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Received: 29 July 2021

Accepted: 14 September 2021

Published: 18 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmaceutical Technology, Faculty of Pharmaceutical Sciences in Sosnowiec,
Medical University of Silesia, Kasztanowa 3, 41-200 Sosnowiec, Poland

2 “Biochefa” Pharmaceutical Research and Production Plant, Kasztanowa 3, 41-200 Sosnowiec, Poland
* Correspondence: wsiemiradzka@sum.edu.pl (W.S.); bdolinska@sum.edu.pl (B.D.);

Tel.: +48-32-269-98-20 or +48-32-269-98-21 (W.S.)
† Prof. F. Ryszka is co-author, but he recently died.

Abstract: (1) Background: Skin is a difficult barrier to overcome, especially for molecules with masses
greater than 500 Da. It has been suggested that albumin may contribute to more effective penetration
of many therapeutic substances. In this study, an attempt was made to use albumin in semi-solid
formulations to increase the skin penetration of another peptide—corticotropin (ACTH). (2) Methods:
Hydrogels were prepared at two concentrations: 15 mg/g and 20 mg/g corticotropin, then albumin
was added to them in different stoichiometric ratios. The degree of ACTH release from hydrogels,
both with and without albumin addition, was investigated. For selected hydrogels the process of
corticotropin permeation through a model membrane, i.e., pig skin, was examined. (3) Results:
The study of corticotropin release showed that the addition of albumin, depending on its amount,
may delay or increase the release process. Similarly, a study of ACTH permeation through porcine
skin showed that albumin can delay or increase and accelerate ACTH permeation. (4) Conclusions:
Hydrogel, applicated on the skin surface, may prove to be a beneficial and convenient solution for
patients. It is an innovative way of application ACTH that bypasses the gastrointestinal tract and
may result in increased availability of the peptide and its efficacy.

Keywords: corticotropin; albumin; transdermal dosage form; release/permeation process; spec-
trophotometric determination; rheological stability

1. Introduction

ACTH, an adrenocorticotropic hormone with a molecular weight of approximately
4.5 kDa, is produced and then secreted by the hypothalamic pituitary gland [1,2]. The
functions of ACTH include regulation of cortisol production [3].

Normal plasma adrenocorticotropic hormone levels are 1.5–11 pmol/L in men and
1.1–5.9 pmol/L in women [4].

Corticotropin is used in autoimmune diseases such as polymyositis, systemic lupus,
symptomatic sarcoidosis, or rheumatoid arthritis, as well as Crohn’s disease and ulcerative
colitis [5,6]. Moreover, many studies on the possible use of ACTH in other clinical cases are
being conducted [6].

There is growing evidence that ACTH can be used to control corticotropin-releasing
factor (CRF) levels, which are affected by Alzheimer’s disease (AD), to enhance memory
and delay AD progression [7]. ACTH therapy has been shown to delay disease progression
and reduce symptoms [8,9].

It has also been reported that ACTH has been shown to give better results than
intravenous methylprednisolone in supportive treatment for multiple sclerosis [10].

It has been suggested that it may be possible to make preparations with ACTH for
application to the skin to achieve a therapeutic effect. The process of ACTH release has been
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investigated [11,12], and it has been observed that the amount of corticotropin released
from the hydrogel is closely dependent on its concentration [11,12].

A special role among biocompatible polymeric materials that can act as a carrier for a
therapeutic substance is attributed to albumin. Albumin has the ability to transport low
molecular weight substances, including to target organs. Due to its large size, it allows
low-molecular substances to be retained within the affected tissue. The permeability of
the affected tissue is often impaired, which may even result in accumulation of the active
substance inside the tumour. It is albumin that allows such a beneficial change in the fate
of the drug in the body [13–16].

Human serum albumin (HSA) accounts for 50% of all plasma proteins. Blood albumin
ranges from 3.5 to 5.0 g/dL. HSA is a globular protein consisting of 585 amino acid residues.
The molecular weight of albumin is 66.5 kDa [17].

The embedding of anticancer drugs in nanoparticles reduces the toxicity of chemother-
apy, contributes to the accumulation of conjunctions with solid biologically active sub-
stances, increases drug solubility and improves pharmacokinetics [18–21].

Albumin can be used to formulate conjugates, nanoparticles and complexes with
drugs, antibodies, and peptides. Examples of such applications of albumin may be:
Levemir®, i.e., insulin combined with albumin used in the treatment of diabetes, nanoparti-
cle Abraxane®, which is a combination of albumin and paclitaxel indicated in the treatment
of breast cancer metastases, or Nanocol® and Albures®, agents containing technetium
99Tc isotope used in the diagnosis of cancer and cancer metastases. Such compounds
provide improved pharmacokinetics, resistance to degradation in the body and, there-
fore. longer half-life, faster dissolution, and increased penetration to the target site
(e.g., tumour) [22–24].

