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INTRODUCTION

The increasing incidence of acute traumatic and thermal skin injuries generates
considerable costs for healthcare systems, highlighting the need for modern, efficient, and
minimally invasive therapeutic solutions for wound management [1].

The novelty of this doctoral thesis lies in the development of an advanced therapeutic
dressing, which, through a single intelligent formulation, integrates both a drug delivery
system based on naproxen (a non-steroidal anti-inflammatory drug) and biopolymers with
proven  potential in  tissue regeneration  (collagen, methylcellulose, and
hydroxyethylcellulose) in a well-defined ratio ensuring maximum biocompatibility, as well
as pH-sensitive materials for monitoring wound healing.

The thesis is structured into two main parts. The general-theoretical section (Chapters
1-2) provides a comprehensive overview of acute skin injuries and modern therapeutic
approaches, with particular emphasis on the use of collagen and cellulose derivatives -
methylcellulose and hydroxyethylcellulose as biopolymeric supports in the formulation of
advanced dressings. Furthermore, it describes modern experimental statistical design
methods, including factorial designs, response surface methodology, and Taguchi technique,
used for formulation optimization.

The personal contributions section (Chapters 3-6) presents the experimental stages
related to: (1) the preparation and characterization of methylcellulose and
hydroxyethylcellulose-based hydrogels to select suitable grades and concentrations of these
polymers; the further formulation of efficient naproxen delivery systems based on
hydroxyethylcellulose and various penetration enhancers for application to acute soft tissue
injuries; (2) the development of advanced biopolymeric supports in the form of hydrogels
and their lyophilized forms (spongious matrices) based on collagen and methylcellulose or
hydroxyethylcellulose, for determining the optimal mixing ratio; the design, optimization,
and subsequent characterization of collagen-hydroxyethylcellulose spongious matrices
incorporating naproxen, using Box—Behnken experimental design coupled with response
surface methodology and Taguchi technique, followed by in vivo testing of the optimal
formulations to evaluate their anti-inflammatory and wound-healing effects in post-burn
injuries; (3) the development of intelligent pH-sensitive films with a dual role: therapeutic
(accelerating healing through the controlled release of naproxen from the biopolymeric
support) and diagnostic (visual monitoring of post-burn wound status through color changes

of a pH indicator - phenol red).



I. GENERAL SECTION
1. CUTANEOUS LESIONS. WOUND DRESSINGS AS
THERAPEUTICAL OPTIONS

Skin injuries represent a major public health issue, with a significant socio-economic
impact [2]. The multidisciplinary management of skin injuries is essential for restoring the
functionality and appearance of the skin. Recent technological advances have enabled the
development of modern dressings tailored to various types of wounds [3].

A classification of dressings includes passive and active dressings, characterized by
the presence or absence of one or more pharmacologically active substances, as well as
traditional and modern dressings [4]. Modern bioactive dressings are considered advanced
drug delivery systems (DDS). Topical DDS address several limitations of conventional
formulations by delivering active agents directly to the site of skin injury, thereby ensuring
a localized therapeutic effect [5]. Modern dressings include hydrogels and their lyophilized
forms (spongious matrices), hydrocolloids, films, semipermeable foams, and alginate-based
dressings [4]. Alongside DDS, the development of intelligent dressings represents a critical
advancement in recent medical technology innovations [6]. The pH value at the wound site
plays a crucial role in wound management, as it serves as an accurate indicator of the healing
process [7]. In recent years, pH-sensitive dressings, such as multifunctional biopolymeric
films, have been developed. These combine essential properties for post-burn wound
healing: a therapeutic function (controlled release of active substances, promoting tissue
regeneration) and a diagnostic function (real-time monitoring of pH changes at the wound
site). This dual functionality offers a significant advantage for guiding therapy, with major
potential for efficient and personalized wound management.

Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently prescribed to
alleviate pain and inflammation associated with wounds. Because of the side effects
associated with oral administration, a viable alternative is the topical application of these
drugs [8]. Despite its analgesic and anti-inflammatory properties, naproxen has been less
extensively explored for the development of topical drug delivery systems. In this context,
among the NSAIDs, naproxen was selected in this thesis as a model drug to assess its
therapeutic potential in wound healing through the administration of various topical

formulations for acute lesions of different etiologies.



2. BIOPOLYMERS AS TOPICAL SUPPORTS IN THE DESIGN OF
MODERN CONTROLLED DRUG RELEASE DRESSINGS

In this study, collagen and semi-synthetic cellulose derivatives were selected for the
development of topical polymeric systems intended for the treatment of acute skin injuries.

Collagen is a natural biopolymer [9] widely used in the medical field due to its role in
wound healing and its versatility in being processed into various forms [10]. However, its
low mechanical strength and limited stability are major drawbacks, which can be overcome
by combining it with other biopolymers, such as cellulose derivatives, to enhance its
physicochemical properties, thereby enabling the obtaining of modern biopolymeric systems
for advanced wound therapy [11].

Ethereal cellulose derivatives (sodium carboxymethylcellulose - NaCMC,
hydroxypropylmethylcellulose - HPMC, methylcellulose - MC, hydroxyethylcellulose -
HEC, and hydroxypropylcellulose - HPC) are employed in wound treatment due to their
advantageous properties [12], as demonstrated by numerous studies. Among these, NaCMC
and HPMC are the most frequently used as biopolymeric materials for the development of
potential dressings. Meanwhile, MC, HEC, and HPC, though less extensively studied, show
promising potential for the design of such biopolymeric systems for wound treatment [13].

