone metabolism and the treatment of
arthritis. Growth hormone has been demonstrated to facilitate repair processes in bone
tissues, thereby stimulating bone growth and mineralization. Furthermore, STH also af-
fects the aging process, plays a role in neurological rehabilitation, and alleviates inflam-
matory bowel disease. Additionally, it can promote wound and burn healing, relieve the
symptoms of fibromyalgia, improve hypertension control, and prevent osteoporosis in
the postmenopausal period. All of the aforementioned functions of STH include the ability
to regenerate tissue, independently of GHD [18].

Adrenocorticotropic hormone (ACTH) is a peptide hormone with a molecular weight
of 4.5 kDa. It is produced by the anterior lobe of the pituitary gland and also by the pla-
centa, brain, skin, and adrenal medulla. It is secreted by the anterior lobe of the pituitary
gland [22-24]. ACTH secretion is primarily regulated by two hypothalamic hormones:
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) [24]. Its primary
function is the regulation of cortisol production [23]. However, it also plays a role in other
physiological processes. Due to its proteolytic degradation, its half-life in the body is rel-
atively short [24].

In their research, Robinson and Pickering explored the potential of the newest class
of synthetic peptides, melanocortins, in the prevention and treatment of diabetes compli-
cations. Melanocortins have been demonstrated to be well tolerated in early animal and
human studies for the treatment of a range of associated with the etiology and complica-
tions of diabetes. They may exert beneficial effects in these contexts. Further studies are
needed to ensure the specificity of melanocortin receptor activation and to modify the
formulation of the drug to maximize the serum half-life, with the aim of advancing the
development of melanocortins for the treatment of diabetes and its complications [25].

Despite their low permeability across the brain barrier, both ACTH and MSH (Mela-
nocyte-Stimulating Hormone) have been observed to stimulate nerve cell regeneration,
exert antiepileptic effects, and influence social behavior. In the kidney, ACTH has been
demonstrated to reduce tumor necrosis factor-induced tubular necrosis, exert immuno-
modulatory effects, and protect podocytes from apoptosis. ACTH has been demonstrated
to enhance collagen synthesis in osteoblasts and to regulate thymus growth. It is notable
that the effects of all melanocortins on immune cells are not insignificant. They exert im-
munomodulatory and anti-inflammatory effects through a variety of mechanisms, as ev-
idenced by studies [23,26]. Melanocortin receptors are also present in osteoblasts, osteo-
clasts, chondrocytes, and fibroblasts, thereby enabling the use of ACTH in the treatment
of rheumatoid arthritis and other diseases with a similar course and localization. The most
well-documented application of ACTH is in the treatment of multiple sclerosis [27-30]. It
has been demonstrated that ACTH exerts a beneficial effect in the treatment of nephrotic



Polymers 2024, 16, 2640

4 of 26

syndrome, a condition characterized by hypoalbuminemia, edema, proteinuria, and hy-
perlipidemia [31,32]. A review of the literature over the past 10 years reveals that the kid-
ney is an important target organ for ACTH, both in terms of clinical efficacy and molecular
biology mechanism. A greater number of studies have been conducted on the use of
ACTH in the treatment of nephrotic syndrome in adults than in children, irrespective of
the underlying pathology and the methodology employed. The results consistently
demonstrate a reduction in proteinuria and the preservation of renal function. ACTH has
been demonstrated to be an effective agent for the control or elimination of ocular inflam-
mation, even in cases where the condition has proven resistant to conventional steroids
or other therapeutic interventions. The occurrence of side effects associated with ACTH is
uncommon, with the highest probability of such effects manifesting at relatively elevated
doses of ACTH [33]. The efficacy of ACTH has been demonstrated in the treatment of gout
and pyrophosphate arthritis [28]. For the treatment of acute gout, interleukin-1 blockers
may offer a promising avenue for patients with multiple comorbidities. However, these
agents are expensive and can cause immunosuppression. ACTH is widely available in
many European countries and may be an alternative for the treatment of acute gout in
patients with coexisting infections or in cases where septic arthritis has not been com-
pletely ruled out. ACTH has a proven good safety profile and can be used in selected
patients with multiple comorbidities for the treatment of gout [34].

The objective of this study was to ascertain the impact of incorporating the protein
phosvitin on the permeation of STH and ACTH across both artificial (cellulose membrane)
and natural (porcine skin) membranes. Additionally, the physicochemical properties of
the prepared hydrogels were examined.

The hydrogel substrates were prepared using a selection of natural polymers, includ-
ing sodium alginate, methylcellulose (MC), starch, and glycerol. The rheological, textural,
pH, spreadability, and sensory evaluations were conducted and analyzed. Following pre-
liminary analysis of these properties, the hydrogel exhibiting the most favorable physico-
chemical parameters was selected for the loading of active substances. The substances un-
der investigation were STH and ACTH. Given the properties of phosvitin, including its
chelating ability, affinity for ACTH, growth factors, and antioxidant properties, as well as
its acidic character, an attempt was made to utilize it in the prepared hydrogels with STH
and ACTH as a transporter of active substances. To this end, a permeation study of STH
and ACTH was conducted, and the impact of the addition of phosvitin on the permeation
process through an artificial membrane (cellulose membrane) and a natural membrane
(porcine skin) was evaluated.

2. Materials and Methods
2.1. Hydrogels Preparation

A total of four hydrogel vehicles, comprising different gelling agents were prepared.
To prepare a hydrogel with sodium alginate (ALG) (Biomus, Lublin, Poland), the first step
was to prepare a 0.5% solution of calcium chloride CaClz (Chempur, Piekary élqskie, Po-
land) and add it to the previously mixed glycerol and water. Subsequently, sodium algi-
nate was then added in small quantities and vigorously stirred at room temperature until
a viscous hydrogel of the desired consistency was formed. The glycerol hydrogel (GLY)
was prepared by creating a suspension of wheat starch (PPH, Galfarm, Krakow, Poland)
in water for injection (Fresenius KABI, Blonie, Poland). This suspension was then intro-
duced into glycerol (Microfarm, Zabierzow, Poland) that had been heated to 60 °C prior
to use. The mixture was heated until it reached a viscosity that was sufficiently thick.

MC-based substrate (viscosity of 2% solution at 25 °C: 3755 mPa-s; Sigma Aldrich,
Inc., St. Louis, MO, USA) was prepared at a concentration of 4% (4% MC) and 6% (6%
MC). Water together with glycerol was heated to 80 °C. Then, MC was added in small
portions, stirring vigorously with a glass baguette until the proper consistency was
reached. The bases were subsequently stored in a refrigerator set at 4 °C. In order to obtain
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transparent hydrogels with MC, it was necessary to place them in the refrigerator for a
minimum of 24 h prior to commencing further work with these substrates.

The hormones, STH (Genotropin 12-Somatotropin, Powder for preparation of solu-
tion for injection 12 mg (36 IU), batch number GF1722, Pfizer, Europe MA EEIG, Bruxelles,
Belgium), and ACTH (freeze-dried, Biochefa, Poland) were introduced into the hydrogels
in the form of solutions —aqueous (STH) and glycerol (ACTH) —after the substrates were
prepared and brought to room temperature and stirred until they became thickened.
Phosvitin (Sigma-Aldrich, USA) was introduced at the end into hydrogels loaded with
STH or ACTH, respectively, in an amount corresponding to the final concentration in the
formulation of 0.5% relative to ACTH and STH. This was completed in the form of an
aqueous solution with a concentration of 1 mg/mL. The composition of the prepared hy-
drogels, which were utilized as matrices for protein-peptide substances and hydrogels
containing STH and ACTH as active substances, is presented in Table 1. All hydrogels
were stored in a refrigerator at 4 °C.

Table 1. Summary of components of prepared hydrogel preparations.

Hydrogels Composition (g)

4% ALG Gly 4% MC 6% MC 4% MC/STH 4% MC/STH/PSV 4% MC/ACTH 4% MC/ACTH/PSV

Wheat starch 8.696
Methylcellulose 4.0 6.0 4.0 4.0 4.0 4.0
Sodium alginate 4.0
Glycerol 85% 10.0 13.043 10.0 10.0 10.0 10.0 10.0 10.0
0.5% CaClz solution 2.0
STH 0.1 0.1
ACTH 0.5 0.5
Phosvitin (PSV) 510 25-10°
Water 840 78261 84.0 86.0 85.9 Up to 100.0 85.5 Up to 100.0

2.2. Testing the Spreadability of Hydrogel Bases

In order to test the spreadability of the obtained hydrogel bases, a methodology was
employed which utilized two plates and a set of weights. A volume of 0.5 cm? of hydrogel
was applied to the glass plate using a syringe. Subsequently, the second plate was posi-
tioned on top of the initial plate. Following the application of the load to the sample, the
radius of the stretched hydrogel was recorded at 30-s intervals using a scale with a coor-
dinate system plotted on it. Subsequently, weights of 50 g, 100 g, 200 g, 300 g, 400 g, and
500 g were added. Following the application of each weight, the radii of the stretched
hydrogels were recorded on the axes of the coordinate system. The mean value of the
recorded radii was then employed to calculate the surface area of the stretched ointment.
Hydrogel samples for determination were applied to a glass plate on three occasions at
room temperature.

The results obtained permitted the calculation of the area occupied by the prepared
hydrogels in accordance with the formula:

P =nr? (1)

where P—surface area occupied by the hydrogel (m?), r—radius of the hydrogel (cm).

2.3. Sensory Analysis

The sensory evaluation of the prepared hydrogel bases, comprising 4% ALG, GLY,
4% MC, and 6% MC, was conducted in accordance with the established guidelines by
A.M. Pens’e-Lh eritier [35].

