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Abstract: Epidermal growth factors (EGF) serve as promising candidates for skin regeneration
and rejuvenation products, but their instability hinders them from widespread use. Protective
immobilization and directed release can be achieved through implementing a hydrogel delivery
system. Alginate and methylcellulose are both natural polymers offering biocompatibility and
environmental sensitivity. This blended gel system was investigated rheologically to understand its
performance in topical applications. Alginate and methylcellulose were found to form a synergistic
gel system that resulted in superior viscosity and thermoresponsiveness compared to the individual
components. Increasing methylcellulose concentration directly enhanced gel elasticity, and higher
viscosities provided better thermal protection of EGF. The addition of EGF at 3.33 mg/mL resulted in
a decrease of viscosity but an increase in viscoelastic modulus. EGF concentration also played a large
role in shear viscosity and thermoresponsiveness of the ternary system. An alginate-methylcellulose
system presents promising rheological tunability, which may provide EGF thermal protection in a
topical delivery format.

Keywords: epidermal growth factor; rheology; thermal response; smart polymers; skin regeneration;
topical delivery; hydrogel; alginate; methylcellulose

1. Introduction

The epidermal growth factor (EGF) is one of the earliest known polypeptide growth
factors and the originator of the EGF-like protein family. This class of peptides has highly
similar structural and functional characteristics, promotes mitogenic activity, and typically
uses the same receptors for response triggering [1]. EGF directly affects collagen, elastin,
and extracellular matrix biosynthesis, making it a prime candidate for skin regeneration
and rejuvenation. These peptides also have characteristically short half-lives and low
intercellular diffusion rates, allowing them to operate locally in the body but making them
challenging to formulate with. EGF possesses a variety of functional groups and a three-
dimensional conformation allowing degradation via chemical and physical pathways such
as protein denaturation, aggregation, hydrolysis of peptide bonds, or oxidation of amino
acid side chains [2]. The integrity of growth factors is easily compromised, especially in
prolonged storage conditions, by fluctuations in pH, temperature, or complex electrostatic
and hydrophobic interactions [3]. EGF has an optimal pH stability range from 6.0 to 8.0
with an isoelectric point at 4.6, and an unfolding onset around 40 °C with a transition
midpoint at 55.5 °C [4,5]. Implementing delivery systems for EGF formulation has the
potential to reduce the peptide’s instability through diffusion-limiting immobilization and
protective encasing [6].

Polymeric biomatrix characteristics such as water content or crosslink density can
be tailored to optimize the diffusion-controlled EGF retention and release mechanisms.
The physicochemical crosslinking of polymers also leaves them especially responsive to
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environmental changes. In this study, we attempt to tune a hydrogel delivery vehicle with
thermoresponsiveness for EGF formulation. The target of the gel system is to effectively
immobilize EGF at storage conditions and evenly distribute EGF through thermal and
shear-induced gel degradation upon topical application. Hydrogels provide excellent
flexibility and hydration for skin compatibility, while extracellular matrix-inspired delivery
materials utilize the natural growth factor affinity and attachment techniques to mimic
dermal release. For this reason, alginate is one of the components of the polymeric network.
Additionally, alginate has previously shown an increase in EGF encapsulation efficiency as
well as inherent regenerative properties [7]. Alginates transform to match the functions
of skin cells and organs, which eventually leads to healing of the affected area on the
body [8]. Sodium alginate is an anionic, hydrophilic polysaccharide that is extracted from
the cell walls of brown algae and various strains of bacteria. The molecular structure of
sodium alginate is a linear alginic acid copolymer with linked 1-4 glucosidic bonds. These
glucosidic bonds are formed by the homopolymeric blocks of -D-mannuronic acid and
a-L-guluronic acid, outlined in Figure 1. Alginate that contains a high level of G-block
content results in stiff and brittle gels that tend to be more stable, while high M-block
content leads to soft, elastic gels with high water adsorption and ion exchange [8]. This is
due to the attractive preferential forces of ions to the extended G-block residues within the
alginate structure [9]. The properties of alginate gels can be adjusted with molecular weight,
concentration, G-block distribution, cation availability, and constituent interactions [8].
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M-block G-block
(1-4)-linked B-D-mannuronate (1-4)-linked o-L-guluronate

Figure 1. The chemical structure of alginate.