The development of biopolymer-based dressings for the topical delivery of drugs is a
process that can be optimized through the application of an experimental strategy focused
on modeling and controlling formulation parameters, known as statistical experimental
design [14, 15]. Various experimental designs are employed to investigate the simultaneous
effects of formulation factors and their interactions on system responses, as well as to
generate predictive mathematical models. In the development of topical biopolymeric drug
delivery systems aimed at regenerating tissue damaged by skin injuries, multiple
experimental designs combined with response surface methodology have been used [16],
enabling efficient decision-making that improves the quality, efficacy, and safety of the
pharmaceutical formulation [17]. A highly advanced method for robust experimental design
that allows the product and process optimization, while simultaneously improving product
quality and ensuring process reliability, is Taguchi technique. This method is based on the
use of a specific performance indicator, known as the signal-to-noise (S/N) ratio [18-20].
Integrating classical experimental design with data analysis by response surface
methodology and Taguchi technique using the S/N ratio enables the identification of

formulation factor combinations that not only yield optimal results but also ensure stable



responses that remain resilient to variations caused by noise factors [21, 22].

II. PERSONAL CONTRIBUTIONS
3. RESEARCH HYPOTHESIS AND OBJECTIVES

The primary objective of this doctoral thesis is the development of active topical
biopolymeric supports (hydrogels, spongious matrices, and films) based on collagen and
cellulose derivatives, designed to enable the controlled release of naproxen in order to reduce
inflammation and pain, as well as to accelerate tissue regeneration in acute traumatic and
thermal skin injuries. The general objectives include: (i) selection of cellulose derivatives
for the formulation of hydroxyethylcellulose-based hydrogels containing penetration
enhancers, followed by in vitro/in vivo characterization; (ii) evaluation of the compatibility
of collagen with methylcellulose and hydroxyethylcellulose through physicochemical and
biological characterizations; (iii)) design, optimization, and physicochemical,
biopharmaceutical, and biological characterization of collagen-hydroxyethylcellulose
spongious matrices loaded with naproxen; (iv) in vivo validation in animal models of the
performance of the optimized spongious matrices selected, using a modern experimental
design; (v) development of intelligent pH-sensitive films capable of visually monitoring the
healing of post-burn wounds while promoting skin tissue regeneration; (vi) dissemination of
results through the publication of scientific articles, book chapters, the filing of a patent
application, and participation with oral communications / posters at national and

international scientific events.

4. DEVELOPMENT OF BIOPOLYMERIC HYDROGEL SUPPORTS
FOR THE RELEASE OF AN ANTI-INFLAMMATORY DRUG FOR
HEALING OF ACUTE TRAUMATIC LESIONS

This chapter focuses on the development of biopolymeric hydrogel supports for the
controlled release of naproxen, aimed at promoting the healing of acute traumatic soft tissue
injuries characterized by a highly complex inflammatory process. In the first stage of this
study, methylcellulose and hydroxyethylcellulose hydrogels were prepared at various
concentrations and rheologically characterized in order to identify formulations with suitable
flow properties, which would serve as a starting point for the development of new

biopolymeric supports for the controlled release of the anti-inflammatory drug.



Rheological analysis revealed that the viscosity of MC hydrogels (divided into two
series, I and II) and HEC hydrogels decreased with increasing shear rate, indicating
pseudoplastic, non-Newtonian behavior at 23°C. This flow behavior is a key quality
requirement for topical semisolid systems, as it facilitates hydrogel spreading and proper
application to the skin surface [23]. Figure 4.1a,b illustrates, as examples, the viscosity-shear

rate rheological profiles for a selection of MC and HEC hydrogels.
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Fig. 4.1. Viscosity versus shear rate rheograms for the: a) MC hydrogels from series I;
b) HEC hydrogels

The MC hydrogels from both series, as well as the HEC hydrogels at the selected
concentrations, exhibited an adequate degree of pseudoplasticity. Another quality criterion
targeted in the design of semisolid formulations was thixotropic behaviour, observed in
several of the prepared hydrogels, specifically, in all MC hydrogels from series I, part of
those from eries II, and in all HEC hydrogels.

Considering visual aspects, the gelation concentration, degree of pseudoplasticity,
thixotropic behaviour, as well as the technological and biopharmaceutical implications of
the hydrogels (casting, handling, spreading), MC2 and HEC3 grades were selected, at
concentrations ranging from 3 to 3.5%, as topical biopolymeric supports for the subsequent
development of new dressings aimed at regenerating skin tissue affected by lesions of
various etiologies.

In the second stage of the study, six hydrogels (noted H1-H6) were designed for the
first time, based on 3% HEC, incorporating naproxen at concentrations of 5 (HS), 7.5 (H6),
and 10% (H1-H4), along with four penetration enhancers at different concentrations
(Transcutol® P, PEG 200, ethanol, and isopropanol) in a mixture representing 40% of the
total gel mass. This study resulted in a patent application, A/ 00639 of 31.10.2023, published
in BOPI no. 4/2024, RO138082A0 [24].


https://worldwide.espacenet.com/patent/search?q=pn%3DRO138082A0

Figure 4.2a illustrates, as examples, the cumulative viscosity-shear rate rheograms
corresponding to hydrogels H1-H4, tested at 23°C and 33°C. Rheological analysis
demonstrated that the designed hydrogels exhibited pseudoplastic, non-Newtonian shear-
thinning behaviour at both tested temperatures, as evidenced by a decrease in viscosity with
increasing shear rate. All formulations displayed an adequate degree of pseudoplasticity at
both temperatures, with the #» flow index, determined using the Power Law model, ranging
between 0.35 and 0.42. Regarding the m consistency index, the results highlight the influence
of temperature on this rheological parameter, as values at 33°C were 1.57-1.75 times lower
compared to those recorded at 23°C.

