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Abstract

The implantation of bone substitutes is frequently accompanied by inflammation. To reduce
the inflammatory response and enhance cell adhesion, proliferation, and differentiation,
scaffolds are often loaded with anti-inflammatory drugs. In this study, cellulose and
cellulose/hydroxyapatite (1:1 by weight) scaffolds were developed. Structural analysis
using SEM and micro-computed tomography revealed that the morphology of the scaffolds
met the requirements for bone tissue engineering. The scaffolds were initially loaded
with dexamethasone sodium phosphate; however, the drug was released very rapidly. To
prolong its release, cationic groups were introduced into the cellulose macromolecules
by amination with 2-chloro-N,N-diethylethylamine hydrochloride in an alkaline medium.
Dexamethasone sodium phosphate was then immobilised on aminated cellulose and
aminated cellulose/HAp scaffolds at concentrations of 157 mg/g and 87 mg/g, respectively.
Due to ionic interactions between the cationic groups in the scaffolds and the anionic
groups of the drug molecules, drug release was effectively prolonged. After 24 h, only
about 6-7% of the drug had been released, with complete release occurring after 170 h. The
cationic groups in the scaffold framework facilitated the adsorption and sustained release
of dexamethasone sodium phosphate.

Keywords: cellulose-based scaffolds; cellulose cationization; dexamethasone; prolonged release

1. Introduction

Loss of bone tissue and bone defects may result from a variety of pathological and
physiological conditions, including osteoporosis, hormonal imbalances, chronic inflam-
matory processes, tumors (e.g., bone cancer), traumatic injuries, and prolonged physical
inactivity [1-3]. Nowadays, new possibilities have emerged for treating bone defects using
bone tissue engineering [4]. The development of three-dimensional (3D) scaffolds for bone
regeneration remains one of the major challenges in tissue engineering. Various materials
have been proposed for fabricating 3D scaffolds, with significant attention focused on
natural polymers. Cellulose serves as a valuable starting material for scaffold development
due to its advantages over synthetic polymers, such as biocompatibility, non-toxicity, hy-
drophilicity, and slow resorption in the body [5-7]. To enhance osteoconductive properties,
scaffolds are often prepared by combining cellulose with mineral components such as
hydroxyapatite (HAp), B-tricalcium phosphate (3-TCP), cuttlebone, and others [8,9]. These
mineral additives also enhance the mechanical properties of the scaffolds.
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The implantation of bone substitutes is frequently accompanied by inflammation.
Much attention has been given to enhancing scaffold functionality by loading them with
drugs or other active compounds. To prevent inflammation and stimulate cell adhesion,
proliferation, and differentiation, anti-inflammatory drugs are often immobilized within 3D
scaffolds. These drugs include ketoprofen, ibuprofen, diclofenac sodium salt, dexametha-
sone sodium phosphate, as well as growth factors and other bioactive compounds [10-18].

Dexamethasone is a synthetic glucocorticoid that promotes the differentiation of os-
teogenic cells. It belongs to the group of immunosuppressants and anti-inflammatory
drugs [19]. Due to these properties, it is one of the most commonly used drugs in tis-
sue regeneration. Additionally, it has analgesic, anti-allergic, and immunosuppressive
effects. Dexamethasone is used to treat autoimmune and rheumatological diseases and, in
combination with antibiotics, for severe infectious diseases, certain types of cancer, and
inflammatory eye conditions. It is also commonly used as an immunosuppressant after
organ or stem cell transplantation. High doses of dexamethasone (e.g., 4 mg/kg/day) can
prevent organ rejection and avoid bone marrow toxicity. Dexamethasone stimulates the
expression of biochemical markers of bone metabolism, such as bone alkaline phosphatase
activity and osteocalcin [16]. Dexamethasone sodium phosphate is also used in tissue
engineering. Notably, 1.3 g of dexamethasone sodium phosphate is equivalent to 1 g of
dexamethasone [19].