Methylcellulose is the other component selected for the interpenetrated polymer
network due to its thermoresponsive behavior. Methylcellulose is a natural, heterogeneous
polymer that forms reversible gels upon heating, and its chemical structure is outlined in
Figure 2. The highly substituted hydrophobic groups within methylcellulose form attractive
complexes at increased temperatures, causing gelation [10]. At semi-dilute conditions, as
seen in our system, the viscosity of methylcellulose solutions decreases up to a critical
value then increases as a turbid gel develops [10,11]. Mixing alginate with methylcellulose
creates a complex gel system where hydrophobic interaction, hydrogen bond formation
between carboxyl and hydroxy groups, and ionic crosslinking are synchronous [12]. The
mild gelling conditions of both polymers, along with their immunogenic nature, make them
ideal candidates for the preservation of sensitive active pharmaceutical components [8,12].
This study aims to characterize the thermo-rheological behavior of the fluid gel system and
the effect of EGF when introduced into the polymeric network.
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Figure 2. The chemical structure of methylcellulose.

2. Materials and Methods

Alginic acid sodium salt from brown algae with medium viscosity was obtained from
Sigma-Aldrich Inc. (St. Louis, MO, USA). Methylcellulose from Alfa Aesar (Ward Hill,
MA, USA) with a defined 2% aqueous solution viscosity of 400 cP at 20 °C was used.
Alginate and methylcellulose were simultaneously stirred into a solution of deionized
water at room temperature. To investigate composition-dependent gel properties, first, the
alginate concentration was held constant at 1% w/v while methylcellulose concentration
varied between 1%, 1.5%, and 2% w/v. Epidermal growth factor was obtained from
Skin Actives Scientific. The peptide gels were originally formulated at 3.33 mg/mL and
incorporated prior to polymeric dissolving. After the initial investigation, the alginate
concentration was varied while methylcellulose and peptide concentrations were held
constant at 2% w/v and 3.33 mg/mL, respectively. Finally, the peptide concentration was
varied in the 1% alginate-2% methylcellulose gel system with additional concentrations of
1.67 and 6.67 mg/mL. All solutions maintained a near-neutral pH. The viscosity, complex
moduli, and thermoresponsiveness of the resulting gel systems were investigated.

The Discovery Hybrid Rheometer (DHR-3) from TA Instruments was employed to
determine the rheological properties of the alginate-methylcellulose systems both with and
without EGFE. A stainless steel, 40 mm cone plate with a 2-degree angle was used to conduct
all rheological experiments on the temperature-controlled Peltier plate. Flow sweeps were
carried out between the shear rate range of 0.1 to 5000 s~!. This encompasses storage,
spreading, pumping, and rubbing processes during product utilization. An amplitude
sweep was carried out over 0.01% to 50% oscillation strain with a constant angular fre-
quency of 10 rad s~ ! on each gel system to define their individual linear viscoelastic regions.
Frequency sweeps were conducted within the established linear viscoelastic region with
angular frequency ranging from 0.1 to 100 rad s~!. All of these outlined experiments were
performed isothermally at 25 °C, and measurements were taken under steady-state sensing
conditions. Temperature sweeps evaluated the thermosensitivity as the gels approach and
surpasses the skin’s surface temperature of 37.5 °C. A constant shear rate of 10 s~! was
applied to the sample, and the temperature was increased by 1°C per minute between
25 °Cand 50 °C. All experiments were run a minimum of twice to ensure reproducibility.
The data presented in this article are the mean values of each sample’s various trials, and
across all experiment and sample types, a relative standard deviation of 10% or less was
observed. Error bars for individual values were excluded in the following graphs for the
sake of clarity.

3. Results and Discussion

The deformation and flow behavior of the fluid gel system is important to characterize
the storage and release mechanisms of the EGF-loaded product when temperature and
shear stressors are applied. Peptide solutions are often stored at cool temperatures to
prolong product life, and a thick interpenetrated polymer network should further limit
EGF deactivation. As the product is topically applied, temperature increases to match
the body, and high shear stresses are imposed, resulting in structural breakdown and
pseudoplastic behavior. We aimed to introduce the impact of gel composition on the
structure-property relationship of the ternary system.
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3.1. Dynamic Viscosity