To evaluate thixotropic behavior, Figure 4.2b shows, as examples, the ascending and

descending curves of the shear stress-shear rate rheological profiles for hydrogel H2 tested

at 23°C and 33°C.
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Fig. 4.2. a) Cumulative viscosity-shear rate rheograms for hydrogels H1-H4, tested at 23

and 33°C; b) ascending and descending shear stress-shear rate curves for hydrogel H2

All formulations exhibited thixotropic behaviour at both tested temperatures, with the
thixotropy index exceeding 5%. Furthermore, the effect of temperature on the thixotropy
area was evident, with a decrease by approximately 1.46-1.54 times at 33°C.

Figure 4.3a,b illustrates, as examples, the kinetic release profiles of naproxen from the
designed hydrogels, as well as the in vitro release profiles of naproxen fitted to the Higuchi

model (amount of naproxen diffused per unit area (mg/cm?) versus the square root of time

(min'?)).
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Fig. 4.3. a) Naproxen release profiles from samples H1-H6; b) naproxen release profiles

from samples H1-H6 fitted to the Higuchi model.

The in vitro kinetic analysis of NPX release from the hydrogels revealed similar kinetic
profiles for the formulations containing 10% naproxen. This observation was supported by
the amounts of naproxen diffused per unit area (mg/cm?) per unit time (min) after 10 hours,
which showed close values, ranging between 21.73 and 22.94 mg/cm?. For the kinetic
profiles recorded from the formulations containing different drug concentrations (10%, 5%,
and 7.5%), the amounts of naproxen diffused per unit area (mg/cm?) per unit time (min) after
10 hours differed, increasing proportionally with the NPX concentration in the samples:
11.77 (hydrogel H5, 5% NPX), 18.42 (hydrogel H6, 7.5% NPX), and 24.22 mg/cm?
(hydrogel H2, 10% NPX) (Figure 4.5).

Application of the Higuchi model indicated a Fickian diffusion mechanism, with the
drug diffusion rate being lower than the polymer relaxation rate.

The anti-inflammatory effect of the hydrogels, evaluated through the combined
application of two plantar edema induction models in animals, confirmed the superior
therapeutic efficacy of the formulated hydrogels in reducing inflammation associated with
plantar edema in Wistar rats over 24 hours, compared with the commercial gel and control.
These findings demonstrated that the novel hydrogel compositions, with appropriately
selected ratios of penetration enhancers, directly influenced the clinical performance of the

developed formulations (Figure 4.4a,b).
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Fig. 4.4. Anti-inflammatory effect of the designed gels H1-H6 on plantar edema induced in

Wistar rats by: a) A-carrageenan; b) kaolin

(*p <0.05, **p <0.01, ***p <0.001, **p <0.0001, ns: not significant)

5. DEVELOPMENT OF BIOPOLYMERIC SPONGIOUS MATRICES
SUPPORTS FOR THE DELIVERY OF AN ANTI-
INFLAMMATORY DRUG FOR HEALING OF POST-BURN SKIN
LESIONS

This chapter focuses on determining the optimal mixing ratio of collagen with
methylcellulose and hydroxyethylcellulose for the development of spongious matrices
designed for tissue regeneration, as well as their optimization for the controlled release of
naproxen in the treatment of acute post-burn lesions.

The aim of the first stage of this study was to prepare and characterize novel hydrogels
and their lyophilized forms (spongious matrices), obtained by combining bovine type I
collagen with methylcellulose and hydroxyethylcellulose. The primary objective was to
evaluate the physicochemical properties and biocompatibility of these polymers, with the
purpose of employing the designed biopolymeric supports as potential dressings for the
functional regeneration of wounds. The hydrogels and spongious matrices were coded as:
Coll, MC, HEC, Coll-MC1, Coll-MC2, Coll-MC3, Coll-HEC1, Coll-HEC2, and Coll-HEC3
[25], according to the mixing ratio (30-70%) of collagen gels with MC or HEC.

Rheological analysis showed that all hydrogels exhibited pseudoplastic, non-
Newtonian behaviour at 23°C, indicating that viscosity decreased with increasing applied

shear rate. This result is advantageous for the preparation and casting process, as it may



provide the manufacturer with greater control over the physical properties of the system,
enabling the design of suitable products.

Circular dichroism and FT-IR spectroscopic analyses indicated that the triple-helix
structure specific to collagen was preserved when mixed with up to 30% MC/HEC gel

(Figure 5.1b).
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Fig. 5.1. a) Circular dichroism spectra of the formulated hydrogels; b) FT-IR spectra of the

corresponding spongious matrices

Scanning Electron Microscopy (SEM) analysis revealed that the spongious matrices
exhibited a dense porous structure with a large number of micro- and macropores and a
smooth surface for the samples containing up to 30% MC / HEC gel, whereas the matrices
with a higher content (over 50%) of cellulose derivative gels displayed a dense architecture

with long, parallel lamellar filaments, characteristic of cellulose (Figure 5.2).

™MC ol-lMCI  CollMC  CollMC3  CollHECI  Coll-HEC2  Coll-HEC
Fig. 5.2. SEM images of the spongious matrices (200 x magnification, 500 pm scale bar)

Figure 5.3 shows, as examples, the images of water droplets in contact with the surface

of the spongious matrices, corresponding to the measured contact angles.
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(85.69 + 3.04°) (44.98 + 6.22°) (44.07 + 1.83°) (62.96 + 4.77°) (50.67 + 1.78°) (56.49 +2.57°) (57.09 + 1.45°) (51.43 +3.61°) (38.73+5.27)

Fig. 5.3. Images of water droplets on the surface of the spongious matrices

The spongious formulations exhibited contact angle values ranging from 38.73 +5.27°
to 85.69 + 3.04° (Figure 5.3), indicating a hydrophilic surface. They also demonstrated an

adequate swelling ratio, characteristics essential for a wound dressing intended to absorb
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wound exudate [26]. Increasing the content of cellulose derivative gels resulted in a
decreased swelling ratio, due to their high solubility in aqueous media (Figure 5.4a). The

matrices composed of 100% collagen gel and those containing lower amounts of MC / HEC

gel (30-50%) maintained their structural integrity best in collagenase solution for up to 72

hours (Figure 5.4Db).