In medicine, albumin is used to treat shock, burns, hypoalbuminaemia, oedema, as
well as after surgical trauma, arthritis, etc. [13–15]. However, there are few reports on the
penetration of albumin through natural membranes [25]. Due to the difficulty of peptides as
large molecules to overcome the skin barrier, we considered the possibility of using human
albumin as a substance to model ACTH penetration through the skin. Therefore, the object
of this paper is to investigate the effect of albumin on the permeation of ACTH through the
skin. This aim was achieved by preparing hydrogels with ACTH in two concentrations
15 mg/g and 20 mg/g. Then, each hydrogel with ACTH was loaded with human albumin
solution in three different concentrations in order to maintain the following steichiometric
ratios with respect to corticotropin: 1:1, 1:0.1 and 1:0.01.

The physicochemical properties and the release process of ACTH from hydrogel
formulations using a cellulose membrane were investigated in the prepared hydrogels.

The ACTH permeation process was carried out and analysed using a natural mem-
brane such as porcine skin.

2. Materials and Methods
2.1. Materials

The study material was: corticotropic hormone isolated from pig pituitary glands
in freeze-dried form, easily soluble in water with activity of 90 IU/mg “Biochefa” Phar-
maceutical Research and Production Plant, Poland) and human albumin (Human Albu-
min 200 g/L, CSL Behring GmbH, Marburg, Germany, with composition: 200 g/L total
protein, including at least 96% human albumin, sodium caprylate, sodium N-acetyl-D,
L-tryptophan, sodium chloride, sodium hydroxide, water for injection.

Excipients: wheat starch (Galfarm, Kraków, Poland), glycerol 85% (Galfarm, Kraków,
Poland), purified water (Fagron, Kraków, Poland), (Avantor Performance Material S.A.,
Gliwice, Poland), disodium hydrogen phosphate (Avantor Performance Material S.A.,
Gliwice, Poland), potassium dihydrogen phosphate (Avantor Performance Material S.A.,
Gliwice, Poland). The substances used were of the PD class and meet the requirements of
standards for pharmaceutical raw materials.
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2.2. Formulation of the Hydrogel Base

Hydrogel formulation (F-1) was made according to Polish Pharmacopoeia VI [26].
This base includes wheat starch (8.6 g), Glycerol 85% (77.6 g), and purified water (13.8 g).
Wheat starch is suspended in purified water and glycerol heated to approximately 60 ◦C is
added by stirring. The mixture prepared in this way was heated by continuous stirring
until a homogeneous, translucent mass was formed. The hydrogel medium prepared in
this way was stored at 4.0 ◦C.

Preparation of the Hydrogel Formulations

A total of eight formulations of hydrogels with corticotropin were prepared: two with
two different concentrations of ACTH-15 mg and 20 mg per 1 g of hydrogel and three with
albumin in different quantitative ratios with ACTH-1:1, 1:0.1 and 1:0.01. The hydrogels
were prepared using CITO e/s Unguator, taking the following parameters: time-2 min,
rotation 720 rpm. Corticotropin dissolved in small amount of glycerol was added to the
previously prepared medium and homogenised. Then the solution of albumin was added
to the hydrogel with ACTH and mixed thoroughly as well. The hydrogel with albumin
(F-10) was prepared by introducing albumin solution into the hydrogel base and mixing in
the Unguator at 720 rpm for 2 min. The prepared hydrogel was stored in tightly closed
containers in a refrigerator at 4.0 ◦C. Table 1 shows the composition of hydrogels prepared
on the basis of glycerol hydrogel containing ACTH itself, albumin and ACTH together
with albumin. A hydrogel containing albumin itself was used only as a reference in the
porcine skin permeation test.

Table 1. Composition of prepared hydrogel formulations F-1–F-10 per 10 g of hydrogel.

Ingredient ACTH (mg) Albumin (mg) Glycerol Hydrogel

Formulation
F-1 - - +
F-2 150.0 - +
F-3 150.0 150.0 +
F-4 150.0 15.0 +
F-5 150.0 1.5 +
F-6 200.0 - +
F-7 200.0 200.0 +
F-8 200.0 20.0 +
F-9 200.0 2.0 +

F-10 - 150.0 +

2.3. pH Testing by Potentiometric Method

The particular quality of the drug in the form of a dermatological hydrogel requires
a pH test, which is performed using the potentiometric method (FP XI)–Polish Pharma-
copoeia, edition XI, 2017 [27] by directly connecting a glass electrode in the semi-solid
preparation. An InLab Expert Pro-ISM electrode, catalogue number 30014096, Mettler-
Toledo AG, Greifensee, Switzerland, was used for the study.

Measurements at temperature 25.0 ± 0.5 ◦C were taken for the base-glycerol hydrogel
F-1 and prepared formulations F-2–F-9.