The viscosity profile of the fluid gel is linked to the polymeric network and strength of
constituent interactions. Figure 3 explores the influence of methylcellulose concentration
on the shear viscosity. The flow behavior of sodium alginate-methylcellulose systems
has been previously characterized best by the non-Newtonian Hershel-Buckley fluid
model [13]. The dominant solution interactions of alginate are charge repulsions between
dissociated carboxyl groups and the formation of hydrogen bonds between carboxylic
acids and ionized carboxyl groups. Methylcellulose solution interactions rely heavily on
hydrophobic chain grouping. Both alginate and methylcellulose solutions have a distinctive
pseudoplastic behavior at neutral pH. Some hydrophobic sections appear in alginate chains
upon protonation of dissociated carboxyl groups [13]. This gives rise to an increase in
hydrophobic association between alginate and methylcellulose in the interpenetrated
polymer network. The result is a synergistic combination that has a higher viscosity than
either individual component while shear-thinning is preserved, and this trend is also seen
in an alginate-methylcellulose mixture studied by Mehmandoost et al. [13]. This is not
uncommon as enhanced stability of physical and mechanical properties of biopolymer
blends has been appreciably reported [14-18].

10,000
& 1000 —t— 1.0% Alginate
@
E 1.0% Methyleelhdose
§ [ 2.0% Methylcellulose
100 1.0% Alg — 1.0% MC
—o— 1.0% Alg— 15% MC
—e— 1.0% Alg—2.0% MC
10
1 10 100 1060
Shear Rate (1/s)

Figure 3. The viscosity vs. shear rate behavior of alginate (blue), methylcellulose (yellow), and
mixtures of the two (green) with varying methylcellulose concentration (%w/v). The circular symbols
appearing in the plots represent the mean-values of discrete measurements evenly acquired at
logarithmic intervals under steady-state conditions, while the continuous lines are guides for the eye.
MC: methylcellulose; Alg: alginate.

The impact of EGF addition on the shear viscosity of the mixtures with varying
methylcellulose concentration can be observed in Figure 4. When EGF was introduced
into the system, there was a marginal viscosity drop across all samples. The low molecular
weight polypeptide may disrupt the polymer structural entanglement slightly, but the
synergistic and pseudoplastic nature of the fluid gel was still retained. It is expected
that the high viscosity immobilizes EGF while topical application begins to breakdown
the gel structure. At neutral pH, EGF carries a negative charge and may demonstrate
repulsive interactions with the anionic alginate chain. EGF is also minorly composed of
hydrophobic residues, which possibly complicates the hydrophobic relationship between
the long-chain polymers.
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Figure 4. Shear viscosity behavior of alginate-methylcellulose mixtures (green) with varying methylcellulose concentrations

(%w/v) and epidermal growth factor (EGF) addition at 3.33 mg/mL (red). The circular symbols appearing in the plots

represent the mean-values of discrete measurements evenly acquired at logarithmic intervals under steady-state conditions,

while the continuous lines are guides for the eye.

3.2. Viscoelastic Modulus

The dynamic modulus further explores the system interactions and performance by
evaluating gel stiffness. The storage modulus (G’) of pure alginate is consistently lower than
the loss modulus (G”) under a variety of gel conditions, and the same development is seen
in Figure 5 [19]. While the viscous property of alginate remains dominant, the difference
between the two moduli decreased at higher angular frequencies revealing a decrease in
phase angle and a fluid-like viscoelastic behavior. On the other hand, methylcellulose
viscoelastic behavior resembled more of an elastic gel system where G’ is typically greater
than G”, and the change in phase angle is smaller over the range of angular frequency.
The viscoelastic transition of the alginate-methylcellulose systems is better visualized in
Figure 5c. The G’/G” crossover took place at higher angular frequencies as methylcellulose
concentration increased. The elastic component of the system took stronger dominance
as methylcellulose concentration increased, and gel stiffness was enhanced. While the
variance of total gel concentration between samples generates some inconclusively, this
outcome is similarly embodied by an alginate-carboxymethylcellulose system, as studied
by Zheng et al. [19].

Recalling that EGF caused a slight decrease in shear viscosity behavior, the impact on
dynamic modulus should give more insight into the molecular interactions happening in
the system. The influence of EGF addition on each gel system with varying methylcellulose
concentration is explored in Figure 6. The strength of the gel does not appear to be
jeopardized, suggesting a more complex interrelationship. It was observed that the change
in phase angle decreases with increasing methylcellulose concentration, but the viscoelastic
transition is not as dependent on methylcellulose concentration when EGF is in the system.
In every instance measured, EGF increased gel stiffness signifying that the loss in viscosity
is not necessarily due to a loss of structure. This is conversely related to the impact of
silicone in a silicated hydroxypropylmethylcellulose-alginate gel network that hindered
effective alginate chain interactions and ultimately reduced gel stiffness [18]. Although
elastic modulus increases with the addition of EGEF, the relaxation times shift to higher
frequencies meaning shorter relaxation times. This may signal a new network structure
forming between EGF and methylcellulose due to hydrophobic interaction. The complexity
of the ternary interdependence needs to be more substantially defined in order to fully
interpret viscoelastic properties.
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Figure 5. Viscoelastic moduli G’ (e) and G” (&) of the resulting gel systems: (a) 1% w/v alginate (blue), 1% w/v methylcellulose
(yellow), and the mixture of the two (green); (b) 1% w/v alginate (blue), 2% w/v methylcellulose (yellow), and the mixture
of the two (green); (c) Alginate-methylcellulose mixtures with varying methylcellulose concentration (w/v). The circular