MC Col-MC1 Coll-MC2  Coll-MC3 HEC Coll-HECT  Coll-HEC2?  Coll-HEC3 Coll MC Coll-MC1 Col-MC2 Coll-MC3 HEC Coll-HEC1  Coll-HEC2  Coll-HEC3
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a) b)
Fig. 5.4. a) Water absorption capacity of the biopolymeric matrices; b) Enzymatic

degradation of the spongious matrices in collagenase solution at 37°C

Thermogravimetric analysis revealed that blending collagen gel with MC / HEC gels
resulted in spongious matrices with superior thermal stability compared to the spongious
matrix composed of 100% collagen gel.

As shown in Figure 5.5, none of the tested spongious matrices exhibited cytotoxic
effects or inhibitory activity on the motility of human dermal fibroblasts, supporting the
biocompatibility of the polymer blends.

160 ®&k #
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Control Coll Coll-MC1  Coll-MC2Z Coll-MC3 MC Coll-HEC1 Coll-HEC2 Coll-HEC3 HEC
m24h m48h =m7Zh

% of control

Fig. 5.5. XTT assay showing the viability of human adult dermal fibroblasts after 24, 48,
and 72 h of incubation in the presence of porous matrices extracts (* p < 0.05 versus
Control 48 h, ** p <0.01 versus Control 48 h, # p < 0.05 versus Control 72 h, ## p < 0.01
versus Control 75 h)

The results indicate that spongious matrices containing up to 30% MC / HEC gel
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represent promising supports for the development of new modern dressings incorporating
non-steroidal anti-inflammatory drugs intended for skin lesion regeneration.

In the second stage of this study, the focus was on the design, optimization, and in
vitro/in vivo evaluation of naproxen-loaded spongious matrices, incorporating the
biopolymeric support based on collagen and hydroxyethylcellulose selected during the first
stage. The formulations were developed as drug delivery systems for post-burn wound
treatment using a 3> fractional factorial Box—Behnken design. Three independent variables
(Xi) were selected: the mixing ratio of 1.1% collagen gel and 3% HEC gel - collagen : HEC
(X1, g%:g%), NPX concentration (X2, g%), and glutaraldehyde concentration (X3, g%). Four
dependent variables (Y;) were evaluated: contact angle (Y1, °), swelling ratio at 24 hours
(Y2, g/g), cumulative percentage of drug released at 24 hours (Y3, %), and percentage of
mass loss at 24 hours (Y4, %). The designed spongious matrices were coded as CH1-CH13.

FT-IR analysis confirmed the preservation of the triple-helix structure specific to
collagen, even in the presence of the drug. Morphological analysis using SEM revealed that
the designed spongious matrices exhibited a porous network with interconnected pores and
cellulose filaments typical of HEC at maximum gel concentrations (30%). SEM also
indicated the presence of the drug within the matrices, localized both free at and near the
surface and entrapped within the porous network of the spongious formulations.

The spongious matrices exhibited hydrophilic surfaces with contact angle values
ranging from 26.58° to 90.36°, optimal swelling capacity (Figure 5.6a), and good structural
stability in collagenase solution for more than seven days (Figure 5.6b).
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Fig. 5.6. a) Swelling ratio of the spongious matrices immersed in pH 7.4 phosphate buffer;

b) Enzymatic degradation of the spongious matrices in collagenase solution at 37°C

The in vitro release kinetics exhibited a biphasic profile: (i) during the first hour — a
rapid release of NPX (burst release effect), beneficial for the immediate reduction of
inflammation and pain associated with acute tissue trauma, followed by (ii) a controlled

release over the next 24 hours, ensuring prolonged inflammation control corresponding to

11
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the inflammatory phase of the healing process. The total amount of NPX released after 24
hours ranged from 62.24% (CH7) to 96.12% (CH4), values considered appropriate for burn
treatment, as the first 24-48 hours are critical in the healing of an acute skin lesion [13]
(Figure 5.7). The Power Law model provided the best fit for the experimental data,

suggesting a non-Fickian drug transport mechanism.
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Fig. 5.7. Cumulative release of naproxen from the spongious matrices

The relationship between each dependent variable Y; and the formulation variables X
is illustrated in Figure 5.8a,b,c,d through response surface plots, which allow the three-

dimensional visualization of the effects of the independent variables on each dependent

variable.