2.4. Corticotropin Release Study

To examine the kinetics of corticotropin release from prepared hydrogels (F-1–F-9), the
Erweka DT 600 vane apparatus according to USP 2, equipped with a set of fluoropolymer
enhancement cells, 200 mL round-bottomed vessel and mini HH paddle, was used. Excess
hydrogel was placed in special enhancer cells with an exposed surface of 3.80 cm2. The
surface of the hydrogel was leveled with a spatula and then the overflow was removed,
after which the exact amount of hydrogel was defined by weight. As a result, 1.0 g
of hydrogel with the required amount of active substance was applied to the enhancer
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cells. The membrane imitating Spectra/Por®2 Dialysis Membrane MWCO was covered:
100 kDa, from Spectrum Labs, previously soaked 30 min in purified water. Phosphate-
buffered sodium chloride-PBS (Disodium hydrogen phosphate, potassium dihydrogen
phosphate, sodium chloride, sodium hydroxide and water). The volume of acceptor fluid
was 50 mL. The acceptor fluid environment was similar to physiological, with a pH of
7.4. The temperature was maintained at 32 ◦C throughout the test. The speed of the
stirrers was 50 revolutions per minute. The test was conducted for 360 min. Five replicates
were performed for each hydrogel formulation. Samples of 3 mL were taken after: 5, 10,
15, 20, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 and 360 min. The volume of
samples after each sampling for measurements was supplemented to 50 mL. The amount
of released corticotropin was determined in the collected samples. The amount of hormone
released per unit time was calculated and release profiles were plotted. The method of
corticotropin determination was described by Siemiradzka et al. [11,12]. Measurements
were made using a UV-VIS Cecil CE 3021 spectrophotometer (Cecil Instruments Limited,
Cambridge, England). The ACTH content was calculated from the standard curve with
equation y = 0.6925x − 0.0123; R2 = 0.9996; p < 0.01) [11,12].

2.5. Skin Permeation Study in Simulated In Vivo Conditions
2.5.1. Vertical Franz Diffusion Cells

Franz diffusion cells (Xenometrix, Allschwil, Switzerland) with an inner diameter of
15 mm and a permeation area of 1.77 cm2 were used for the penetration study (Figure 1). A
0.5 g sample was placed on the membrane in the donor chamber. To avoid drying of the
hydrogel, the Franz chamber was covered from above with parafilm. The acceptor chamber
was filled with 12 mL PBS, pH 7.4, and the temperature was maintained at 32 ◦C by placing
the protected Franz chambers in a water bath. Control of the temperature was performed
in the collected samples. After times of 1, 2, 3, 4, 5, 6 and 24 h, 2 mL samples were taken
each and made up to 12 mL of PBS at 32 ◦C. The amount of corticotropin permeated was
determined spectrophotometrically at a wavelength, λ = 276.5 nm, using PBS solution as a
reference. The mean of five replicates was calculated. Corticotropin content was calculated
from a standard curve with the equation y = 0.6925x − 0.0123; R2 = 0.9996 [11,12]. The total
cumulative amount was presented as the amount permeated per unit skin area [mg/cm2] in
24 h. The concentration of albumin in collected samples was determined using a validated
spectrophotometric method. In order to determine the maximum absorption of albumin,
an albumin solution of 1 mg/mL was prepared in phosphate-buffered sodium chloride
(PBS), pH = 7.4. From the spectrum recorded in the wavelength range λ = 200–400 nm, the
maximum absorption was determined. The developed spectrophotometric method was
specific for the determination of the corresponding protein-peptide substance.

The linearity of the method was determined on the basis of 3-fold measurements of the
absorbance of albumin solutions in 10 concentrations in the range from 0.0 to 1.0 mg/mL
at the determined wavelength and described by the linear regression equation y = ax + b.
Phosphate-buffered sodium chloride was used as a reference. Based on the results obtained,
a calibration curve was plotted for the dependence of absorbance on albumin concentration.
The significance of the fit of the equation to the experimental data was described by the
correlation coefficient (R2). Absorbance measurements were made in 1 cm quartz cuvettes
using UV-VIS Cecil CE 3021 spectrophotometer (Cecil Instruments Limited, Cambridge,
UK). The photometric accuracy was ± 0.005 A. Measurement were repeated 5 times. The
amount of permeated albumin was determined by spectrophotometric measurement at the
wavelength, λ = 279 nm, The albumin content was calculated from a standard curve with
the equation y = 0.7765x − 0.0101; R2 = 0.9994. Permeation rate was calculated per skin
surface unit [mg/cm2] within 24 h.
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Figure 1. The scheme of vertical Franz cell with a spherical joint to ACTH penetration study through
porcine ear skin in simulated in vivo conditions.

2.5.2. Skin Preparation

Due to the lower availability and difficulties associated with the use of human skin ex
vivo, porcine skin was used to study the ACTH permeation profile. Pig skin is a suitable
membrane due to its similarity in thickness and permeability properties to human skin [28].
The model membrane for the skin permeation study was pig ear skin obtained from a local
rancher. The skin was washed with 0.9% NaCl solution to an absorbance of E < 0.02 at
λ = 276.5 nm and dried with a paper towel. Hair was carefully cut with scissors so as not
to harm the stratum corneum, and the subcutaneous fat layer was removed with a scalpel.
Full thickness skin samples were wrapped in aluminium foil and stored at −20 ◦C. Skin
sections were cut to a diameter of 2.5 ± 0.5 cm2. Each preparation was applied to an area
of skin.