In order to evaluate the preparations, a series of characteristics were selected for anal-
ysis, including uniformity, consistency, cushion effect, adhesion, and the ability of the
preparation to spread on the skin and stickiness. The selected sensory parameters, along
with the determination of their severity, are presented in Table 2 for reference. To assess
uniformity and smoothness, approximately 0.5 cm? of the preparation was applied to the
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slides and then distributed evenly in a circular motion. The presence of lumps or air bub-
bles was noted. The consistency was evaluated by dipping a finger at an angle of 45° to
60° into the preparation container and then rapidly withdrawing it. The resistance of the
cream when the finger was immersed and the contact between the finger and the hydrogel
when the finger was pulled out was also observed and recorded. The term “cushion ef-
fect” was used to describe the amount of product that could be felt between the fingers
when rubbing them together. To evaluate the product’s adhesion properties, it was re-
trieved from its container with the finger. The product demonstrated good adhesion when
it could be picked up with ease, without spillage, and formed a permanent, characteristic
cone on the fingertip. The resistance of the hydrogel during spreading was evaluated to
determine the ease of application and the even distribution of the product on the skin. To
evaluate the product’s stickiness, it was applied with a finger to a selected area of the skin.
After a brief interval, the hand was pressed against the lubricated area to ascertain
whether the product retained its adhesive quality on the skin. To assess whether the test
product leaves an oily film on the skin, a test was conducted by applying the product to
the skin and observing if an oily film was formed.

Table 2. Selected sensory parameters with determination of their degree of intensity.

Scale 5 4 3 2 1
Uniformity Uniform Air bubbles Delicate lumps Perceptible lumps Delaminates
Consistency Very heavy Heavy Medium Light Very lightweight
Cushion effect Very large Large Medium Small Hardly at all

Adhesion Very good Good Medium Not very good Lack of adhesion
Spreading Very difficult to spread  Difficult to spread Medium spreads Spreads easily Very Spreads easily

Stickiness Very large Large Medium Small Almost not at all
Greasiness Leaves greasy film Quite greasy Medium Oily Slightly greasy No film

2.4. A Study of the Rheological Properties of Hydrogels

The rheological properties of the prepared hydrogels were determined using a Lamy
RM 200 TOUCH rotational rheometer (Lamy Rheology Instruments, Champagne au Mont
d’Or, France), controlled by Rheomatic software (software from Lamy Rheology Instru-
ments, Champagne au Mont d’Or, France). For the measurements, a CP 2445 plate-to-
plate measuring spindle system and a CP-1 Plus thermostat were utilized. Prior to the
measurements, the samples were removed from the refrigerator and placed on the bottom
plate of the thermostatic system after 30 min. The determinations were made at a temper-
ature approximating that of human skin, which is 32.0 + 0.5 °C.

Viscosity measurements of the hydrogel were conducted at three distinct shear rates.
The measurements were conducted at shear rates of 30 s, 60 s, and 100 s™1. Flow curves
were determined via the flow test method in the shear rate range D = 5-200 s, with a
measurement time of 30 s. Additionally, a stepwise measurement of shear stress versus
shear rate was conducted using the Step-by-Step method. The test was conducted on hy-
drogel bases that had been unloaded with active substances (4% ALG, GLY, 4% MC, and
6% MC) and on preparations based on 4% MC that contained STH and STH with the ad-
dition of phosvitin, as well as ACTH and ACTH with the addition of phosvitin.

2.5. Texture Analysis

A texture analysis of the test preparations was conducted using a TX-700 Lamy Rhe-
ology texture-meter (Lamy Rheology Instruments, France), employing the TPA (Texture
Profile Analysis) test. The test was conducted at room temperature. A cylindrical steel
sensor was utilized for the measurement, which was dipped twice into each sample at a
speed of 1 mm/s to a depth of 10 mm. Based on the resulting texture profiles, the hardness,
cohesiveness, adhesiveness, and elasticity of the prepared hydrogels (4% ALG, GLY, 4%
MC, 6% MC, and 4% MC/STH, 4% MC/STH/PSV, 4% MC/ACTH, and 4% MC/ACTH/PSV)
were determined.
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2.6. Determination of pH Value

To ascertain the pH of the prepared hydrogel preparations, a potentiometric method
was employed in accordance with the standards set forth in the Polish Pharmacopoeia XII
[36]. The measurement was conducted by directly immersing a glass electrode (In Lab Ex-
pert Pro-ISM, No. 30014096, Mettler-Toledo AG, Greifensee, Switzerland) in the hydrogel.

2.7. Study of the Permeation of STH, STH with Phosvitin, ACTH, and ACTH with Phosvitin
through a Cellulose Membrane

2.7.1. Model Membranes

Two types of membranes were utilized in the experiment, an artificial cellulose mem-
brane with a pore size of 100 kDa (Spectra/Por®Dialysis Membrane, Biotech CE, MWCO: 100
kDa Spectrum Laboratories Inc., California, CA, USA) and a natural membrane-porcine skin.

The artificial membrane was immersed in injection water for 30 min prior to testing.
The model natural membrane, porcine skin, was obtained from a local farmer. Skin sec-
tions were trimmed to a diameter of 2.5 + 0.5 cm?. Each sample was spread over the skin
surface. The preparation of porcine skin is described in detail by Siemiradzka et al. [37].

2.7.2. Determination of STH and ACTH

The methodology employed for the measurement of STH and the associated permea-
tion study was meticulously delineated in the seminal paper by Siemiradzka, which ex-
plored the permeation of STH through the skin [4]. The measurements were conducted us-
ing a UV-VIS Cecil CE 3021 spectrophotometer (Cecil Instruments Limited, Cambridge,
England). The amount of STH permeated was quantified using a curve with the equation y
= 0.8953x + 0.0032; R2=0.999, with measurements taken spectrophotometrically at A = 276
nm, employing the PBS solution as a reference. The mean value was calculated based on six
replicates. The method of ACTH determination was previously described by Siemiradzka
et al. [38,39]. The ACTH content was subsequently calculated from the standard curve,
which yielded the following equation: y = 0.6925x — 0.0123; R2=0.9996; p < 0.01 [38,39].

2.7.3. Permeation Test

The permeation of STH and ACTH from a 4% MC-based hydrogel substrate was stud-
ied using Franz flow cells, which were made of white borosilicate glass and provided with
a stirrer (type 03, 9 mm, sheathed, flat connector, type 02, 5 mL) and in/out ports in the
receptor chamber (LPP Equipment Warsaw, Warsaw, Poland). A three-station stirrer for
Franz cells with an anodized aluminum handle (LPP Equipment Warsaw) and a recirculat-
ing thermostat for the Franz diffusion cell system (LPP Equipment Warsaw) were utilized.

Following the application of the preparations to the membrane in an amount of ap-
proximately 0.5 g, the chamber was hermetically sealed in order to prevent the evapora-
tion of the acceptor fluid. A capillary tube was used to introduce 5 mL of phosphate buffer
pH =74 into the system. The buffer was composed of the following components: sodium
chloride p.d.a. (Chempur, Piekary Slaskie, Poland), potassium dihydrogen phosphate
(Chempur, Piekary Slaskie, Poland), and disodium hydrogen phosphate anhydrous
(Chempur, Piekary Slqskie, Poland, water).

Samples of 2 mL were collected at designated intervals (0.5, 1, 1.5, 2,25, 3,4, 5,6, 7,
and 8 h). Each sample was supplemented with a new portion of phosphate buffer. Subse-
quently, the absorbance of the collected samples was quantified using a spectrophotome-
ter at A =276 nm (for STH) and A = 276.5 nm (for ACTH). To confirm the absence of any
effect of phosvitin on the accuracy of STH and ACTH determinations, absorbance was
also measured at A =271 nm, in accordance with the determined absorption maximum of
phosvitin. The reference solution was PBS with a pH of 7.4. Six replicates (n = 6) were
performed for each sample.
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The correlation coefficients of the permeation kinetics of the test substance were de-
termined using the following models: the Higuchi model, the Korsmeyer-Peppas, and
first-order models [40].

2.8. Stability Study

The stability of the hydrogels was evaluated through a biotechnology/biological
products’ stability test, conducted under the conditions specified by the International
Council for Harmonisation (ICH) and the Q5C guideline.

The temperature was maintained at 25 + 1 °C and 5 + 3 °C. The samples were stored
for a period of four weeks [41]. The contents of active substances, pH, and viscosity were
monitored and documented in the prepared hydrogels. The contents of the active sub-
stances, namely STH and ACTH, were determined by spectrophotometry using a CECIL
apparatus (UV-VIS Cecil CE 3021 Instruments Limited, Cambridge, England) at wave-
lengths A1 =276 nm (STH) and A2 = 276.5 nm (ACTH). A Lamy RM 200 Touch rotational
rheometer (Lamy Rheology Instruments, Champagne au Mont d’Or, France) was em-
ployed for rheological testing. The pH was determined by directly immersing a glass elec-
trode (In Lab Expert Pro-ISM, No. 30014096, Mettler-Toledo AG, Greifensee, Switzerland)
in the hydrogel.

2.9. Statistical Analysis

The mean values with standard deviation were calculated and subjected to statistical
analysis using the Microsoft Excel package and the StatSoft, Inc. (Krakéw, Poland) Statis-
tica option. Industrial analysis and experimental design (DOE) were employed. The Sta-
tistica Pharmaceutical Kit: Statistica “Release Profiles” was utilized to analyze the results
of STH and ACTH permeation from the hydrogels, as well as the similarity and difference
factors of the f1 and f2 methods. The level of statistical significance was calculated at p <
0.05 using Student’s t-test.

3. Results
3.1. Spreadability Test

The results of the hydrogel spreadability test, conducted with 4% ALG, GLY, 4% MC,
and 6% MC are presented in Figure 1.

—— 4% ALG —8—GLY ——a—4% MC 6% MC

[ o] w
o] %] =]

Spreadability (cm?)
= =
[an] [y

0 100 200 300 400 500 600

Load value (g)

Figure 1. Values of hydrogel surface area depending on the applied load; (n = 3).
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The 4% ALG-based substrate exhibited the greatest spreadability, while the 6% MC-
based hydrogel demonstrated the poorest spreadability. The spreadability of GLY and 4%
MC bases were found to be similar (p < 0.05 relative to the hydrogel with 4% ALG).

3.2. Sensory Evaluation

Sensory evaluation parameters of the prepared hydrogels are presented in Table 3,
with the scale shown in Table 2.

Table 3. The parameters of sensory evaluation (score on a scale of 1-5).

Parameter 4% ALG GLY 4% MC 6% MC 4% MC/STH 4% MC/STH/PSV 4% MC/ACTH 4% MC/ACTH/PSV
Uniformity 5 5 5 5 4 4 4 4
Consistency 3 4 3 5 3 3 3 3
Cushion effect 3 1 3 5 4 4 4 4
Adhesion 3 2 5 1 3 3 3 3
Spreading 4 4 4 2 4 4 3 3
Stickiness 2 1 4 5 4 4 4 4
Greasiness 1 2 1 1 1 1 1 1

A linear structured scale with the following intensity determinations: 1 —none, 2—very weak, 3—
weak, 4 —medium, 5—strong.