Fig. 5.8. 3D response surface and contour plots illustrating the effect of different

formulation factors on the system responses: a) X2 and X3 on the contact angle (Y1); b) X
and X on the swelling ratio (Y2); ¢) Xi and X3 on the cumulative percentage of NPX
released (Y3); d) Xi and X3 on the percentage mass loss (Y4)

As the final stage of the optimization process, the Taguchi technique was employed,
allowing the selection of four optimal spongious matrices (one, CH4, belonging to the
experimental design, and three, CH14-CH16, developed outside of it). These matrices were

robust and stable, with the system responses (Yi) being least affected by noise factors. Their

12



application to post-burn lesions induced in experimental animals accelerated the wound
healing process, achieving complete closure after 17 days (Figure 5.9), compared with the
control, the commercial dressing, and the collagen matrix without drug. This effect was
achieved through the reduction of inflammation due to naproxen and the stimulation of tissue

regeneration by the collagen-hydroxyethylcellulose biopolymeric support.
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Fig. 5.9. Wound healing evolution in untreated rats (Control) versus those treated with the
optimal spongious matrices, the reference dressing, and the collagen matrix without drug,

at different time points

6. DEVELOPMENT OF INTELLIGENT pH-SENSITIVE
BIOPOLYMERIC FILMS FOR RELEASE OF AN ANTI-
INFLAMMATORY DRUG FOR POST-BURN SKIN WOUND
HEALING

The local pH value of a wound is a critical factor in wound management, as it not only
reflects but also directly influences the physiological and biochemical processes involved in
tissue regeneration [7]. The aim of this study was to develop multifunctional pH-sensitive
film systems, based on the optimal composition previously determined. These advanced
systems incorporated phenol red as a pH indicator, serving a dual role in post-burn wound
therapy: (1) diagnostic - enabling real-time monitoring of wound pH through the indicator’s
color changes, shifting from fuchsia in alkaline environments, to orange in neutral media,
and to yellow in acidic conditions [27]; and (2) therapeutic - providing controlled local

release of the anti-inflammatory drug to reduce inflammation and pain [28].

13



T, 8/g

Swelling behaviouw

The resulting films, coded F1-F4, exhibited suitable physical and functional properties
for application on burn injuries, such as flexibility, transparency, and ease of peelability from
casting molds. The films possessed an appropriate thickness for dressing applications,
ranging from 0.12 to 0.19 mm, and mechanical properties favorable for post-burn wound
treatment. SEM imaging revealed that the films had relatively smooth, compact, nonporous,
and continuous surfaces, suggesting a uniform molecular network, with the drug present on
the film surface (visible as white spots), highlighted by yellow arrows in the images shown

in Figure 6.1.

-,{;-... e
Fig. 6.1. SEM images of the obtained films (200x magnification, 200 um scale bar).
All films exhibited hydrophilic behaviour, with contact angle values ranging from

17.61 £ 1.11° to 75.51 = 1.33° (Figure 6.2).

75.51 £1.33°

22.82 +1.91° . 17.61 +1.11° 38.18 £0.20°
F1 F2 F3 F4

Fig. 6.2. Images of droplet shapes and corresponding contact angles recorded on the

surface of the pH-sensitive films

The films exhibited a high swelling ratio in all three media with different pH values:
acidic (pH 5.5) — typical of healthy skin, neutral (pH 7.4) — corresponding to the initial
wound phase, and alkaline (pH 8.5) — characteristic of post-burn lesions [29] (Figure 6.3).
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Fig. 6.3. Swelling ratio of the pH-sensitive films in media with different pH values

The higher swelling ratios observed at pH 7.4 and 8.5 compared to pH 5.5 support the
use of the designed formulations as effective dressings for post-burn wounds.

Moreover, the pH-sensitive films maintained their structural integrity for more than 24
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hours, a favorable attribute in reducing the frequency of dressing changes for patients (Figure
6.4a). Their ability to absorb exudate facilitates efficient drug release, exhibiting a biphasic
profile: an initial rapid release within the first hour, followed by a sustained release over 24

hours, providing effective control of inflammation and pain (Figure 6.4b).
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Fig. 6.4. a) In vitro enzymatic degradation of the pH-sensitive films; b) Naproxen release

profiles from the pH-sensitive films.

As shown in Figure 6.5, with the pH variation from 3 to 10, the color of the developed
films changed from yellow (pH below 6.8) to orange (pH 6.8-7.5), and finally to fuchsia (pH
above 7.5), with these changes being clearly visible to the naked eye.

Phenol red

pH3  pH4 pHS pHE pHT

F3

Fig. 6.5. Images of the pH-sensitive films in phosphate buffer solutions with pH 3-10
These chromatic transitions of the films, when applied to a wound, serve as an
excellent visual indicator of the wound status, guiding medical personnel in selecting the

appropriate treatment for rapid and effective healing.

7. CONCLUSIONS AND PERSONAL CONTRIBUTIONS

The primary objective of this doctoral thesis was the development of modern
biopolymeric systems for topical application in the treatment and monitoring of acute skin
lesions of traumatic origin (soft tissue injuries) or thermal origin (burns). The designed

supports, based on one natural biopolymer (collagen) and two semi-synthetic biopolymers
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(methylcellulose and hydroxyethylcellulose), aimed to stimulate tissue regeneration, while
the incorporation of an anti-inflammatory agent, naproxen, contributed to the reduction of
inflammation and pain through its controlled release.

The experimental studies, structured in Chapters 4-6, were conducted in three main
stages. Chapter 4 focused on the preliminary selection of suitable grades and concentrations
(3-3.5%) of methylcellulose and hydroxyethylcellulose, based on the rheological
characterization of hydrogels. Subsequently, hydroxyethylcellulose hydrogels containing
various penetration enhancers (Transcutol® P, PEG 200, ethanol, and isopropanol) and
naproxen were formulated, exhibiting pseudoplastic and thixotropic rheological properties
that favored uniform cutaneous application and ensured adequate delivery of the anti-
inflammatory drug to the injured skin area, as demonstrated by two in vivo acute
inflammation models.