2.6. Rheology

Rheological studies were carried out using the Lamy Rheology Instruments’ (Cham-
pagne au Mont d’Or, France) RM 200 Touch universal rotational rheometer for testing
rheological properties of samples, equipped with the Lamy Rheology Instruments’ (Cham-
pagne au Mont d’Or, France) CP1 Plus thermostat with Rheomatic Lamy Instruments
software. The tests were carried out in a plate to plate system using the MS CP 2445
measuring system of Lamy Rheology Instruments (Champagne au Mont d’Or, France)
with a diameter of 24 mm, α = 0.45◦. Before the measurement the samples were placed in
a CLW 53 STD, POL-EKO Aparatura sp.j., Wodzisław Śląski, Poland, at a temperature of
32.0 ± 0.5 ◦C. After 30 min the sample was placed on the bottom plate of a thermostatic
system with the Peltier effect, made of stainless steel, and lowered the top plate. The
gap between the plates was 50 µm. The excess sample was removed with a spatula. All
rheological tests were performed at 32.0 ± 0.5 ◦C. Preliminary shearing was performed at
a shear rate of 5 s−1 for 15 s 2 min after sample application. Viscosity was measured for the
tested hydrogels at two shear rates: 15 s−1 and 30 s−1, the flow test was performed at the
shear rate D = 5–200 s−1 during 30 s and the shear stress was measured in relation to the
shear rate (“step by step”) at the shear rate D = 10–200 s−1. The number of measurement
points performed at equal intervals-every 10 s-was 12 for each curve at increasing and
decreasing shear rate. The test was performed for the substrate-glycerol hydrogel, for
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hydrogels containing ACTH (15 mg/g and 20 mg/g) and for hydrogels containing ACTH
and albumin in ratios 1:1, 1:0.1 and 1:0.01. All measurements were repeated 5 times (n = 5).

2.7. Statistical Analysis

Based on the results obtained, mean values were calculated together with the stan-
dard deviation and subjected to statistical analysis using Microsoft’s Excell package and
Statistica (StatSoft, Inc. Tulsa, OK, USA): Industrial Analysis, Experiment Design (DOE)
program. The results were also analysed with Statistica Pharmaceutical Kit: Statistica
“Release Profiles” Weibull method. Statistical significance at p < 0.05 was evaluated using
Student’s t-test.

3. Results
3.1. Measurement of the pH Value

pH values of obtained hydrogels are presented in Table 2.

Table 2. pH values of obtained hydrogel base, ACTH formulations and ACTH with albumin
formulations, (n = 3).

Formulation pH ± SD

F-1 4.955 ± 0.021
F-2 5.990 ± 0.028
F-3 5.485 ± 0.007
F-4 5.425 ± 0.021
F-5 5.255 ± 0.035
F-6 6.240 ± 0.014
F-7 5.605 ± 0.007
F-8 5.510 ± 0.014
F-9 6.135 ± 0.021

The pH values of the hydrogels are close to the acidic character. The lowest pH value
was observed for glycerol hydrogel as a base (F-1), whereas the highest for hydrogels
containing adrenocorticotropic hormone, depending on ACTH concentration for concen-
tration of 15 mg/g pH = 5.99 ± 0.028 (F-2) and higher for concentration of 20 mg/g,
pH = 6.24 ± 0.014 (F-6). The results obtained allow us to state that adding ACTH to the
glycerol hydrogel increases the pH value. On the other hand, the addition of albumin at
any concentration causes a decrease in pH value in comparison with glycerol hydrogel
with ACTH, the more albumin, the lower the pH value. The pH values of the obtained
hydrogels are similar to the pH value of the skin (4.5–6.5), so they can be safely applied to
the skin without causing irritation.

The pH value as well as temperature-dependent gelation conditions for bovine serum
albumin (BSA-bovine serum albumin) and human albumin (HSA-human serum albumin)
have been studied by Arabi et al., 2018 [29]. The researchers confirmed that gelation of BSA
and HSA can occur in a wide range of pH and temperatures (pH 1.0–4.3 and pH > 10.6 at
37 ◦C or pH 7.0–7.2 at 50–65 ◦C). Hydrogen ions required during PBSA hydrogel formation
(electrostatically (pH) triggered BSA hydrogels) can be neutralised so that product obtained
has a physiological pH of 7.4. PBSA hydrogel remains stable for up to three months [30].

3.2. Corticotropin Release Study from the Hydrogels

For studies, the release of ACTH from the obtained hydrogels, USP 2, Enhancer
cells were used due to the possibility of release into a smaller volume of acceptor fluid.
It is believed that the release of the active substance is determined by the properties of
the membrane through which the substance penetrates into the acceptor environment.
Thus, depending on the properties of the therapeutic substance, the drug formulation
and the route of its administration, the release study can be performed in different fluids.
Phosphate-buffered sodium chloride, pH 7.4, was used as the acceptor fluid.
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In the release investigation, it was observed that from hydrogel of 15 mg/g, ACTH
2.28 ± 0.05 mg/cm2 was released (Figure 2A), whereas from hydrogel of 20 mg/g ACTH
1.2 times more corticotropin was released −2.79 ± 0.15 mg/cm2 compared to hydrogel
of 15 mg/g ACTH (Figure 2B). However, referring to the fraction of dose placed on the
cellulose membrane, increasing the dose from 15 to 20 mg/g (1.33 times) did not result in
a corresponding increase in the amount of ACTH released. The amount of corticotropin
released was 58% for 15 mg/g and 53% for 20 mg/g. 1.1 times more ACTH was observed
from the lower concentration hydrogel. The addition of albumin in a 1:1 ratio to ACTH
significantly increased ACTH release at the lower concentration of 15 mg/g by 1.4-fold,
from 2.28 ± 0.05 mg/cm2 to 3.11 ± 0.19 mg/cm2. In the case of a higher concentration
−20 mg/g, initially albumin decreased the release of ACTH from the hydrogel, only
after 180 min a positive effect of albumin on the increase in released ACTH was noted.
The released ACTH increased from 2.79 ± 0.15 mg/cm2 to 3.18 ± 0.09 mg/cm2, but the
difference was not statistically significant.
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Figure 2. Corticotropin (ACTH) release profiles for formulations with ACTH at 15 mg/g (F-2) and
ACTH at 15 mg/g and albumin (F-3–F-5) (A) and for formulations with ACTH at 20 mg/g (F-6) and
for formulations with ACTH at 20 mg/g and albumin (F-7–F-9) (B).