The prepared substrates, comprising 4% ALG, GLY, 4% MC, and 6% MC, exhibited
a uniform and homogeneous structure. The smooth and shiny surface imparted an attrac-
tive appearance to the formulations. The 4% MC-based substrate exhibited a lighter tex-
ture and superior adhesion compared to the 6% MC and GLY-based substrate, as well as
a relatively good cushioning effect. With the exception of the 6% MC-based hydrogel, all
the formulations demonstrated excellent spreading ability on the skin surface. Following
the application of the formulations to the skin, no adverse skin reactions, such as burning
sensation or irritation, were observed.

The results of the sensory testing of all bases (4% ALG, GLY, 4% MC, 6% MC) indi-
cated that the hydrogel with 4% MC was the most favorable substrate for further testing.
The material exhibited high uniformity and a lighter consistency-compared to the sub-
strate with GLY and the hydrogel based on 6% MC. Additionally, it demonstrated a rela-
tively brilliant cushion effect. Despite its high stickiness, the base was characterized by
ease of spreading. The 4% MC-based hydrogel was also distinguished by significantly
higher adhesion compared to the other hydrogels. All bases were observed to exhibit a
lack of greasiness and oiliness, with the exception of the starch base, which displayed a
notable effect due to its high glycerol content.

The introduction of the active substances STH and ACTH into the 4% MC resulted in
slight alterations to the sensory properties. The addition of ACTH, STH, and phosvitin led
to a slight reduction in the uniformity of the formulations, a decline in adhesion, and an
increase in the “cushion effect.” However, the incorporation of ACTH into the hydrogel and
the combination of ACTH with phosvitin resulted in a notable decline in spreadability.

3.3. Evaluation of Rheological Properties

A decrease in viscosity was observed for all hydrogels as the shear rate increased.
The viscosity values obtained at three shear rates (D=30s", D=60s" and D =100 s!) for
the prepared hydrogel formulations are presented in Table 4.
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Table 4. The viscosity (1) of the prepared base hydrogels and hydrogels with 4% MC and STH, 4%
MC with STH and phosvitin, 4% MC and ACTH, and 4% MC with ACTH and phosvitin at three
constant shear rates: D=30s", D=60s"and D=100 s (n=6).

Viscosity n (Pa-s)

Formulation Code

D=30s" D=60s" D=100s"
4% ALG 1723 +1.10 14 11.37 £0.38 124 8.01 £0.40 1234
GLY 28.83 +1.85 14 12.56 +2.54 124 8.63 £0.51 124
4% MC 23.78 +0.39 16.90 + 0.49 2 12.26 +1.13 23
6% MC 66.06 +2.89 14 39.77 £ 0.58 124 26.73 £1.70 1234
4% MC/STH 26.11 £0.56 14 17.80 £ 0.36 2 12.27 +0.29 23
4% MC/STH/PSV 23.83 +0.45 17.06 +1.352 12.18 £0.23 23
4% MC/ACTH 26.25+0.60 14 17.94+ 0412 13.51 £ 0.30 234
4% MC/ACTH/PSV 22.72+0.30! 16.61 + 0.47 2 12.53 £ 0.80 23

1 —statistically significant difference with respect to the substrate with 4% MC at shear rates of D =
30s7, D=60s", and D=100s" (p <0.05). 2—statistically significant difference with respect to shear
rate of 30 s71. 3—statistically significant difference with respect to shear rate of 60 s. —statistically
significant difference with respect to the substrate with 4% MC at shear ratesof D=30s"1, D=60s7,
and D =100 s (p <0.05).

The hydrogel prepared with 6% MC exhibited the highest viscosity, while the hydro-
gel prepared with 4% ALG demonstrated the lowest. The viscosity of the hydrogel formu-
lations was found to be as follows, from the lowest to the highest value: for D=30s", ALG
<MC 4% < GLY <MC 6%, for D =60 s7!, ALG < GLY <MC 4% < MC 6%, and for D =100
s, ALG < GLY < MC 4% < MC 6%. The impact of protein additives on the viscosity of a
4% MC-based hydrogel at three shear rates was assessed. At a shear rate of D =30 s, the
viscosity of the 4% MC-based hydrogel was 23.78 + 0.79 Pa-s. The addition of ACTH re-
sulted in an increase in viscosity to 26.25 + 0.6 Pa-s, while after the addition of phosvitin,
the viscosity decreased to a value of 22.72 + 0.3 Pas. For a shear rate of D = 60 s7, the
viscosity for the substrate with 4% MC was 16.9 + 1.48 Pa-s, The addition of ACTH resulted
in an increase in viscosity to 17.94 + 0.41 Pa-s, while the inclusion of phosvitin led to a
reduction in viscosity to a value of 16.61 + 0.47 Pa-s. At a shear rate of D = 100 s, the
viscosity value for the hydrogel with 4% MC was 12.26 + 1.13 Pa's. ACTH resulted in an
increase to 13.51 + 0.3 Pa-s, which was then followed by a decrease in viscosity value to
12.53 + 0.8 Pas due to the addition of phosvitin. The addition of STH to the hydrogel with
4% MC resulted in an increase in viscosity from 23.78 + 0.39 to 26.11 + 0.56 at D = 30 s7..
The viscosity increased from 16.9 +0.49 to 17.80 + 0.36 at D = 60 s~ but remained unaltered
at D =100 s71. The addition of phosvitin to hydrogels with STH did not affect the viscosity.
The viscosity curves of the prepared formulations are shown in Figure 2.
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Figure 2. Viscosity curves of base hydrogels: (A) 4% ALG, GLY, 4% MC, 6% MC; (B) hydrogels with
4% MC, with 4% MC and STH, and with 4% MC, STH, and phosvitin; (C) hydrogels with 4% MC,
with 4% MC and ACTH and with 4% MC, ACTH and phosvitin.

The prepared hydrogels are classified as non-Newtonian, shear-thinning systems, ex-
hibiting thixotropy. The shape of the viscosity curves indicates the pseudoplastic properties
of hydrogels, which are shear-thinning systems (Figure 2). As evidenced by the concavity
of the flow curves (Figure 3) their viscosity decreases with increasing shear rate. Viscoplastic
systems exhibit a combination of the rheological properties of viscous and elastic bodies, as
indicated by the presence of a flow boundary. Additionally, the effect of shear thinning,
which causes a bending of the flow curve, is superimposed on this phenomenon.

Figures 3 and 4 illustrate the flow curves obtained through two distinct methodologies:
the FT (Flow Test) test (Figure 3) and the SBS (Step-by-Step) test (Figure 4). These figures
present the results for hydrogels formulated with three distinct polymers (Figures 3A and
4A), a hydrogel containing 4% MC, a hydrogel containing 4% MC and STH, and a hydrogel
the shape of the curves indicates the pseudoplastic properties of the prepared hydrogels,
which exhibit shear-thinning behavior. The hydrogels were prepared with 4% MC, with
STH and phosvitin (Figures 3B and 4B), and hydrogel with MC 4%, hydrogel with 4% MC
and ACTH, and hydrogel with 4% MC with ACTH and phosvitin (Figures 3C and 4C).
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Figure 3. Flow curves obtained by the “FT” method of hydrogels with 4% ALG, GLY, 4% MC and
6% MC (A), 4% MC, 4% MC with ACTH and with 4% MC with ACTH and phosvitin (B), and 4%
MC, 4% MC with STH and 4% MC with STH and phosvitin (C), (n = 3).
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Figure 4. Flow curves (hysteresis loops) from step-by-step test of hydrogels with 4% ALG, GLY, 4%
MC and 6% MC (A), 4% MC, 4% MC with ACTH and 4% MC with ACTH and phosvitin (B), and
4% MC, 4% MC with STH and with 4% MC and STH with phosvitin (C) (n=3).
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In such non-Newtonian systems, where viscosity is dependent upon both shear rate
and shear stress, the observed behavior can be attributed to delayed adaptation to flow
conditions. The decrease in viscosity at a constant rate until an equilibrium value is estab-
lished is indicative of the ability to rebuild the original internal structure of prepared hy-
drogels, which can take from a few seconds to several days.

The hysteresis loop test enables the evaluation of the thixotropic and rheopexy prop-
erties of hydrogels. The area of the loop can be used as a measure of thixotropy or rheo-
pexy. The greater the degree of alignment between the ascending and descending curves,
the greater the rheological stability of the system. In the case of the hydrogels under study,
rheopexy is evident, as the descending curves lie above the ascending curves. The extent
of destruction or construction of the internal structure of hydrogels can be determined by
determining the areas of the plots between the ascending and descending curves, which
form the hysteresis loops. The surface areas of the hysteresis loops of the prepared hydro-
gels are summarized in Table 5.

Table 5. AUC of the flow curves obtained by FT and SBS test of made hydrogels preparations.

AUC of the Hysteresis Loop (- - s~
Formulation Code UC of the Hysteresis Loop (mz s—)

FT Test SBS Test
4% ALG 7321.92 226.44
GLY 1185.56 468.46
4% MC 514.41 352.77
6% MC 732.50 347.33
4% MC/STH 1214.21 279.84
4% MC/STH/PSV 1483.00 213.13
4% MC/ACTH 729.38 345.95
4% MC/ACTH/PSV 874.21 373.89

It should be noted, however, that the surface area of the hysteresis loop can only be
used as a comparative measure of the thixotropic properties of fluids. It is not possible to
use this area as an absolute measure of thixotropy, as even for the same hydrogel, the area
of the hysteresis loop will be different for different ways of measurement (FT and SBS-
“step-by-step”). The addition of protein substances, including ACTH and STH, as well as
the addition of phosvitin, resulted in an increase in the area between the ascending and
descending curves.

The flow curves from the FT test indicated that the ascending curve was most similar
to the descending curve for the hydrogel with 4% MC, and the smallest area of the hyste-
resis loop was recorded, as confirmed by the calculated value (Table 5). The hydrogel with
4% ALG exhibited the greatest discrepancy between ascending and descending curves,
while the hysteresis loop area reached its maximum value. The incorporation of protein-
peptide substances exerted a notable influence on the stability of the hydrogel comprising
4% MC, whereas the impact on the hydrogel with 4% ALG was less pronounced. The
characteristics of these particles, including their size, may be a contributing factor to the
observed loosening of the internal structure of the hydrogels. However, this phenomenon
may also facilitate enhanced permeation through these structures.