Due to their biodegradability within the body, biodegradable synthetic polymers
such as poly(lactic acid) (PLLA), poly(lactic-co-glycolic acid) (PLGA), and their composites
with other polymers are commonly used to fabricate resorbable scaffolds for bone tissue
engineering using different methods, such as electrospinning, spray drying, solid-particle
leaching, 3D printing and others. Dexamethasone is frequently immobilized within such
scaffolds. The drug loading content and release rate typically depend on the nature of the
scaffold used and the method of its preparation. Achieving a controlled and sustained
drug release rate in physiological media remains one of the major challenges. The aim is to
ensure an even release of the drug over approximately 4-7 days.

Vacanti et al. [14] immobilized dexamethasone onto PLLA or polycaprolactone (PCL)
fibers produced via the electrospinning method. The diameter of the fibers without dexam-
ethasone was 1 um, whereas with dexamethasone, it increased to 2 um. It was found that
dexamethasone was released from PLLA fibers within one month. In contrast, drug release
from PCL fibers occurred much faster, with nearly 50% released within the first 20 min and
complete release achieved within 90 min. In vitro studies with mesenchymal stem cells con-
firmed that cell adhesion and proliferation occurred within the fibrous scaffolds. Similarly,
Lee et al. [15] produced fiber-like scaffolds with immobilized dexamethasone using the
electrospinning method only from PLGA. In vitro studies with adipose-derived stem cells
confirmed the cytotolerance of PLGA and PLGA fibers containing dexamethasone. It was
observed that the release of dexamethasone from PLGA fibers promoted the osteogenic
differentiation of adipose-derived stem cells. Moreover, the influence of dexamethasone
concentration on cell differentiation was evaluated, revealing that at a concentration of 10%,
cell differentiation occurred faster than at lower concentrations. The researchers found that
dexamethasone was completely released from PLGA fibers within 14 days.

Tang et al. [16] used spray drying to form PLLA-PEG dexamethasone microcapsules
(approximately 1.22 um in diameter) and immobilized them onto a porous PLGA scaffold.
Their findings indicated that the PLGA scaffold with PLLA-PEG microcapsules was able to
absorb a higher amount of dexamethasone (3 mg/g) compared to the PLGA scaffold alone
(1.2 mg/g). The use of microcapsules was shown to prolong drug release from the scaffolds.

Kim et al. [17] formulated a PLGA scaffold containing dexamethasone using the
solid-particle leaching method. When studying drug release kinetics, it was found that
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dexamethasone was released from the scaffold over four weeks, with the maximum amount
released within the first four days. Additionally, in vitro studies with mesenchymal stem
cells demonstrated that dexamethasone promotes cell attachment and proliferation. Yoon
et al. [20] developed a biodegradable PLGA scaffold for dexamethasone immobilization
using a combined gas foaming and solid-particle leaching method. The kinetics of dexam-
ethasone release from the PLGA scaffold revealed that the drug was completely released
within 30 days. Furthermore, in vitro studies with smooth muscle cells showed that the
scaffold with immobilized dexamethasone supported cell proliferation. Majrashi et al. [21]
successfully achieved the sustained release of dexamethasone from 3D-printed PCL scaf-
folds by adding the excipient sucrose acetate isobutyrate. Dexamethasone was released
over 35 days in the 17-163 nM range.

Li et al. [22] prepared PLLA /PEG/nHAp composite scaffolds with dexamethasone
using 3D printing and evaluated them both in vitro and in vivo. In vitro experiments with
mouse MC3T3-E1 cells indicated that drug release improved late alkaline phosphatase
secretion and mineralization, although it did not enhance early cell proliferation. Dexam-
ethasone release also suppressed lipopolysaccharide-induced interleukin-6 and inducible
nitric oxide synthase secretion by M1 macrophages. In vivo experiments on rat calvarial
defects indicated that scaffolds containing dexamethasone promoted osteoinduction and
osteogenic response.