The Weibull method (p < 0.05) showed statistically significant differences in ACTH
release profiles from the obtained hydrogels (p < 0.05). The regression coefficients are
presented in Table 3. Correlation coefficients for pharmacokinetic models of ACTH release
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from hydrogels are also presented in Table 3. In the present study, a time interval of 15 min
to 360 min was to model the drug release rate. The drug permeation rate and applicability
of the Higuchi model for all hydrogel formulations of peptide hormone was inferred from
an R2 value of approximately 0.99 for all formulations according to the Higuchi model. For
calculation of ACTH release rate from the hydrogel, the Higuchi model was used (Table 4).

Table 3. Kinetic release models fitted to describe the release of ACTH from obtained hydrogel for formulations F-2–F-9.

Formulation First Order Higuchi Model Korsmeyer-Peppas Model Weibull Method

Regression Coefficient R2

F-2 (15 mg/g ACTH) 0.9845 0.9838 0.9504 0.9630
F-3 (15 mg/g ACTH + 15 mg/g ALB) 0.9780 0.9965 0.9466 0.9710
F-4 (15 mg/g ACTH + 1.5 mg/g ALB) 0.9782 0.9973 0.9458 0.9610
F-5 (15 mg/g ACTH + 0.15 mg/g ALB) 0.9886 0.9906 0.9227 0.9400
F-6 (20 mg/g ACTH) 0.9736 0.9922 0.9804 0.9860
F-7 (20 mg/g ACTH + 20 mg/g ALB) 0.9923 0.9888 0.9085 0.9710
F-8 (20 mg/g ACTH + 2.0 mg/g ALB) 0.9898 0.9908 0.9505 0.9580
F-9 (20 mg/g ACTH + 0.2 mg/g ALB) 0.9857 0.9824 0.9129 0.9580

Table 4. ACTH release rate and fit using Higuchi’s model (n = 6) in vitro condition; * p < 0.05 applies to F-2 (15 mg/g ACTH)
and ** p < 0.05 applies to F-6 (20 mg/g ACTH).

Formulation Average Release Rate
(mg/cm2/min1/2) ± SD R2 Formulation Average Release Rate

(mg/cm2/min1/2) ± SD R2

F-2 (15) 0.120 ± 0.003 0.9838 F-6 (20) 0.147 ± 0.008 0.9922
F-3 (15 1:1) 0.164 ± 0.010 * 0.9965 F-7 (20 1:1) 0.168 ± 0.005 ** 0.9888

F-4 (15 1:0.1) 0.098 ± 0.005 * 0.9873 F-8 (20 1:0.1) 0.104 ± 0.003 ** 0.9849
F-5 (15 1: 0.01) 0.097 ± 0.004 * 0.9906 F-9 (20 1:0.01) 0.093 ± 0.004 ** 0.9615

The most advantageous formulation was hydrogel with lower concentration of ACTH
(15 mg/g), with addition of albumin in ratio 1:1 (15 mg/g), because albumin significantly
increased the amount of released ACTH and for this preparation, the process of penetration
through the natural membrane which is porcine skin was examined.

Tazhbayev et al. produced urea- and cysteine-stabilised HSA nanoparticles and
incorporated anticancer drugs into them. Urea, as a natural denaturant, expands the
biopolymer molecule and facilitates cysteine access to the molecule to interact with protein
molecules. The performance of nanostructures depends on various factors, especially the
concentration of precursors (urea, albumin, and cysteine). Optimum levels of particle size,
polydispersity index, zeta potential and particle capacity were obtained at concentrations
of albumin 20 mg/mL, cysteine 0.01 mg/mL and urea 10 mg/mL. This arrangement of
nanoparticles with an initial HSA concentration of 20 mg/mL was relatively stable over
time, and analysis of samples over two days showed neither particle aggregation nor
destruction of the biopolymer structure. The particle size was kept constant [31]. Therefore,
values of 15 mg/g and 20 mg/g were chosen as the working range for the initial albumin
concentrations. This range of albumin concentrations was also suggested in the study due
to the stability of this protein. Although no nanostructures were produced here, it was
important that the particles did not change their size in the hydrogel during storage. The
addition of albumin in stoichiometric amounts 10 and 100 times smaller did not yield the
expected results. [31].