An analysis of the flow curves obtained in the step test of the dependence of shear
stress on shear rate revealed that changes in shear rate do not result in significant altera-
tions in stress due to the addition of STH and ACTH. The addition of ACTH did not sig-
nificantly affect the rheological stability of the hydrogel with 4% MC. In contrast, the ad-
dition of STH and STH with phosvitin appeared to enhance the stability of the hydrogel
with 4% MC, as evidenced by a reduction in the hysteresis loop area.
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3.4. Texture Analysis

The texture study was carried out using a Lamy Rheology TX-700 laboratory tex-
turometer. The obtained texture analysis parameters are presented in Table 6.

The hydrogel containing 6% MC exhibited the highest hardness (0.175 + 0.008 N),
while the hydrogel with starch and glycerol demonstrated a lower hardness (0.150 + 0.012
N). The hydrogel with 4% MC exhibited the lowest hardness (0.024 + 0.002 N). The highest
value was observed for MC (0.034 + 0.003 N), while the lowest was recorded for the hy-
drogel with 4% ALG (0.024 = 0.002 N). For all hydrogel bases, the difference was statisti-
cally significant (p <0.05) when compared to the hydrogel with 4% MC. The incorporation
of proteinpeptide compounds, STH and ACTH, into the hydrogel comprising 4% MC ex-
erted a considerable impact on this parameter. The introduction of STH resulted in a 12-
fold increase in hardness, while ACTH led to a 13-fold enhancement. Conversely, phos-
vitin caused a notable reduction in the hardness of the hydrogel with STH, exhibiting a
1.7-fold decrease, and the hydrogel with ACTH, displaying a 1.1-fold reduction.

Table 6. Texture analysis parameters of prepared hydrogel formulations; (n = 6).

Formulation Code Hardness [N] Cohesiveness Adhesiveness [m]] Elasticity

4% ALG 0.024 +0.002 1 1.764 +0.191 2 0.200 + 0.000 3 0.575+0.033 4

GLY 0.150 +0.012* 0.835+0.033 2 0.486 +0.038 3 1.094 £ 0.077

4% MC 0.034 +0.003 3.148 +0.213 0.357 +0.053 1.002 + 0.001

6% MC 0.175+0.008 * 2.824 +0.046 1.420 +0.084 3 1.002 + 0.001

4% MC/STH 0.401+0.0291 0.380 £ 0.090 2 2.167+0.058 3 1.001 + 0.001
4% MC/STH/PSV 0.237+0.010 1 0.580+0.027 2 1.633+0.058 3 0.717 £ 0.016 4
4% MC/ACTH 0.439 +0.052 1 0.393 +0.083 2 2.200 +0.000 3 1.001 + 0.000
4% MC/ACTH/PSV 0.387 +0.016 ! 0.525 +0.034 2 2.400 + 0.000 3 0.682 +0.013 ¢

1—statistically significant difference with respect to the hardness of the hydrogel with 4% MC (p <
0.05). 2—statistically significant difference with respect to the cohesiveness of the 4% MC hydrogel
(p < 0.05). 3—statistically significant difference with respect to the adhesiveness of the 4% MC hy-
drogel (p < 0.05). *—statistically significant difference with respect to the elasticity of the 4% MC
hydrogel (p <0.05).

The hydrogel based on 4% MC exhibited the highest cohesiveness (3.148 + 0.213),
while the gel with GLY demonstrated the lowest (0.835 + 0.033). The addition of hormonal
substances resulted in a notable reduction in the cohesiveness of the hydrogel with 4%
MC. The incorporation of STH led to a decrease in cohesiveness by approximately eight-
fold (0.380 + 0.090), while ACTH also reduced cohesiveness by a similar extent (0.393 +
0.083). The addition of phosvitin resulted in a 1.5-fold increase in cohesiveness for prepa-
rations with STH (to 0.580 + 0.027) and a 1.3-fold increase for preparations with ACTH (to
0.525 + 0.034), with a p-value less than 0.05.

The 6% MC-based hydrogel exhibited the highest adhesiveness (1.420 + 0.084 m]),
while the ALG-based hydrogel demonstrated the lowest (0.200 + 0.000 mJ). The adhesive-
ness of the hydrogel with GLY was 0.486 + 0.038 m]J, while the hydrogel with 4% MC
exhibited a lower adhesiveness of 0.357 + 0.053 m]J.

The incorporation of protein-peptide substances has been observed to enhance the
adhesiveness of formulations, thereby prolonging their retention on the skin following
application. The addition of STH to the hydrogel increased the adhesiveness with 4% MC
to a value of 2.167 + 0.058 m], while the combination of STH with phosvitin resulted in an
adhesiveness value of 1.633 + 0.058 m]J. Similarly, the incorporation of ACTH led to an
increase in adhesiveness to 2.2 + 0.0 mJ, while the combination of ACTH with phosvitin
yielded an adhesiveness value of 2.4 + 0.0 mJ.

All hydrogel bases, with the exception of the alginate hydrogel (0.575 + 0.033),
demonstrated comparable elasticity, with values ranging from 1.002 (4% and 6% MC) to
1.094 (GLY). The incorporation of STH and ACTH did not influence the elasticity of the
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4% MC hydrogel. Conversely, the addition of phosvitin resulted in a notable reduction in
the elasticity of the hydrogel with STH, reaching a value of 0.717 + 0.016, and a more pro-
nounced decline in the hydrogel with ACTH, with a value of 0.682 + 0.013 (p < 0.05). Se-
lected profiles for the TPA test are presented in Figure 5A,B. Figure 5A displays the tex-
ture of the hydrogel with 4% MC, while Figure 5B illustrates the texture of the hydrogel
with 4% MC and ACTH and phosvitin.

TPA of hydrogel based on TPA 4% MC with ACTH and
4% MC Phosvitin
0.08 0.6
0.06 0.4
gl:lll:li -Z'-OZ
$0.02 T 0
g E-o.z 0 50 100
-0.02 F 100 -0.4
-0.04 ) -0.6
Time (s) Time (s)
(A) (B)

Figure 5. Examples of texture analysis profiles of hydrogel based on 4% MC (A) used as carrier and
4% MC with ACTH and phosvitin (B).

3.5. pH Measurement
The pH values of the obtained hydrogels are presented in Table 7.

Table 7. Average the pH values with SD (n = 3).

Formulation Code 1 2 3 Average * SD
4% ALG 6.85 6.89 6.93 6.89£0.0421
GLY 451 451 4.52 4.51+0.0051
4% MC 4.02 3.94 3.93 3.96 + 0.049
6% MC 4.33 4.28 4.30 4.30+0.0211
4% MC/STH 5.82 5.81 5.78 5.80+£0.0211
4% MC/STH/PSV 5.97 5.93 5.92 594 +£0.026 1
4% MC/ACTH 5.80 5.79 5.79 5.79 £0.0051
4% MC/ACTH/PSV 5.64 5.64 5.64 5.64 +0.000 !

! —statistically significant difference with respect to hydrogel based on 4% MC.

The lowest pH value (3.96 + 0.049) was determined for the 4% MC base, which exhib-
ited a higher pH value (4.51 + 0.005) than the GLY base, and the highest pH value (6.89 +
0.042) was observed for the sodium alginate base. Furthermore, the pH of the MC base is
contingent upon the concentration of MC. As the concentration of MC increased to 6%,
the pH value increased to 4.3 + 0.021. The addition of STH and ACTH resulted in a notable
increase in the pH value of the 4% MC solution, reaching respective values of: The pH
value was 5.80 = 0.021 (STH) and 5.79 + 0.005. The addition of phosvitin to the hydrogel
with STH resulted in a further increase in pH value to 5.94 + 0.026, whereas in the hydrogel
with ACTH, a slight decrease in pH was observed, reaching 5.64 + 0.0. All prepared prep-
arations with protein-peptide substances exhibited a pH value that was similar to the nat-
ural pH of human skin, which is 4.5-6.5. Therefore, these semi-solid forms of the drug can
be safely applied to the skin surface without causing irritation.
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3.6. Study of Permeation through an Artificial Cellulose Membrane and Natural Membrane

Figures 6 and 7 present the course of the permeation process of STH and ACTH, as
well as the impact of phosvitin on this process through the artificial cellulose membrane
and natural porcine skin. Table 8 provides a summary of the percentage of STH and
ACTH permeated, along with the calculated AUC areas throughout the permeation pro-
cess, employing the triangle and trapezoid method (Table 8).

- © = 4% MC with STH (s) —@— 4% MC with STH and Phosvitin (s)
- -G = 4% MC with STH (c) —@— 4% MC with STH and Phosvitin (c)
70
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50
40
30
20

10

Permetead amount of STH (%)

Time (h)

Figure 6. Amount of penetrated STH and STH with phosvitin Q (%) at time t [h] through porcine
skin and cellulose membrane; (n = 6).

- -G~ = 4% MC with ACTH (s) —@— 4% MC with ACTH and Phosvitin (s)
- -G - 4% MC with ACTH (c) —@— 4% MC with ACTH and Phosvitin (c)
60

50

40

30

20

10

Permeated amount of ACTH (%)

Figure 7. Amount of permeated ACTH and ACTH with phosvitin Q (%) at time T (h) through por-
cine skin and cellulose membrane; (n = 6).

The permeation process exhibits varying dynamics contingent on the membrane uti-
lized. In the case of STH, the permeation process through the artificial cellulose membrane
is considerably slower (up to seven hours) than through natural porcine skin (up to 2.5 h).
This phenomenon may be attributed to the affinity of STH for natural skin. The addition
of phosvitin resulted in a statistically significant increase in the amount of STH permeated
through the cellulose membrane, from 46.68 +3.21% to 55.56 +4.94% (p <0.05). The porcine
skin STH permeation study also demonstrated a slight increase in the amount of STH
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permeated, from 52.96 + 2.26% to 55.03 + 2.85%. Phosvitin prolonged the process of STH
permeation through porcine skin, extending it from 2 to 2.5 h.