Chapter 5 presented the development of mixed collagen-MC / HEC hydrogels and
their lyophilized forms (spongious matrices). Analyses confirmed the preservation of the
native collagen structure for formulations containing up to 30% cellulose derivative gels,
with physicochemical characteristics suitable for use as dressings. All formulations were
biocompatible, supporting the viability of human dermal fibroblasts. Based on these
findings, collagen-HEC spongious matrices loaded with naproxen were designed and
optimized using Box—Behnken factorial design, response surface methodology, and the
Taguchi technique. The matrices exhibited biphasic drug release: an initial burst release
followed by controlled release over 24 hours, attributed to the formation of a host-guest
complex. When applied to burn-induced lesions in experimental animals, the optimized
spongy matrices facilitated wound healing by reducing inflammation and pain, while
promoting skin tissue regeneration.

In Chapter 6, pH-sensitive films incorporating collagen, HEC, naproxen, and phenol
red were developed. These films demonstrated favorable mechanical, wetting, swelling, and
enzymatic degradation properties, biphasic naproxen release, and a visual pH indicator
function (yellow-orange-fuchsia, pH 3-10), thus fulfilling both a diagnostic role (real-time
visual monitoring of post-burn wound status) and a therapeutic role (supporting the tissue
regeneration process).

Therefore, the personal experimental contributions of this thesis led to the
development of innovative biopolymeric supports capable of providing efficient

management of acute skin lesions of various etiologies.

16



SELECTIVE BIBLIOGRAPHY

1. Cao W, Xia D, Zhou L, Liu Y, Wang D, Liang C, Chen M. Antibacterial and
antioxidant wound dressings with pH responsive release properties accelerate chronic wound
healing. Materials Today Physics, 40, 101316, 2024.

2. Ghica MV, Dinu-Pirvu C, Popa L, Tudoroiu E-E, Ionescu D-G, Benga C-M,
Promising Hydrogels-Based Dressings for Optimal Treatment of Cutaneous Lesions. Popa
L, Ghica MV, Dinu-Pirvu C, Rijeka, 2022.

3. Moura LI, Dias AM, Carvalho E, de Sousa HC. Recent Advances On The
Development Of Wound Dressings For Diabetic Foot Ulcer Treatment-A Review. Acta
Biomater, 9, 7093-7114, 2013.

4, Kong DN, Zhang QC, You J, Cheng YY, Hong C, Chen ZH, Jiang T, Hao TH.
Adhesion loss mechanism based on carboxymethyl cellulose-filled hydrocolloid dressings
in physiological wounds environment. Carbohydrate Polymers, 235, 7, 2020.

5. Borandeh S, van Bochove B, Teotia A, Seppild J. Polymeric drug delivery systems
by additive manufacturing. Advanced Drug Delivery Reviews, 173, 349-373, 2021.

6. Zeng Q, Qi1 X, Shi G, Zhang M, Haick H. Wound Dressing: From Nanomaterials to
Diagnostic Dressings and Healing Evaluations. ACS Nano, 16, 1708-1733, 2022.

7. Metcalf DG, Haalboom M, Bowler PG, Gamerith C, Sigl E, Heinzle A, Burnet
MWM. Elevated wound fluid pH correlates with increased risk of wound infection. Wound
Medicine, 26, 100166, 2019.

8. Clark M, Alginates in Dressings and Wound Management. Rehm BHA, Moradali
ME, Berlin, 2018.

9. Ghica MV, Dinu-Pirvu C, Popa L, Tudoroiu E-E, Introductory Chapter: Hydrogels
in Comprehensive Overviews, Recent Trends on Their Broad Applications. Popa L, Ghica
MYV, Dinu-Pirvu C, Rijeka, 2022.

10.  Ghica MV, Albu MG, Popa L, Moisescu S. Response surface methodology and
Taguchi approach to assess the combined effect of formulation factors on minocycline
delivery from collagen sponges. Die Pharmazie-An International Journal of Pharmaceutical
Sciences, 68, 340-348, 2013.

11. Sionkowska A. Collagen blended with natural polymers: Recent advances and trends.

Progress in Polymer Science, 122, 101452, 2021.

17



12. Popa L, Ghica MV, Tudoroiu E-E, Ionescu D-G, Dinu-Pirvu C-E. Bacterial
Cellulose—A Remarkable Polymer as a Source for Biomaterials Tailoring. Materials, 15,
2022.

13. Tudoroiu E-E, Dinu-Pirvu C-E, Albu Kaya MG, Popa L, Anuta V, Prisada RM,
Ghica MV. An Overview of Cellulose Derivatives-Based Dressings for Wound-Healing
Management. Pharmaceuticals, 14, 1215, 2021.

14. Popa L, Elemente de metodologia cercetarii stiintifice in domeniul farmaceutic.
2012.
15. Ghica MV, Elemente fizico-chimice si biofarmaceutice ale sistemelor semisolide cu

actiune topica: aplicatii la hidrogeluri cu indometacin. Bucuresti, 2010.

16.  Bhardwaj H, Sahu RK, Jangde RK. Optimization and preparation of doxycycline-
loaded chitosan nanoparticles using Box-Behnken design for better diabetic wound healing.
Journal of Pharmaceutical Sciences, 114, 1035-1050, 2025.

17.  Khuri Al, Mukhopadhyay S. Response surface methodology. WIREs Computational
Statistics, 2, 128-149, 2010.

18. Abid S, Hussain T, Nazir A, Zahir A, Khenoussi N. Acetaminophen loaded
nanofibers as a potential contact layer for pain management in Burn wounds. Materials
Research Express, 5, 085017, 2018.

19.  Fatahian R, Erfani R. Characterization and Optimization of Electrospun PVA/PLA
Nanofibers Using Taguchi Method: Morphology and Structure. Journal of Electrostatics,
134, 104035, 2025.