and triangular symbols appearing in the plots represent the mean-values of discrete measurements evenly acquired at

logarithmic intervals under steady-state conditions, while the continuous lines are guides for the eye. G: storage modulus;

G”: loss modulus.
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Figure 6. The impact of 3.33 mg/mL epidermal growth factor addition (red) on the viscoelastic moduli G’ (¢) and G” (A) of

various alginate-methylcellulose mixtures (green) with increasing methylcellulose concentration (w/v): (a) 1% alginate-1%

methylcellulose; (b) 1% alginate—1.5% methylcellulose; (c) 1% alginate-2% methylcellulose. The circular and triangular

symbols appearing in the plots represent the mean-values of discrete measurements evenly acquired at logarithmic intervals

under steady-state conditions, while the continuous lines are guides for the eye.
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3.3. Thermoresponsivity

It is known that composition affects the initial thermal transitions and gelling temper-
atures of compound gel systems [20]. Figure 7a shows the impact of polymer blending
and methylcellulose concentration on thermoresponsiveness. As expected, pure alginate
showed a negligible reaction to increased temperature, while methylcellulose decreased in
viscosity until a critical temperature is met. The critical temperature of pure methylcellulose
was not significantly influenced by the concentration range studied. As the polymers were
mixed together, thermoresponsiveness was enhanced. The hydrophobic gelling mecha-
nism of methylcellulose is suspected of intensifying with increasing concentration, and
hydrophobic interactions from alginate enhance the thermal transition. The thermal reduc-
tion of viscosity reveals a dual-mechanistic breakdown of the prepared gel network during
topical application. When EGF was introduced to these systems, new gel characteristics
were observed. Figure 7b shows a stronger decrease in viscosity before the critical gelling
temperature was met. This may be attributed to EGF thermal instability and the consequen-
tial structural changes impacting the polymeric network. Introduction of EGF generally
increased the critical temperature in the mixtures studied and proposes that the largely
hydrophilic structure of EGF somewhat obstructs the hydrophobic gelling procedure.

1% Alg - 1% MC e 1% Alg — 1.5% MC
e 1% Alginate 1% Methylcellulose 1% Als— 2% MC 1% Alg - 1% MC + EGF
2% Methylcellulose 1% Alg - 1% MC 1% Alg —1.5% MC + EGF ———— 1% Alg - 2% MC + EGF
——— 1% Alg - 1.5% MC 1% Alg - 2% MC 1600
1600 1400
1400

1200
1200 =
o c)

< 1000 = 1000
=

‘g 800 S 800
S 2
2 600 -

> 600

400
200 400
0 200
20 25 30 35 40 45 20 25 30 35 40 45
Temperature (°C) Temperature (°C)
(a) (b)

Figure 7. The response of gel systems with varying methylcellulose concentration (w/v) as temperature increased by 1 °C
per minute: (a) Alginate (blue), methylcellulose (yellow), and the resulting mixtures of the two (green); (b) The impact of
3.33 mg/mL epidermal growth factor addition (red) on alginate-methylcellulose mixtures (green). Viscosity values were
continuously acquired as a function of increasing temperature.