In the ACTH permeation study, a greater quantity of permeated ACTH was observed
to traverse the cellulose membrane than to traverse porcine skin. Phosvitin significantly
increased the amount of ACTH permeated through porcine skin, from 17.47 + 3.55% to
30.04 +£2.18% (p < 0.05). To a slightly lesser extent, it increased the amount of ACTH per-
meated through the artificial membrane from 41.51 + 3.98% to 46.68 + 3.78% (p < 0.05).

Table 8. The mean amounts of permeated STH and STH with phosvitin and ACTH and ACTH with
phosvitin Q (%) at time (h) through porcine skin and cellulose membrane; (n = 6).

The Total Amount of STH/ACTH Penetrated (%)

Time [h] - -
STH STH with PSV STH STH with PSV
Porcine Skin Cellulose Membrane
2 52.96 +2.26
2.5 - 55.03+2.851

7 - - 46.68 +3.21 55.56 +4.94 1

AUC (0-nh) 53.337 +4.12 122267 +11.812 97.565 +6.28 107.744 + 8.57 2
ACTH ACTH with PSV ACTH ACTH with PSV

8 17.47 + 3.55 30.04+2.183 41.51 +3.98 46.68 +3.78 3

AUC 0-sn) 78.94 +11.73 106.65 +12.804 208.49 +18.04 22943 +22.354

1—Statistically significant difference with respect to the amount of STH permeated (p < 0.05). 2—
Statistically significant difference with respect to AUC of STH (p < 0.05). 3— Statistically significant
difference with respect to the amount of ACTH permeated (p < 0.05). 4 —Statistically significant dif-
ference with respect to AUC of ACTH (p <0.05).

To examine the kinetics of the STH and ACTH permeation process, three kinetic
models were employed: the Higuchi model, the Korsmeyer—-Peppas model, and the “1”
order model. The regression coefficients R? the rate of permeation over time, and the per-
meation rate constants calculated for “1st” order kinetics for selected hydrogel formula-
tions are presented in Table 9.

Table 9. STH and ACTH permeation R? regression coefficients, permeation rates, and rate permea-
tion constants for first order kinetic for the made formulations.

Active Substance

R?

Higuchi’s Model Korsmeyer-Peppas Model First Order Model

Permeation Rate [mg/cm?/h] First Order Rate Permeation

Porcine skin

STH 0.9406 0.9039 0.9480 0.112 + 0.005 -
STH/PSV 0.9493 0.9622 0.8813 0.097 +0.005 1 -
ACTH 0.9358 0.9692 0.9786 0.048 + 0.007 0.024 + 0.004
ACTH/PSV 0.9059 0.9467 0.9576 0.068 + 0.006 2 0.0447 + 0.006 2
Cellulose membrane
STH 0.9571 0.9443 0.9588 0.029 +0.005 -
STH/PSV 0.9549 09171 0.8866 0.038 +0.006 ! -
ACTH 0.9735 09177 0.9526 0.081 + 0.004 0.0670 +0.003
ACTH/PSV 0.9654 0.961 0.9786 0.099 +0.002 2 0.0786 + 0.006 2

1—Statistically significant difference with respect to the rate of STH penetration (p < 0.05). 2—Statis-
tically significant difference with respect to the rate of ACTH penetration (p < 0.05).

The evaluation of the kinetics of the process of STH and ACTH permeation from
semi-solid hydrogel formulations does not provide sufficient evidence to select one of the
models. The process is dependent on the membrane utilized, exhibiting distinct permea-
tion patterns through artificial and natural membranes, namely the skin. The critical factor
is undoubtedly the thickness of the membrane and its structure. The skin is distinguished
by its multilayered structure, wherein each layer exhibits a distinct affinity for the hormo-
nal substance applied to its surface. The natural membrane permits the penetration of STH
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to occur at a considerably faster rate than the artificial membrane, with a fourfold increase
in speed. The addition of phosvitin to the cellulose membrane has been observed to en-
hance the rate of penetration by approximately 1.3 times, whereas, in the case of the skin,
the effect is diametrically opposed. The rate of STH permeation through the skin is ap-
proximately 1.15 times faster in the absence of phosvitin. The kinetics of STH permeation
are most closely aligned with the Higuchi model. ACTH permeates the skin at a slower
rate than the cellulose membrane. The rate constant of ACTH permeation through the
artificial membrane is approximately 2.8 times higher. The addition of phosvitin has been
observed to increase the rate of permeation through both membranes. In the case of the
cellulose membrane, the rate is increased by approximately 1.2 times, while in the case of
the skin, the rate is increased by approximately 1.9 times. The effect is particularly pro-
nounced in the case of the skin. The kinetics of the ACTH permeation process has been
observed to follow a similar pattern according to both the Higuchi and ‘I order models.

It is postulated that the release profiles will exhibit similarity when the value of f1 is
between 0 and 15, while f2 assumes a value close to 100. The smaller the difference (f1)
and the greater the similarity (f2), the more straightforward it is to demonstrate the simi-
larity of the profiles. The similarity and difference coefficients f1 and f2 for formulations
containing STH/ACTH and with STH/ACTH with the addition of phosvitin are presented
in Table 10. The addition of phosvitin had a significant impact on the permeation profile
dissimilarity in all hydrogel systems, with one exception. In the case of ACTH permeation
through the cellulose membrane, the f1 coefficient indicated profile similarity, while the
f2 coefficient indicated the opposite. While the course of ACTH permeation appears sim-
ilar to that observed under phosvitin, the amount of ACTH permeated in the presence of
phosvitin is 5% greater, representing a statistically significant difference.

Table 10. Pairwise comparison of the similarity factors f1 and f2 of the STH and ACTH release profiles.

Preparation f1 2 Dissolution Profile
Cellulose membrane permeation profiles
STH/PSV vs. STH 28.56 174.43 Dissimilar
ACTH/PSV vs. ACTH 12.63 128.15 Similar/Dissimilar
Porcine skin permeation profiles
STH/PSV vs. STH 102.15 176.68 Dissimilar
ACTH/PSV vs. ACTH 39.26 135.25 Dissimilar

STH—MC (4%) with STH (0.1%). STH/PSV —MC (4%) with STH (0.1%) and Phosvitin (0.05%). ACTH—
MC (4%) with ACTH (0.5%). ACTH/PSV —MC (4%) with ACTH (0.5%) and Phosvitin (0.25%).

3.7. Stability Study

The content of the active substances, pH, and viscosity of all prepared formulations
remained unaltered for a period of 28 days under the specified storage conditions, which
were25+1°Cand 5+3 °C.

4. Discussion

The biodegradable polymers utilized for the preparation of hydrogel substrates as
carriers for STH and ACTH were selected based on the authors’ previous studies of the
release and permeation of protein-peptide substances and the parameters of the permea-
tion process, as detailed in references [4,38,39,42]. Prior to loading the hydrogel substrates
with protein substances, an evaluation of the physicochemical parameters was conducted.
This included an assessment of the sensory properties, spreadability, rheological proper-
ties, textural properties, and pH values.

A summary of the sensory and physicochemical properties of the obtained hydro-
gels, based on three different polymers and comprising varying concentrations of sodium
alginate (4% ALG), glycerol and wheat starch (GLY), and methylcellulose (4% and 6%
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MC), was conducted in order to facilitate the selection of an appropriate substrate for fur-
ther studies. The selected substrate was 4% MC, and the studies were conducted with the
inclusion of protein-peptide substances STH and ACTH. In the spreadability test (Figure
1), the 6% MC-based hydrogel had the worst spreadability, and the sodium alginate-based
hydrogel had the best; however, in the sensory test (Table 3), it was the 4% MC-based
hydrogel that showed the greatest tendency to spread on the skin surface and the greatest
stickiness. Of all four substrates, the two substrates based on 4% ALG and 4% MC had
more favorable rheological properties. Viscosity, flow curves, and step-by-step flow
curves (“step by step”) proved more favorable for 4% ALG and 4% MC; however, the
hydrogel with 4% MC had a smaller area between ascending and descending curves in
the flow curve “flow test.” This suggests that the hydrogel with 4% MC will more quickly
return to its original structure after the removal of shear stress, so it will show greater
stability than the hydrogel with 4% ALG. In contrast, the 6% MC-based hydrogel exhib-
ited the highest viscosity at all three shear rates and the highest hardness, which could
potentially impede the release of active substances from the prepared hydrogels, leading
to an unsatisfactory therapeutic effect. Consequently, this hydrogel was not selected for
further investigation.

Analyzing the flow curves obtained by the shear stress-rate dependence step test,
changes in shear rate do not induce significant changes in stress due to the addition of
STH and ACTH. ACTH did not significantly affect the rheological stability of the hydrogel
with 4% MC, while STH and STH with phosvitin even seem to stabilize the hydrogel with
4% MC, as the hysteresis loop areas decreased after the addition of these active substances.

The study used MC with an average viscosity of 3755 mPa-s (2% solution, at 25 °C)
at 4% and 6% MC. Tudoroiu et al. studied the properties of MC with different viscosities,
among others. They used six commercial varieties of MC, differing in composition and
viscosity. Hydrogels were prepared at concentrations of 3% and 4%, and 6%, and 8% with
each type of MC: MC 1 with a viscosity of 4000 cPa-s at 2% in water, the second-MC 2,
with a viscosity of 1500 cPa-s at 2% in water, and the third MC 3 with a high viscosity,
3000-5000 mPa -s. They found that hydrogels based on cellulose derivatives showed non-
Newtonian pseudoplastic behavior, which is a desirable property for semi-solid forms for
skin application, contributing to improving their conditioning and spreading on the skin
surface, thus promoting topical administration. Considering the experimental data ob-
tained for flow and thixotropic parameters, they concluded that MC 2 hydrogel can be
selected at concentrations between 3 and 3.5% for further applications in the field of
wound healing [43]. A hydrogel with an MC concentration of 4% and a viscosity of 3755
mPa-s, is intended for use on the skin, so a higher viscosity may provide greater stability.

Gladukh and Podorozhna in their study characterized the rheological profiles of so-
dium alginate gels as non-Newtonian systems with viscoplastic properties. They found
that gels with a sodium alginate concentration of 1.5-2% had the best yield stress, hyste-
resis loop area, mechanical stability, and flow indices. They pointed out the low degree of
destruction of the structural lattice in the process of mechanical action and the presence
of thixotropic bonds, in contrast to gels with concentrations of 0.5% and 1%, which were
found to be less stable under stress compared to sodium alginate bases with concentra-
tions of 1.5% and 2%. Furthermore, they concluded that the optimal value of mechanical
stability was retained by the sodium alginate gel base at a concentration of 2% [44].