20. Mitra A. The Taguchi method. WIREs Computational Statistics, 3, 472-480, 2011.
21. Ghica MV, Kaya MGA, Dinu-Pirvu CE, Lupuleasa D, Udeanu DI. Development,
Optimization and In Vitro/In Vivo Characterization of Collagen-Dextran Spongious Wound
Dressings Loaded with Flufenamic Acid. Molecules, 22,22, 2017.

22. Ghica MV, Popa L, Saramet G, Leca M, Lupuliasa D, Moisescu S. Optimization of
the pharmaceutical products and process design applying Taguchi quality engineering
principles. Farmacia, 59, 321-328, 2011.

23. Tudoroiu E-E, Ghica M-V, Albu-Kaya GM, Dinu-Pirvu CE, Popa L, Anuta V,
Velescu BS, Kaya DA, Marin MM, Prisada RM. Rheological Characterization of Some
Cellulose Derivatives-Based Hydrogels, 2022.

24, Ghica MV, Dinu-Pirvu CE, Popa L, Anuta V, Prisada R-M, Velescu BS, Tudoroiu
E-E; Oficiul de Stat pentru Inventii si Marci. Geluri cu naproxen pentru aplicare cutanata si

procedeu de obtinere a acestora, Patent Nr. RO138082A0, Romania, 2024.

18



25. Tudoroiu E-E, Albu Kaya MG, Titorencu I, Dinu-Pirvu CE, Marin MM, Rosca A-
M, Popa L, Anuta V, Antoniac A, Chelaru C, Kaya DA, Prisada RM, Ghica MV. Design and
evaluation of new wound dressings based on collagen-cellulose derivatives. Materials &
Design, 236, 112469, 2023.

26. Trevisol TC, Fritz ARM, de Souza S, Bierhalz ACK, Valle JAB. Alginate and
carboxymethyl cellulose in monolayer and bilayer films as wound dressings: Effect of the
polymer ratio. Journal of Applied Polymer Science, 136, 9, 2019.

27. Morgan A, Babu D, Reiz B, Whittal R, Suh LYK, Siraki AG. Caution for the routine
use of phenol red — It is more than just a pH indicator. Chemico-Biological Interactions, 310,
108739, 2019.

28. Tudoroiu E-E, Albu Kaya MG, Dinu-Pirvu CE, Popa L, Anuta V, Ignat M, Visileanu
E, Kaya DA, Prisada RM, Ghica MV, Development of Smart pH-Sensitive Collagen-
Hydroxyethylcellulose Films with Naproxen for Burn Wound Healing, Pharmaceuticals,
18(5), 689, 2025.

29. Osti E. Skin ph variations from the acute phase to re-epithelialization in burn patients
treated with new materials (burnshield®, semipermeable adhesive film, dermasilk®, and
hyalomatrix®). Non-invasive preliminary experimental clinical trial. Ann Burns Fire

Disasters, 21, 73-77, 2008.

19



LIST OF PUBLISHED SCIENTIFIC PAPERS

I. Articles Published in ISI Web of Science Clarivate-Indexed Journals, as First
Author
1. Tudoroiu EE, Albu Kaya MG, Dinu-Pirvu CE, Popa L, Anuta V, Ignat M, Visileanu
E, Kaya DA, Prisada RM, Ghica MV, Development of smart pH-sensitive collagen-
hydroxyethylcellulose films with naproxen for burn wound healing, Pharmaceuticals,
2025, 18(5), 689, FI - 4,8/2024, Q1, 1 citation WOS at 21.07.2025, Chapter 6, pag. 123-
141.
https://doi.org/10.3390/ph18050689
https://www.mdpi.com/1424-8247/18/5/689
2. Tudoroiu EE, Albu Kaya MG, Titorencu I, Dinu-Pirvu CE, Marin MM, Rosca AM,
Popa L, Anuta V, Antoniac A, Chelaru C, Kaya DA, Prisada RM, Ghica MV, Design and

evaluation of new wound dressings based on collagen-cellulose derivatives, Materials &
Design, 2023, 236, 112469, FI - 7,6/2023, Q1, 18 citations WOS at 21.07.2025, Chapter
5, pag. 59-85.

https://doi.org/10.1016/j.matdes.2023.112469,
https://www.sciencedirect.com/science/article/pi1/S0264127523008845

3. PopaL, Ghica MV, Tudoroiu EE, Ionescu DG, Dinu-Pirvu CE, Bacterial cellulose

- a remarkable polymer as a source for biomaterials tailoring, Materials, 2022, 15(3),
1054, FI - 3,4/2022, Q1, 66 citations WOS at 21.07.2025, Chapter 2, pag. 15.
https://doi.org/10.3390/ma15031054

https://www.mdpi.com/1996-1944/15/3/1054

4. Tudoroiu EE, Dinu-Pirvu CE, Albu Kaya MG, Popa L, Anuta V, Prisada RM, Ghica

MV, An overview of cellulose derivatives-based dressings for wound-healing
management, Pharmaceuticals, 2021, 14(12), 1215, FI - 5,215/2021, Q1, 106 citations at
21.07.2025, Chapter 1 (pag. 4-10) and Chapter 2 (pag. 18-27).
https://doi.org/10.3390/ph14121215

https://www.mdpi.com/1424-8247/14/12/1215

5. Tudoroiu EE, Albu Kaya MG, Dinu-Pirvu CE, Udeanu Denisa-loana, Popa L,
Anuta V, Marin MM, Kaya DA, Prisada RM, Ghica MV, Application of Experimental

Design in Developing Naproxen-Loaded Collagen/Hydroxyethylcellulose Spongious
Delivery Systems - article submitted for publication, Chapter 5, pag. 85-122.