The influence of alginate on the mixture was investigated with viscosity versus tem-
perature tests visualized in Figure 8a. The shear viscosity of the mixture seemed to be
more strongly dependent on the alginate content. This could be due to the amplification
of supportive electrostatic interactions but also increased entanglement from the larger
overall polymer content. An effective thermal decrease in viscosity is observed in these
samples, but a critical temperature is not met in the testing range. The ratio of the compo-
nents manipulates the onset of hydrophobic complexation. The pH-dependent, anionic
nature of alginate makes a good delivery system for cationic drugs through electrostatic
interactions [21]. Sodium alginate interacted with lactoferrin through electrostatic attrac-
tion and increased the heat stability of the protein [22]. It is important to consider the
lactoferrin isoelectric point of 8.8, giving it a net positive charge in the neutral alginate
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gel, whereas EGF has an acidic isoelectric point. Interestingly, vascular endothelial growth
factor encapsulation and release behavior were not affected by alginate concentration or
G-block content even though it also has a basic isoelectric point of 8.5 [23]. Bovine serum
albumin has a similar isoelectric point to EGF, and its release from a comparable hydrogel
network at a pH of 7.4 was strongly dependent on alginate concentration [12]. Additionally,
electrostatic behavior within alginate is not influenced by heat treatment [22]. In Figure 8b,
it can be clearly seen that the critical temperature is increased with higher net-polymer and
alginate concentrations. There is less irregularity as the viscosity of these EGF-loaded gels
minimizes, indicating better protective capability. The viscosity enhancement may provide
a more immobilized structure, and alginate electrostatic behavior and hydrogen bonding
could increase the EGF affinity to the gel analogous to findings with other proteins

12,000
10,000
8000 e 1.0% Alginate
1.0% Methyleellulose
6000

2.0% Methylcelhrlose

\ 0.5% Alg —2% MC
4000

1% Alg — 2% MC

Viscosity (cP)

— 5% Alg - 2% MC

2000
— 2% Alg — 2% MC
0 —
20 25 30 35 40 45
Temperature (°C )
(a)
1% Alg — 2% MC 1% Alg —2% MC + EGF
— 5% Alg 2% MC +EGF 2% Alg 2% MC + EGF
3200
2700

£ 2200
=
ey
z 1700
=
~ 1200 \

700 o ——

e—
200
20 25 30 35 40 45

Temperature (*C )

(b)

Figure 8. The response of gel systems with varying alginate concentration (w/v) as temperature
increased by 1 °C per minute: (a) Alginate (blue), methylcellulose (yellow), and the resulting mixtures
of the two (green); (b) The impact of 3.33 mg/mL epidermal growth factor addition (red) on alginate-
methylcellulose mixtures (green). Viscosity values were continuously acquired as a function of
increasing temperature.
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Lastly, the impact of EGF concentration on thermoresponsiveness was studied from
Figure 9 for the 1% alginate—2% methylcellulose system. As EGF concentration increased,
the critical temperature of the system decreased, signaling greater thermal instabilities.
Similarly, higher concentrations of growth factors lead to lower encapsulation yields in
other alginate delivery systems [8]. It is suspected that at higher EGF concentrations, the
protective capability of the gel network is insufficient. With this comes an implied pivotal
ratio between EGF and polymer content where instabilities are effectively minimized. The
sample containing the lowest amount of protein demonstrated additional synergy as the
shear viscosity surpassed that of the original alginate-methylcellulose system.

e 1% Alg = 2% MC 1% Alg - 2% MC + EGF (1.67 ug/mL)

1% Alg - 2% MC + EGF (3.33 ug/mL)

1% Alg - 2% MC + EGF (6.67 ug/mL)

3200

2700

N
N
o
o

1700

Viscosity (cP)

—_
N
(=]
(=]

700

200
20 25 30 35 40 45
Temperature (°C)

Figure 9. The effect of epidermal growth factor concentration (red) on the viscosity of 1% w/v
alginate—2% w/v methylcellulose gel mixture (green) when temperature increased by 1 °C per minute.
Viscosity values were continuously acquired as a function of increasing temperature.

4. Conclusions

There is a wide range of prospective research to further define the structure-property
relationship of this alginate-methylcellulose-EGF network. Alginate and methylcellu-
lose were found to form a synergistic gel system that resulted in superior viscosity and
thermoresponsiveness compared to the individual components due to an increase in hy-
drophobic association in the interpenetrated polymer network. The stiffness and elasticity
of the gel mixture were directly related to methylcellulose concentration. The addition
of EGF resulted in a decrease in viscosity but an increase in viscoelastic modulus. A
new hydrophobically-associated network is suggested to form with EGF incorporation
as shorter relaxation times were observed in the ternary system. EGF concentration also
played a large role in thermoresponsiveness of the hydrogel mixtures attributed to its
inherent thermal instability. Overall, this system presents a great opportunity for a highly
tunable and effective delivery vehicle for EGF with thermoresponsive behavior. The pro-
tectivity of the gel is suspected to be dependent on the ratio of polymer to the peptide as
well as individual polymer composition, but this aspect requires further investigation.
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