On the other hand, Liu et al. in their review summarized that alginate concentrations
of 0.5-4% (w/v) are suitable for cartilage regeneration. Adhesion, colonization, and migra-
tion of embedded cells are increased with increasing alginate or Ca?* concentrations, and
the effect of alginate and Ca?* concentrations occurs in a dose-dependent manner, while
diffusion of large molecules is gradually impeded. Stiffness and compressive modulus
increase with increasing alginate concentration, while shear moduli increase with higher
Ca? concentrations. At low Ca?" concentrations, temporary gels can be obtained as high-
viscosity solutions, while stable gelation can result from a stable association of crosslink-
ing structures at high Ca?" concentrations [45].
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Hydrogels based on biologically inactive alginate, although largely used in wound
dressings, are often found in mixtures with other bioactive polymers, such as gelatin, so
that better adhesion and cell elongation, desirable in tissue engineering, can be achieved
[46,47]. Thus, the validity of choosing 4% MC as a substrate for protein substances was
confirmed.

The parameters obtained in the texture analysis indicated better adhesion of 4% MC
than 4% ALG and the highest cohesion of 4% MC, which will allow longer contact time
with the skin and also greater homogeneity of the 4% MC-based substrate. From the de-
terminations of the pH values of the obtained hydrogels, the value obtained for the sub-
strate with 4% ALG—6.89 + 0.042 allowed the final choice of the hydrogel with 4% MC
(3.86 +0.117), since the active protein substances tend to increase the pH value, which was
confirmed in an earlier study by Siemiradzka et al. [4], and this could result in causing an
irritant effect on the skin when using the substrate with 4% ALG and would require the
addition of pH correcting substances.

From the perspective of drug form technology, the substance utilized as a carrier
must be cost-effective and readily accessible, fully biocompatible, and ensure optimal
drug release. Additionally, it must not impact the drug substance’s shelf life. Proteins,
such as albumin, fibrin, phosvitin, and collagen, have been identified as potential biode-
gradable carriers of active substances.

Song and colleagues investigated the impact of a magnetic field on the synthesis of a
phosvitin-microcrystalline cellulose complex in the presence of 1-allyl-3-methylimidazo-
lium chloride. The researchers demonstrated that the prepared hydrogels exhibited a uni-
form surface structure, adequate swelling capacity, elasticity, and notable thermal stabil-
ity. The antimicrobial and antioxidant activities of the hydrogels were primarily attributed
to the presence of phosvitin and 1-allyl-3-methylimidazolium chloride, respectively [48].

There are few studies in the literature on the permeation of STH and ACTH through
model membranes. It is difficult to refer to studies in which the permeation process is further
enhanced mechanically, or the skin formulation itself has a modified technology, for exam-
ple, with the use of nanoparticles. The process of STH permeation from hydrogel forms for
skin application was described in the author’s earlier studies [4]. The study looked at the
effect of albumin on STH permeation, where it was shown that the best results were ob-
tained with albumin in a ratio of 1:2 to STH. Although higher STH availability was obtained,
the base substrate had a different quantitative composition of MC. The hydrogel substrate
contained a higher content of MC-6%, while in the current study, MC with a lower concen-
tration of 4% was chosen. In addition, the aim of the study was to evaluate the effect of
another protein-phosvitin on the STH permeation process, and the value of the study should
be read in the context of comparing the effect of additional substances that can act as per-
meation promoters to increase the efficiency of the permeation process.

The positive effect of albumin on ACTH permeation was described by Siemiradzka et
al. using a glycerol substrate. A study of ACTH permeation through porcine skin showed
that albumin can delay or increase and accelerate ACTH permeation. The amount of ACTH
released was 58% for the 15 mg/g ACTH hydrogel and 53% for the 20 mg/g concentration.
A 1.1-fold increase in ACTH from the lower concentration hydrogel was observed. Adding
albumin in a 1:1 ratio to ACTH significantly increased ACTH permeation at the lower con-
centration (1.4 times). From a hydrogel with a concentration of 20 mg/g ACTH, only after a
time of 3 h did albumin increase ACTH penetration, but this change was not statistically
significant [47]. In the current study, the amount of ACTH was reduced-to 0.5% (5 mg/g),
and the preparation was based on 4% MC. The addition of phosvitin increased the amount
of ACTH permeated, and this effect was stronger when natural porcine skin was used-about
2-fold. The differences in the number of protein substances permeated can be attributed to
several factors, including the varying particle sizes of these substances, the nature of the
substances and membranes, and the affinity of the protein substances for the components
of the membranes through which the permeation process is carried out. The permeation
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process of active substances is also influenced by their particle size. a-phosvitin and 3-phos-
vitin are structures formed by the combination of numerous polypeptides. a-phosvitin con-
tains three or four subunits. Subunits with a molecular weight of 35 to 40 kDa are present in
a-phosvitin, while 3-phosvitin contains four/five subunits with a weight of 45 kDa [49]. The
relatively large number of phosphoryl groups present in the amino acid sequence of phos-
vitin endows the protein with a hydrophilic character. Due to its high phosphoric acid con-
tent resulting from the presence of serine residues, phosvitin can act as a liquid polyanion.
Its polyanionic nature (isoelectric point around pH 4) gives phosvitin superior emulsifying
activity and enhanced emulsion stability compared to bovine serum albumin, $-casein, and
soy protein. The optimal emulsifier is observed at pH 7.0 [7,50]. Both STH and ACTH are
protein-peptide substances that exhibit hydrophilic characteristics. At its isoelectric point,
STH has a pH of 5.3, and its solubility in water is 1 mg/mL [51]. Similarly, at its isoelectric
point, ACTH has a pH range of 4.65 to 4.80, is readily soluble in water (1 mg/mL), and is
stable in acidic media [52].

A review of the literature does not permit a definitive conclusion regarding the im-
pact of the drug substance’s hydrophilicity on its release mechanism. The structure of the
fibrin matrix is a critical determinant in this process. The primary structure of fibrin offers
a substantial opportunity for drug-polymer interactions due to its abundant free amino
acid residues. The formation of hydrogen bonds with fibrin has been documented for flu-
conazole and ciprofloxacin [53,54].

Turek and colleagues posited the potential of utilizing collagen (the primary structural
protein of connective tissue) as a vehicle for therapeutic agents. It is distinguished by low
antigenicity, biodegradability, biocompatibility, notable hydrophilicity, the capacity for
straight forward combination with other polymers, and its adaptability to create diverse
forms and formulations. While it has been demonstrated that the hydrophilicity of collagen
can result in accelerated solubility and, consequently, an expedited release of the active sub-
stance, this is counterbalanced by the intrinsic characteristics of collagen gels, which include
augmented viscosity. Collagen has the capacity to stabilize dispersion systems. The intro-
duction of drug substances into the collagen matrix results in the formation of drug-protein
bonds, which are primarily ionic, hydrogen, or covalent in nature, depending on the chem-
ical characteristics of the drug substance in question. Furthermore, the structure of collagen
enables the “trapping” of the drug substance [55]. A combination of calcium phosphate and
type one collagen obtained by 3D printing has demonstrated excellent mechanical proper-
ties and can be used in bone tissue engineering [56]. However, the high cost of collagen
represents a significant obstacle to its widespread use as a drug carrier.

In this study, Spectra/Por® Dialysis Cellulose Membrane, Biotech CE, MWCO, was
employed as a model membrane: 100 kDa, which is distinguished by its exceedingly high
degree of purity, the absence of any trace elements, heavy metals, sulfides, or glycerol, its
low reactivity, which renders it incapable of adsorbing proteins and liposomes, and its
lack of the time-consuming cleaning processes that are typically required. The optimal
synthetic membrane for in vitro testing should be chemically inert, should not impede the
penetration of drugs, and should facilitate good permeability. Nevertheless, the use of
synthetic membranes instead of skin may not reflect the actual penetration of drugs, but
rather the release of these substances. In a study conducted by Borge and colleagues on
the release of dapsone using a cellulose acetate membrane in a Franz cell, it was observed
that the drug release after 24 h of testing was higher than its permeation through the epi-
dermis of the porcine ear [57]. The use of artificial membranes allows for the observation
of the product’s ingredients interacting with the skin, which contains keratinocytes and
fibroblasts, which are living cells that undergo mitosis and metabolism. However, current
skin models, such as EpiDerm™, EpiSkin™, and Labskin™, have demonstrated higher
rates of drug molecule penetration compared to human skin [58]. Consequently, when
studying the process of STH and ACTH permeation through artificial and natural mem-
branes, there can be notable discrepancies in the quantity of permeated active substances
(STH and ACTH) due to the differing membrane behaviors observed.
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In addition to synthetic cellulose membranes, there are a variety of scaffolds con-
structed through computer-aided design (CAD) depending on the desired tissue type.
These scaffolds have certain advantages and disadvantages. By selecting appropriate pa-
rameters, such as printing speed, atomization speed, and material release rate, it is possi-
ble to achieve the desired mechanical and physicochemical properties, as well as a suitable
balance and harmony with the intended texture and human body. Bioprinting enables the
creation and fusion of multiple multilayered tissues, such as skin.

One of the most prevalent challenges associated with the fabrication of porous scaf-
folds via 3D bioprinting is the inability to precisely regulate the dimensions and morphol-
ogy of the pores [56].

The porosity of the matrix is a determining factor in the process of drug substance
release, as it increases the surface area of the material. In a porous material, the therapeutic
substance is released initially from open pores and subsequently from closed pores. The
process is additionally regulated by proteolysis and diffusion. The cross-linking bonds of
fibrin matrices also exert a significant influence on the manner in which the drug sub-
stance is released. The diameter of fibrins is primarily influenced by the cross-linking time
during the formation of endogenous bonds. An increase in fiber diameter has been ob-
served to promote a decrease in polymer matrix cohesion, thereby rendering the system
more susceptible to diffusion [59]. The generation of exogenous cross-linking bonds, uti-
lizing glutaraldehyde, tannic acid, or the exposure of polymeric drug carriers, such as fi-
brin or polypeptides and proteins, can further enhance matrix stability and delay both
diffusion and matrix degradation [53,55,60-62]. The phenomenon has been documented
in fibrin matrices containing tetracycline, daunorubicin, and amphotericin B cross-linked
with glutaraldehyde. For instance, crosslinking the fibrin matrix with glutaraldehyde re-
sulted in the biphasic release of the therapeutic substance from the fibrin beads for up to
100 h [53,60].