3.3. Corticotropin Permeation Study from the 1.5% Hydrogel with Addition Albumin in
Stechiometric Ratio 1:1 through Porcine Skin

The profile of the permeation process of ACTH caused by albumin is shown in Fig-
ure 3. Table 5 shows regression coefficients for individual kinetic models of the permeation
process and the permeation rate.
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Figure 3. Profiles of ACTH permeation through porcine skin in the presence of albumin in a 1:1 ratio
at concentrations of 15 mg/g ACTH and albumin, from a hydrogel containing only albumin-ALB
15 mg/g and from a hydrogel containing only ACTH 15 mg/g (* p < 0.05 refer to hydrogel containing
only ACTH 15 mg/g).

Table 5. The regression coefficients and average permeation rate of ACTH through the porcine skin in presence of albumin
in ratio 1:1 at concentration 15 mg/g ACTH and albumin, from hydrogel containing albumin–ALB 15 mg/g and from
hydrogel containing ACTH 15 mg/g (* p < 0.05 refer to hydrogel containing only ACTH 15 mg/g).

Formulation Zero
Order

First
Order

Higuchi
Model

Korsmeyer-Peppas
Model

Average Permeation Rate
(mg/cm2/min1/2) ± SD AUC

Regression Coefficient R2

F-3 (ACTH + ALB 1:1) 0.73 0.90 0.96 0.98 0.192 ± 0.020 * 7736.19
ACTH 15 mg/g 0.73 0.76 0.94 0.99 0.139 ± 0.008 5623.76
ALB 15 mg/g 0.73 0.74 0.89 0.97 0.026 ± 0.010 * 1030.35

It was reported that corticotropin (ACTH) penetrates to a more significant extent
from semi-solid formulations with lower concentrations. Three concentrations were tested,
and it was found that the highest amount of ACTH permeated from hydrogel of 1.5%–
15.07 ± 2.71% and the lowest from hydrogel of 2.5%–6.95 ± 0.54% [12]. The higher the
concentration of corticotropin in the hydrogel, the lower the skin permeation.

In the present study, it was observed that the effect of albumin on ACTH release from
the resulting hydrogel was greater at the lower concentration, i.e., 1.5%. For a concentration
of 2%, albumin did not significantly increase the amount of ACTH released.

Therefore, the permeation of ACTH through the porcine skin from hydrogel with
a concentration of 1.5% ACTH and an ACTH to albumin ratio of 1:1 was studied. It
was observed that an average of 40.76 ± 3.51% ACTH permeated from 1.5% hydrogel.
Compared to the amount of penetrated ACTH in the previous report of Siemiradzka et al.
−15.07 ± 2.71% [12], an increase in the amount of penetrated ACTH was observed about
2.7 times. Thus, the rate of penetration is directly influenced by the amount of ACTH
penetrating, which can be expressed in mg/cm2 (5.29 ± 0.48 mg/cm2) or as a part of
the dose applied to the skin in % (30.5%). An increase in ACTH permeation under the
in-fluence of albumin permeation per unit area was found from 5.29 ± 0.48 mg/cm2

(30.5%) for ACTH alone to 7.27 ± 0.77 mg/cm2 (41.92%) for hydrogel containing ACTH
and albumin in the ratio 1:1 of 15 mg/g hydrogel (p < 0.05). If albumin increases the
amount of ACTH permeated through the skin to 7.27 ± 0.77 mg/cm2 (up to 41.92%-about
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a 1.4-fold increase), the permeation rate also increased (Table 5) 1.4-fold from 0.139 ± 0.008
to 0.192 ± 0.020 mg/cm2/min1/2.

This can also be demonstrated by measuring the area under the AUC permeation curve.
For the hydrogel containing 15 mg/g ACTH, the AUC was 5623.756, while in the presence
of 1:1 albumin, the AUC was 7736.197, making a 1.4-fold increase in the area under the
curve Table 5). For comparison, a study on the penetration of albumin from the hydrogel
was also performed. It was found that albumin itself penetrated less than ACTH and
ACTH together with albumin (0.99 ± 0.37 mg/cm2). Binding to plasma proteins protects
compounds from oxidation, reduces their toxicity and prolongs their half-life; drugs that
are strongly bound to plasma proteins often show low first-pass metabolism [32,33].

Increasing the efficiency of skin permeation of various drugs can be aided by various
techniques for conducting transport substances into nanoparticles. Gaurav et al. prepared
transferosomes also named ultra-deformable liposomes. These deformable vesicles can
transport drug through the skin, which is the largest human organ with a total mass of
3 kg and an area of 1.5–2.0 m2. The size of this organ favours efficient delivery of both low
and high molecular weight drugs through transferosomes. The prepared transferosomal
formulations were evaluated for uptake efficiency, stability and skin penetration ability. It
was found that ultra-deformable liposomes can be used to deliver various drugs, e.g., anal-
gesics, anaesthetics, corticosteroids, anticancer drugs, sex hormones, insulin, proteins
including albumin [34].

In percutaneous administration, the corneal layer of the epidermis tends to impede
the absorption of drugs through the skin. However, albumin nanoparticles can bypass
this barrier by delivering them through hair follicles. Additionally, nanoparticles can be
retained in hair follicles for a much longer period of time. This would enable systemic
absorption and local action as well as possible permanent release [35].