20


https://doi.org/10.3390/ph18050689
https://www.mdpi.com/1424-8247/18/5/689
https://doi.org/10.1016/j.matdes.2023.112469
https://www.sciencedirect.com/science/article/pii/S0264127523008845
https://doi.org/10.3390/ma15031054
https://www.mdpi.com/1996-1944/15/3/1054
https://doi.org/10.3390/ph14121215
https://www.mdpi.com/1424-8247/14/12/1215

I1. Articles Published in Journals and Proceedings Volumes of Scientific Events
Indexed in International Databases (BDI), Other than ISI
1. Tudoroiu EE, Ghica MV, Albu Kaya MG, Dinu-Pirvu CE, Popa L, Anuta V,
Velescu BS, Kaya DA, Marin MM, Prisada RM, Rheological characterization of some
cellulose derivatives-based hydrogels, Proceedings of the 9 International Conference on
Advanced Materials and Systems (ICAMS), 2022, 235-240, 5 citations Google Scholar
at 21.07.2025, Chapter 4, pag. 34-43.
https://doi.org/10.24264/icams-2022.11.26

https://icams.ro/icamsresurse/2022/files/lucrari/II_biomaterials biotechnologies_26.pdf

II1. Book Chapters in Specialty Volumes
1. Ghica MV, Dinu-Pirvu CE, Popa L, Tudoroiu EE, Ionescu DG, Benga CM,
Promising hydrogels-based dressings for optimal treatment of cutaneous lesions, In:
Hydrogels - From tradition to innovative platforms with multiple applications, edited by
Lacramioara Popa, Mihaela Violeta Ghica, Cristina-Elena Dinu-Pirvu, InTechOpen
Publisher, London, UK, 2022, p. 9-29, Chapter 1, pag. 5.
https://doi.org/10.5772/intechopen.105825

https://www.intechopen.com/books/11130

2. PopalL, Ghica MV, Dinu-Pirvu CE, Tudoroiu EE, Introductory Chapter: Hydrogels

in comprehensive overviews, recent trends on their broad applications, In: Hydrogels -
From tradition to innovative platforms with multiple applications, edited by Lacramioara
Popa, Mihaela Violeta Ghica, Cristina-Elena Dinu-Pirvu, InTechOpen Publisher,
London, UK, 2023, p. 1-8, 3 citations Google Scholar at 21.07.2025, Chapter 2, pag. 15.
https://doi.org/10.5772/intechopen.108767

https://www.intechopen.com/books/11130

IV. Patent Application
1.  Ghica MV, Dinu-Pirvu CE, Popa L, Anuta V, Prisada RM, Velescu BS, Tudoroiu
EE, Naproxen gels for cutaneous application and preparation process, patent application
A /00639 from 31.10.2023, published in BOPI no. 4/2024, RO138082A0, Chapter 4, pag.
43-58.

21


https://doi.org/10.24264/icams-2022.II.26
https://icams.ro/icamsresurse/2022/files/lucrari/II_biomaterials_biotechnologies_26.pdf
https://doi.org/10.5772/intechopen.105825
https://www.intechopen.com/books/11130
https://doi.org/10.5772/intechopen.108767
https://www.intechopen.com/books/11130
https://worldwide.espacenet.com/patent/search?q=pn%3DRO138082A0

V. Studies Published as Abstracts in the Proceedings of Scientific Events

1. Tudoroiu EE, Ghica MV, Albu Kaya MG, Dinu-Pirvu CE, Popa L, Titorencu I,
Udeanu DI, Anuta V, Marin MM, Prisada RM, Design, evaluation and optimization of
new collagen-hydroxyethylcellulose wound dressings loaded with naproxen, oral
communication (L8) presented at Congressus Pharmaceuticus Hungaricus (CPH) XVII
and EUFEPS Annual Meeting, Debrecen, Hungary, 23-25 May 2024, abstract volume,
2024, p. 160-161.

https://clubservice-event.hu/pdf-egyeb/abstracts CPH2024.pdf

The paper was selected for participation in the Doctoral Students’ Competition within
the aforementioned Congress.

2. Tudoroiu EE, Ghica MV, Albu Kaya MG, Dinu-Pirvu CE, Popa L, Anuta V, Marin
MM, Antoniac A, Chelaru C, Prisada RM, Evaluation of the Compatibility of Collagen—
Methylcellulose Matrices Designed for Biomedical Applications, poster ppresentation (ID
925) presented at National Congress of Pharmacy of Romania (CNFR), XIX Edition, 27-
29 September 2023, abstract volume, 2023, p. 217, ISBN 978-606-075-203-5.
https://congresnationalfarmacie2023.ro/wp-content/uploads/2023/09/Volum-R ezumate-
Congres-CNFR-2023.pdf

The paper was awarded a Diploma of Excellence - Pharmaceutical Technology Section -
Perspectives in Optimizing Pharmaceutical Forms

3. Tudoroiu EE, Ghica MV, Dinu-Pirvu CE, Popa L, Albu Kaya MG, Anuta V, Prisada
RM, Velescu BS, Ortan AR, Analysis of in vitro release profiles and rheological
parameters for some naproxen-based topical semi-solid systems, oral communication
(L4) presented at International Conference on Rheology: Understanding the Viscoelastic
Behavior of Materials — Progress and Challenges (Online scientific event), lasi, Romania,
26 May 2022, abstract volume, 2022, p. A11-A12.

The paper was awarded with Romanian Society of Rheology Award.

22


https://clubservice-event.hu/pdf-egyeb/abstracts_CPH2024.pdf
https://congresnationalfarmacie2023.ro/wp-content/uploads/2023/09/Volum-Rezumate-Congres-CNFR-2023.pdf
https://congresnationalfarmacie2023.ro/wp-content/uploads/2023/09/Volum-Rezumate-Congres-CNFR-2023.pdf