5. Conclusions

The results of the sensory testing, spreadability testing, rheological and textural test-
ing, and pH measurements of all vehicles indicated that the 4% MC-based hydrogel
should be selected for further testing. This hydrogel was characterized by high uni-
formity, a lighter consistency, ease of spreading, and also significantly higher adhesion
compared to other hydrogels.

The introduction of the active substances STH and ACTH into the 4% MC hydrogel
resulted in slight alterations to the sensory properties. The addition of ACTH, STH, and
phosvitin resulted in a slight reduction in the uniformity of the formulations. Further-
more, the addition of ACTH to the hydrogel and ACTH with the addition of phosvitin
resulted in a slight reduction in spreadability.

The addition of ACTH did not significantly impact the rheological stability of the
hydrogel with 4% MC. Conversely, the incorporation of STH and STH with phosvitin ap-
peared to enhance the hydrogel’s stability.

The introduction of protein-peptide substances causes an increase in adhesiveness,
and thus the formulations can last longer on the skin after application.

All prepared formulations with protein-peptide substances exhibited a pH response
that was similar to that of human skin, indicating that the addition of pH-modifying sub-
stances was unnecessary.

The permeation process exhibits varying dynamics depending on the membrane uti-
lized. In the case of STH, the permeation process through an artificial cellulose membrane
is considerably slower (up to 7 h) than through natural porcine skin (up to 2.5 h). The
study of STH permeation through porcine skin revealed a slight increase in the amount of
STH permeated from 52.96 +2.26% to 55.03 + 2.85. Phosvitin prolonged the process of STH
permeation through porcine skin to 2.5 h.

In the study of ACTH permeation through the cellulose membrane, a higher amount
of permeated ACTH was observed than through porcine skin. The addition of phosvitin
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resulted in a significant increase in the amount of ACTH permeated through porcine skin,
with a nearly twofold increase observed.

Phosvitin may prove to be a promising permeation promoter for model protein-pep-
tide substances when applied to the skin surface, as oral administration of these sub-
stances often results in their loss of activity, while injectable applications frequently cause
patients discomfort.

Author Contributions: Conceptualization, W.S. and B.D.; Methodology, W.S.; Software, W.S.; Val-
idation, W.S., K.K., and W.R; Formal analysis, W.S.; Investigation, W.S., K.K., and W.R.; Resources,
B.D. and W.S,; Data curation, W.S. and B.D.; Writing—original draft preparation, W.S.; Writing—
review and editing, W.S.; Visualization, W.S.; Supervision, W.S.; Project administration, W.S. and
B.D.; Funding acquisition, W.S. and B.D. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Medical University of Silesia in Katowice, grant number
BNW-1-078/K/3/F.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Miller, B.S,; Velazquez, E.; Yuen, K.C. Long-acting growth hormone preparations—current status and future considerations. J.
Clin. Endocrinol. Metab. 2020, 105, e2121-e2133. https://doi.org/10.1210/clinem/dgz149.

2. Shprakh, Z. Somatostatin analogues for the treatment of neuroendocrine tumours. Dosage forms and routes of administration.
Int. ]. Appl. Pharm. 2020, 12, 6-11. https://doi.org/10.22159/ijap.2020v12i2.36558.

3. Kaplan, J.; Askanase, A.; Chu, D.; Abdellatif, A.; Basu, D.; Mirsaeidi, M. Acthar® Gel treatment for patients with autoimmune
and inflammatory diseases: An historical perspective and characterization of clinical evidence. Clin. Drug Investig. 2023, 43, 739—
761. https://doi.org/10.1007/s40261-023-01303-5.

4.  Siemiradzka, W.; Franczyk, A.; Butas, L.; Dolinska, B. Somatotropin penetration testing from formulations applied topically to
the skin. Appl. Sci. 2023, 13, 2588. https://doi.org/10.3390/app13042588.

5. Dolinska, B.; Siemiradzka, W.; Ryszka, F. Penetration of model hormones through the pericardium in simulated conditions in
vivo. Biomed. Pharmacother. 2020, 127, 110113. https://doi.org/10.1016/j.biopha.2020.110113.

6. Dolinska, B.; Siemiradzka, W.; Ryszka, F. Effectiveness of absorption and passage through the small intestine, as a model of oral
prolactin administration. Biomed. Pharmacother. 2019, 120, 109515. https://doi.org/10.1016/j.biopha.2019.109515.

7. Yilmaz, B.; Agagiindiiz, D. Bioactivities of hen’s egg yolk phosvitin and its functional phosphopeptides in food industry and
health. J. Food Sci. 2020, 85, 2969-2976. https://doi.org/10.1111/1750-3841.15447.

8. Lee, J.H.; Moon, S.H.; Hong, Y.; Ahn, D.U.; Paik, H.-D. Anti-elastase and anti-hyaluronidase activity of phosvitin isolated from
hen egg yolk. Br. Poult. Sci. 2020, 61, 17-21. https://doi.org/10.1080/00071668.2019.1686124.

9. Dolinska, B.; Lopata, K.; Mikulska, A.; Leszczynska, L.; Ryszka, F. Influence of phosvitin and calcium gluconate concentration
on permeation and intestinal absorption of calcium ions. Biol. Trace Element Res. 2012, 147, 374-377.
https://doi.org/10.1007/s12011-011-9298-0.

10. Puglisi, M.].; Fernandez, M.L. The health benefits of egg protein. Nutrients 2022, 14, 2904. https://doi.org/10.3390/nu14142904.

11. Choi, I; Jung, C.; Choi, H.; Kim, C.; Ha, H. Effectiveness of phosvitin peptides on enhancing bioavailability of calcium and its
accumulation in bones. Food Chem. 2005, 93, 577-583. https://doi.org/10.1016/j.foodchem.2004.10.028.

12. Devesa, J.; Devesa, P. Growth hormone gene family and its evolution. In Growth Hormone-Impact and Insights in Human Beings;
Bernardo-Filho, M., da Cunha de Sa-Caputo, D., Maria de Oliveira Maranhao, T., Taiar, R., Eds.; IntechOpen: London, UK, 2023.
https://doi.org/10.5772/intechopen.102210.

13. Quaas, AM.; Penzias, A.S.; Adashi, E.Y. The role of growth hormone in assisted reproduction. Front. Endocrinol. 2022, 13,
1055097. https://doi.org/10.3389/fend0.2022.1055097.

14. Donato, J., Jr.; Wasinski, F.; Furigo, I.C.; Metzger, M.; Frazao, R. Central regulation of metabolism by growth hormone. Cells
2021, 10, 129. https://doi.org/10.3390/cells10010129.

15. Siebert, D.M.; Rao, A.L. The use and abuse of human growth hormone in sports. Sports Health 2018, 10, 419-426.
https://doi.org/10.1177/1941738118782688.

16. Sharma, R.; Kopchick, J.J.; Puri, V.; Sharma, V.M. Effect of growth hormone on insulin signaling. Mol. Cell. Endocrinol. 2020, 518,
111038. https://doi.org/10.1016/j.mce.2020.111038.

17. Lal, R.A,; Hoffman, A.R. Perspectives on long-acting growth hormone therapy in children and adults. Arch. Endocrinol. Metab.

2020, 63, 601-607. https://doi.org/10.20945/2359-3997000000190.



Polymers 2024, 16, 2640 25 of 26

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Harvey, S.; Martinez-Moreno, C. Growth hormone: Therapeutic possibilities—An overview. Int. . Mol. Sci. 2018, 19, 2015.
https://doi.org/10.3390/ijms19072015.

Al Shaikh, A.; Daftardar, H.; Alghamdi, A.A.; Jamjoom, M.; Awidah, S.; Ahmed, M.E.; Soliman, A.T. Effect of growth hormone
treatment on children with idiopathic short stature (ISS), idiopathic growth hormone deficiency (IGHD), small for gestational
age (SGA) and turner syndrome (TS) in a tertiary care center. Acta Bio Medica Atenei Parm. 2020, 91, 29-40.
https://doi.org/10.23750/abm.v91i1.9182.

Van Bunderen, C.C.; Olsson, D.S. Growth hormone deficiency and replacement therapy in adults: Impact on survival. Rev.
Endocr. Metab. Disord. 2021, 22, 125-133. https://doi.org/10.1007/s11154-020-09599-w.

Stanley, T.L.; Fourman, L.T.; Zheng, I.; McClure, C.M.; Feldpausch, M.N.; Torriani, M.; Corey, K.E.; Chung, R.T.; Lee, H.; Kleiner,
D.E.; Hadigan, C.M.; Grinspoon, S.K. Relationship of IGF-1 and IGF-binding proteins to disease severity and glycemia in non-
alcoholic fatty liver disease. ]. Clin. Endocrinol. Metab. 2021, 106, e520-e533. https://doi.org/10.1210/clinem/dgaa792.

Li, N; Larin, E.M.; Kerman, K. A miniaturized impedimetric immunosensor for the competitive detection of adrenocorticotropic
hormone. Sensors 2017, 17, 2836. https://doi.org/10.3390/s17122836.

Gallo-Payet, N. 60 Years of POMC: Adrenal and extra-adrenalfunctions of ACTH. J. Mol. Endocrinol. 2016, 56, 135-156.
https://doi.org/10.1530/JME-15-0257.

Clark, A.J.; Forfar, R.; Hussain, M.; Jerman, J.; Mclver, E.; Taylor, D.; Chan, L. ACTH Antagonists. Front. Endocrinol. 2016, 7, 1-9.
https://doi.org/10.3389/fend0.2016.00101.

Robinson, G.N.; Pickering, R.J. Melanocortins and their potential for the treatment, prevention and amelioration of complica-
tions of diabetes. Diabetology 2024, 5, 69-84. https://doi.org/10.3390/diabetology5010006.

Loram, L.C.; Culp, M.E.; Connolly-Strong, E.C.; Sturgill-Koszycki, S. Melanocortin peptides: Potential targets in systemic lupus
erythematosus. Inflammation 2015, 38, 260-271. https://doi.org/10.1007/s10753-014-0029-5.