At present, nanoparticles show great potential as carriers of new drugs in percutaneous
drug delivery. Smaller nanoparticle sizes can ensure a tight contact with the stratum
corneum and enhance skin permeation. The advantage of using such colloidal carriers is to
protect sensitive drugs from destruction and to control the rate of drug release from such
carriers. Nanoparticles have dimensions ranging from 1 nm to 1000 nm [36–39]. Currently,
researchers’ interests are focused on polymeric nanoparticles due to their stability and
ability to specifically modify the surface [40]. A significantly higher permeation flux
of aceclofenac (0.0681 ± 0.0008 g/cm2/h, (p < 0.05) was confirmed from a Carbopol
940 gel containing chitosan, albumin and aceclofenac nanoparticles than for a commercially
available aceclofenac gel (0.0316 ± 0.0004 g/cm2/h). Aceclofenac is a non-steroidal anti-
inflammatory drug (NSAID) with a short half-life (4 h), used for the treatment of pain and
inflammation [41–43]. Shokri and Javar in turn studied the strengthening effect of zinc
oxide and calcium phosphate nanoparticles on the total penetration of albumin through a
part of a full mouse skin cut from the back of the mouse. The enhancing effect of albumin
permeation under zinc oxide nanoparticles was stronger, whereas it was faster under
calcium phosphate nanoparticles. The most albumin penetrated in the presence of zinc
oxide and it was reached in 1.5 h (40.2 ± 3.6 mg), while in the presence of calcium phosphate
maximum was achieved in 1 h, and the amount permeated was 33.8 ± 5.5 mg [44].

3.4. Effect of Albumin on the Rheological Properties of Prepared Hydrogels with ACTH

In the present study, the viscosity of prepared hydrogel formulations was determined
at 32.0 ± 0.5 ◦C at two shear rates: 15 s−1 and 30 s−1. The examined viscosity and shear
stress values are presented in Table 6.
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Table 6. Viscosity parameters of formulations determined at 32 ◦C at two selected shear rates.

Formulation

Shear Rate

15 s−1 30 s−1

Shear Stress [Pa] Viscosity [Pa·s] Shear Stress [Pa] Viscosity [Pa·s]

F-1 90.10 ± 11.32 6.01 ± 0.76 182.52 ± 20.81 6.08 ± 0.70
F-2 113.89 ± 2.77 * 7.59 ± 0.19 * 155.80 ± 7.08 * 5.19 ± 0.24 *
F-3 73.66 ± 0.47 * 4.91 ± 0.03 * 97.93 ± 5.36 * 3.26 ± 0.18 *
F-4 113.96 ± 2.31 * 7.60 ± 0.15 * 149.40 ± 5.87 * 4.98 ± 0.20 *
F-5 94.24 ± 1.91 6.28 ± 0.13 127.42 ± 5.01 * 4.25 ± 0.17 *
F-6 137.71 ± 2.51 * 9.20 ± 0.17 * 176.17 ± 6.17 5.87 ± 0.21
F-7 91.85 ± 1.74 6.12 ± 0.12 117.52 ± 4.65 * 3.92 ± 0.16 *
F-8 94.44 ± 1.76 6.30 ± 0.12 143.42 ± 7.02 * 4.78 ± 0.23 *
F-9 109.82 ± 2.51 * 7.32 ± 0.17 * 150.25 ± 4.24 * 5.02 ± 0.14 *

* significance statistical difference refer to F-1 formulation (p < 0.01).

A decrease in viscosity with increasing shear rate was observed in all tested formu-
lations. For shear rate D = 15 s−1, the highest value of structural viscosity was observed
for the hydrogel with higher ACTH concentration (20 mg/g; 9.20 ± 0.17 Pa·s), while the
hydrogels with lower ACTH concentration-F-2 (7.59 ± 0.19 Pa·s) showed lower viscosity.
Thus, the addition of ACTH increases the viscosity of the tested hydrogels. The addition of
15 mg/g ACTH causes an approximately 1.3-fold increase in viscosity, while the addition
of 20 mg/g ACTH causes a 1.5-fold increase in viscosity for both shear rates (D = 15 s−1

and D = 30 s−1). Albumin, in turn, causes a decrease in viscosity, the more albumin, the
greater the decrease in viscosity. Albumin added to hydrogels in a 1:1 ratio to ACTH causes
a decrease in viscosity by about 1.6 times at both shear rates (D = 15 s−1 and D = 30 s−1) at
a concentration of 15 mg/g and by about 1.5 times at a concentration of 20 mg/g. As the
addition of albumin was reduced, the viscosity gradually increased compared to hydrogels
with ACTH without albumin.

The relationship between shear rate and viscosity is shown in Figure 4A,B. The study
was carried out in the range D = 5–200 s−1.
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Figure 4. Viscosity curves for formulations containing ACTH at concentration 15 mg/g (F-2) and
ACTH at concentration 15 mg/g and albumin (F-3–F-5) (A) and for formulations containing ACTH
at concentration 20 mg/g (F-6) and for formulations containing ACTH at concentration 20 mg/g and
albumin (F-7–F-9) (B) with regard to Glycerol hydrogel-F-1, n = 5.