Lefebvre, H.; Thomas, M.; Duparc, C.; Bertherat, ]J.; Louiset, E. Role of ACTH in the interactive/paracrine regulation of adrenal
steroid secretion in physiological and pathophysiological conditions. Front. Endocrinol. 2016, 7, 98.
https://doi.org/10.3389/fend0.2016.00098.

Montero-Melendez, T. ACTH: The forgotten therapy. Semin. Immunol. 2015, 27, 216-226.
https://doi.org/10.1016/j.smim.2015.02.003.

Iliopoulos, G.; Daoussis, D. FDA-approved indications of adrenocorticotropic hormone (ACTH) as a drug: Does it have a place
in disease management today? Cent. Asian ]. Med. Hypotheses Ethics 2022, 3, 220-231. https://doi.org/10.47316/cajmhe.2022.3.4.01.
Kaplan, J.; Miller, T.; Baker, M.; Due, B.; Zhao, E. Repository corticotropin injection improves quality metrics in an observational
study of multiple sclerosis relapse. Neurodegener. Dis. Manag. 2021, 11, 469-476. https://doi.org/10.2217/nmt-2021-0030.

Inui, T.; Kobayashi, T.; Kobayashi, S.; Sato, R.; Endo, W.; Kikuchi, A.; Nakayama, T.; Uematsu, M.; Takayanagi, M.; Kato, M.;
Saitsu, H.; Matsumoto, N.; Kure, S.; Haginoya, K. Efficacy of long term weekly ACTH therapy for intractable epilepsy. Brain
Dev. 2015, 37, 449-454. https://doi.org/10.1016/j.braindev.2014.07.004.

Madan, A.; Mijovic-Das, S.; Stankovic, A.; Teehan, G.; Milward, A.S.; Khastgir, A. Acthar gel in the treatment of nephrotic
syndrome: A multicenter retrospective case series. BMC Nephrol. 2016, 17, 37. https://doi.org/10.1186/s12882-016-0241-7.

Crane, A.B.; Sharon, Y.; Chu, D.S. Use of adrenocorticotropic hormone in ophthalmology. |. Ocul. Pharmacol. Ther. 2020, 36, 661—
667. https://doi.org/10.1089/jop.2020.0039.

Daoussis, D.; Bogdanos, D.P.; Dimitroulas, T.; Sakkas, L.; Andonopoulos, A.P. Adrenocorticotropic hormone: An effective “nat-
ural” biologic therapy for acute gout? Rheumatol. Int. 2020, 40, 1941-1947. https://doi.org/10.1007/s00296-020-04659-5.
Pensé-Lhéritier, A.M. Recent developments in the sensorial assessment of cosmetic products: A review. Int. ]. Cosmet. Sci. 2015,
37, 465-473. https://doi.org/10.1111/ics.12223.

Polish Pharmacopoeia. The President of the Office for Registration of Medicinal Products, Medical Devices and Biocidal Products, 12th
ed.; Polish Pharmaceutical Society: Warsaw, Poland, 2020; Voluem L, p. 134.

Siemiradzka, W.; Butas, L.; Dolifiska, B. Permeation of albumin through the skin depending on its concentration and the sub-
strate used in simulated conditions in vivo. Biomed. Pharmacother. 2022, 155, 113722. https://doi.org/10.1016/j.biopha.2022.113722.
Siemiradzka, W.; Dolinska, B.; Ryszka, F. Development and study of semi-solid preparations containing the model substance
corticotropin (ACTH): Convenience application in neurodegenerative diseases. Molecules 2020, 25, 1824.
https://doi.org/10.3390/molecules25081824.

Siemiradzka, W.; Doliriska, B.; Ryszka, F. Influence of concentration on release and permeation process of model peptide sub-
stance-corticotropin-from semisolid formulations. Molecules 2020, 25, 2767. https://doi.org/10.3390/molecules25122767.
Caccavo, D. An overview on the mathematical modeling of hydrogels’ behavior for drug delivery systems. Int. |. Pharm. 2019,
560, 175-190. https://doi.org/10.1016/j.ijpharm.2019.01.076.

Brown, F.; Griffiths, E.; Horaud, F.; Petricciani, J.C. Quality of biotechnological products: Stability testing of biotechnological.
Dev. Biol. Stand. 1998, 93, 211-219.

Siemiradzka, W.; Dolinska, B.; Ryszka, F. Modelling and control of corticotropin permeation from hydrogels across a natural
membrane in the presence of albumin. Processes 2021, 9, 1674. https://doi.org/10.3390/pr9091674.

Tudoroiu, E.E.; Ghica, M.V.; Albu-Kaya, G.M.; Dinu-Pirvu, C.E.; Popa, L.; Anuta, V.; Velescu, B.S.; Kaya, D.A.; Marin, M.M.,,
Prisada, R.M. Rheological Characterization of Some Cellulose Derivatives-Based Hydrogels. In Proceedings of the 9th Interna-
tional Conference on Advanced Materials and Systems, Online, 2628 October 2022; pp. 26-28. https://doi.org/10.24264/icams-
2022.11.26.



Polymers 2024, 16, 2640 26 of 26

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Gladukh, I.; Podorozhna, M. Study of structural and mechanical properties of sodium alginate gels. EUREKA Health Sci. 2021,
2, 82-89. https://doi.org/10.21303/2504-5679.2021.001732.

Liu, W.; Madry, H.; Cucchiarini, M. Application of alginate hydrogels for next-generation articular cartilage regeneration. Int.
J. Mol. Sci. 2022, 20, 1147. https://doi.org/10.3390/ijms23031147.

Pires, P.C.; Damiri, F.; Zare, E.N.; Hasan, A.; Neisiany, R.E.; Veiga, F.; Paiva-Santos, A.C. A review on natural biopolymers in
external drug delivery systems for wound healing and atopic dermatitis. Int. ]. Biol. Macromol. 2024, 130296.
https://doi.org/10.1016/j.ijbiomac.2024.130296.

Dadashzadeh, A.; Imani, R.; Moghassemi, S.; Omidfar, K.; Abolfathi, N. Study of hybrid alginate/gelatin hydrogel-incorporated
niosomal Aloe vera capable of sustained release of Aloe vera as potential skin wound dressing. Polym. Bull. 2020, 77, 387—403.
https://doi.org/10.1007/s00289-019-02753-8.

Song, Q.; Bai, J.; Li, ].; Jia, J.; Xu, X.; Wang, L.; Liu, X,; Yang, N.; Duan, X. Phosvitin-based hydrogels prepared in AmimCl under
magnetic field treatment: Structural characteristics, biological functions, and application in skin wound healing. Int. J. Biol.
Macromol. 2024, 259, 129224. https://doi.org/10.1016/j.ijpiomac.2024.129224.

Anton, M. Egg yolk: Structures, functionalities and processes. [. Sci. Food Agric. 2013, 93, 2871-2880.
https://doi.org/10.1002/jsfa.6247.

Sattar Khan, M.A.; Babiker, E.E.; Azakami, H.; Kato, A. Effect of protease digestion and dephosphorylation on high emulsifying
properties of hen egg yolk phosvitin. ]. Agric. Food Chem. 1998, 46, 4977-4981. https://doi.org/10.1021/jf980319r.

Ablinger, E.; Wegscheider, S.; Keller, W.; Prass], R.; Zimmer, A. Effect of protamine on the solubility and deamidation of human
growth hormone. Int. J. Pharm. 2012, 427, 209-216. https://doi.org/10.1016/j.ijpharm.2012.01.061.

O'Neil, M.]J. The Merck Index-An Encyclopedia of Chemicals, Drugs, and Biologicals; Merck and Co.: Whitehouse Station, NJ, USA,
2006; p. 24.

Rech, J.; Wilinska, J.; Borecka, A.; Turek, A. Application of fibrin in drug technology: Achievements and perspectives. Adv. Hyg.
Exp. Med. 2020, 74, 322-330. https://doi.org/10.5604/01.3001.0014.3442.

Alphonsa, B.M.; Sudheesh Kumar, P.T.; Praveen, G.; Biswas, R.; Chennazhi, K.P.; Jayakumar, R. Antimicrobial drugs encapsu-
latedin fibrin nanoparticles for treating microbial infested wounds. Pharm. Res. 2014, 31, 1338-1351.
https://doi.org/10.1007/s11095-013-1254-6.

Turek, A.; Kasperczyk, ].; Dzierzewicz, Z. Collagen applicationin drug formulation technology. Achievements and perspectives.
Chemik 2010, 64, 229-237.

Iranmanesh, P.; Ehsani, A.; Khademi, A.; Asefnejad, A.; Shahriari, S.; Soleimani, M.; Ghadiri Nejad, M.; Saber-Samandari, S.;
Khandan, A. Application of 3D bioprinters for dental pulp regeneration and tissue engineering (porous architecture). Transp.
Porous Media 2022, 142, 265-293. https://doi.org/10.1007/s11242-021-01618-x.

de Almeida Borges, V.R.; Simon, A.; Sena, A.R.; Cabral, L.M.; de Sousa, V.P. Nanoemulsion containing dapsone for topical
administration: A study of in vitro release and epidermal permeation. Int. ] Nanomed. 2013, 8, 535.
https://doi.org/10.2147/IJN.S39383.

Neupane, R.; Boddu, S.H.; Renukuntla, J.; Babu, R.J.; Tiwari, A.K. Alternatives to biological skin in permeation studies: Current
trends and possibilities. Pharmaceutics 2020, 12, 152. https://doi.org/10.3390/pharmaceutics12020152.

Ryan, E.A.; Mockros, L.F.; Weisel, ].W.; Lorand, L. Structural origins of fibrin clot rheology. Biophys. ]. 1999, 77, 2813-2826.
https://doi.org/10.1016/S0006-3495(99)77113-4.

Ahmad, E.; Fatima, M.T.; Owais, M.; Saleemuddin, M. Beaded plasmaclot: A potent sustained-release, drug-delivery system.
Ther. Deliv. 2011, 2, 573-583. https://doi.org/10.4155/tde.11.30.

Turek, A.; Cwalina, B. Some irradiation-influenced features of pericardial tissues engineered for biomaterials. In New Develop-
ments in Biomedical Engineering; Campolo, D., Ed.; InTech: Vukovar, Croatia, 2010; pp. 543-568. https://doi.org/10.5772/7601.
Turek, A.; Cwalina, B.; Kobielarz, M. Radioisotopic investigation of crosslinking density in bovine pericardium used as a bio-
material. Nukleonika 2013, 58, 511-517.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