All hydrogels showed an inversely proportional relationship between viscosity and
shear rate or stress, which indicates the shear properties of these hydrogels. This obser-
vation indicates that the hydrogels can be easily applied to the skin each time a different
shear rate is applied.

The relationship between shear rate (γ) and stress (τ) is shown in Figure 5A,B. With
increasing shear rate of hydrogels, the stress values increased. As the shear rate decreased,
the hydrogel structure was restored. Weak bonds between the molecules of the system
were ruptured, while after decreasing the shear rate, the bonds between the molecules were
regenerated and the hydrogel structure was restored. The flow curves for all hydrogels
were concave to the horizontal axis. This indicates a pseudoplastic character, which allowed
the hydrogels to return to their original rheological state.
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Figure 5. Flow curves for formulations containing ACTH at concentration 15 mg/g (F-2) and ACTH
at concentration 15 mg/g and albumin (F-3–F-5) (A) and for formulations containing ACTH at
concentration 20 mg/g (F-6) and for formulations containing ACTH at concentration 20 mg/g and
albumin (F-7–F-9) (B) with regard to Glycerol hydrogel-F-1, n = 5.

The relatively small area formed between ascending and descending curves indicated
good regeneration of the systems (Figure 6A,B). A system with good regeneration could
increase adhesion on the skin and thus maintain a better therapeutic effect.
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Figure 6. Hysteresis loops for preparations containing 15 mg/g ACTH (F-2) and 15 mg/g ACTH
and albumin: 1:1; 1:0.1; 1:0.01 (F-3–F-5) (A) and for formulations containing 20 mg/g ACTH (F-6)
and 20 mg/g ACTH and albumin: 1:1; 1:0.1; 1:0.01 (F-7–F-9) (B) compared to glycerol hydrogel-F-1,
n = 5.4.

4. Discussion

Since albumin has an isoelectric point (pI) of 4.25, under physiological pH conditions
it exists as an anion with a very dense negative charge. In addition, carboxyl and amino
groups present on the albumin surface, allow binding to albumin through covalent or
non-covalent bonds [45,46]. On the other hand, albumin negative charge densification
further enhances albumin stability and ensures its long-term circulation in the blood due to
intense repulsion from negatively charged serum proteins [45,47–49]. Hyaluronic acid has a
moisturising and repairing function as a component of the skin matrix. Due to its molecular
weight much higher than 500 Da, it has difficulty penetrating into deeper skin layers.

Martins et al. prepared nanodispersions by obtaining a complex between a sucrose
ester surfactant and a protein with hyaluronic acid. This was formed by high-pressure
homogenisation. Lyophilisation was then carried out to obtain a solid surfactant-protein
complex. This complex was transformed into a solid-in-oil (S/O) nanodispersion with oil,
isopropyl myristate (IPM), using ultrasound. The average diameter of the nanodispersion
was 129.7 nm, showing good stability both physically and biologically [50]. With the pene-
tration of the nanodispersion, BSA can be hydrolysed by proteases in the skin environment,
allowing HA penetration into deeper skin layers [45].

In the study of permeation of model protein-peptide substances through the peri-
cardium, the amount of permeation of selected substances from 1.0 mg/mL solutions was
examined under simulated in vivo model conditions. The obtained results confirmed that
all tested substances-ACTH, INS, PRL, HSA, permeate through the natural membrane-
pericardium. Possible differences in permeation may result from significant differences in
the structure and physicochemical properties of selected substances. In the present study, it
was observed that the higher molecular weight of the substances studied, the longer time
of their permeation through the pericardium [25].

Another study simulated the conditions of absorption and permeation of prolactin
(PRL) from solutions of different compositions intended for oral administration across a
natural membrane (small intestine of the suckling piglet) under in vivo conditions. Pro-
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lactin is a protein-peptide hormone with a molecular weight of ~23.4 kDa. It was found
that the absorption of PRL in the small intestine of the suckling piglet was significantly
dependent on the concentration of the hormone and trehalose in solution. In turn, the per-
meation process of PRL in the studied range is influenced by all studied factors (hormone
concentration, trehalose and mannitol concentration, pH value of the solution) [51].

5. Conclusions

The results suggest that albumin added to corticotropin hydrogels delayed the release
of ACTH from almost all formulations to which it was added in an amount less than ACTH
except formulation F-3 (ACTH and albumin 15 mg/g: 15 mg/g, in an equivalent ratio of
1:1). Albumin had the best effect at a concentration of 15 mg/g in a 1:1 ratio to ACTH
(F-3). In this formulation, albumin significantly increased the ACTH release process. In a
formulation with a higher ACTH concentration of 20 mg/g (F-7), albumin initially caused
a decrease in the amount of ACTH released and then an increase, but the increase in the
amount of ACTH was not statistically significant.

The results obtained so far indicate that albumin penetrates natural membranes and
may affect the transport of other macromolecular substances, e.g., corticotropin. This
suggests the possibility of attempts to formulate a transdermal drug delivery system in a
convenient form for the patient and in a non-invasive way.
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