There are very few studies on the immobilization of dexamethasone into cellulose-
based scaffolds. Tsiapla et al. [23] loaded dexamethasone into cellulose acetate scaffolds
fabricated through electrospinning. The release of dexamethasone from the scaffolds
exhibited a biphasic pattern, with an initial burst on the first day, releasing 11.6% of the
drug. The second stage was much slower and extended up to six months. According to
the authors, drug release occurred through the melting of cellulose acetate fibers. Sakar
et al. [24] synthesized carboxymethylcellulose/HAp nanocomposites with dexamethasone
as a local drug delivery system for bone tissue engineering. The process involved several
steps, starting with the preparation of in situ dexamethasone-encapsulated metal-organic
frameworks, which were ultrasonically dispersed in water. This dispersion was then
added dropwise to a carboxymethylcellulose/HAp slurry. The resulting three-dimensional
nanocomposite was obtained by drying the dispersion in an oven at 55 °C. It was found
that dexamethasone was released very slowly, sustaining release for four weeks.

In all of the aforementioned works, dexamethasone was inserted or encapsulated
in polymer matrices without any bound to the matrix and its release depended on the
rate of diffusion from the matrix. In order to obtain prolonged dexamethasone release,
various additives or methods have been used. This work describes the immobilization of
dexamethasone into three-dimensional cellulose/HAp scaffolds. Cellulose, due to its high
content of OH groups, offers new possibilities for retaining dexamethasone in its matrix. By
introducing appropriate functional groups into cellulose, dexamethasone can be absorbed
by ionic interaction. The aim of this work is to introduce cationic groups into the cellulose
and develop cellulose/HAp scaffolds with a prolonged and sustained dexamethasone
release profile.

2. Results and Discussion
2.1. Cellulose and Cellulose/HAp Scaffolds and Their Structure

The scaffolds were produced by lyophilization of porous cellulose hydrogels, the
preparation and properties of which are described in detail in reference [25]. The hydrogels
were obtained using a novel method involving the saponification of cellulose esters and the
promotion of conditions favorable for the formation of new inter- and intramolecular bonds.
These hydrogels were found to possess excellent mechanical properties, with a Young’s
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modulus reaching up to 43 MPa. Structurally, they belong to the cellulose II modification
and exhibit a semi-crystalline nature, with a crystallinity index ranging from 43% to 45%.
Inverse size exclusion chromatography revealed that the hydrogels have high porosity, with
pores accessible to macromolecules as large as 4 x 10° Da. To preserve this high porosity,
aerogels were prepared following the methodology outlined in Section 2.3. According
to this procedure, the hydrogels were first immersed in a 20% ethyl alcohol solution and
subsequently freeze-dried. Suitability of the obtained aerogels for bone tissue engineering
has been previously confirmed by in vitro and in vivo tests [26].

It is well known that the morphology of a scaffold significantly influences the efficiency
of bone tissue regeneration [27-31]. Studies have shown that a minimum pore size of
100 um is required for successful bone regeneration [32]. Pores smaller than this can
lead to the overgrowth of soft tissue, leaving insufficient space for hard tissue formation.
Furthermore, bone regeneration cannot occur without a functional vascular network, as
the circulatory system is essential for delivering nutrients to cells and removing metabolic
waste. Mineral components necessary for bone formation are also transported via the
bloodstream. Therefore, the formation of new blood vessels (angiogenesis) within the
scaffold is crucial. Given the importance of angiogenesis, most researchers recommend
that scaffold pores be larger than 350 pm but not exceed 1000 pm, with an ideal pore size of
up to 700 pum [28,32]. Excessively large pores are undesirable, as they reduce the scaffold’s
surface area, leading to lower cell adhesion and diminished mechanical properties [29].
Additionally, the pores must be interconnected to ensure adequate diffusion of nutrients
and waste products, as well as to support vascular network formation [30]. Only 3D
scaffolds made from metal alloys may be an exception, as they exhibit excellent mechanical
properties even with pores larger than 1000 pm [31]. It is important to note that despite their
mechanical strength, metal alloy scaffolds are hydrophobic, have poor biocompatibility,
often cause inflammation in surrounding tissues, and may trigger immune rejection.

In this study, cellulose composites with HAp, the main inorganic component of natural
bone, were fabricated. The inorganic phase comprised 50% of the composite by weight. To
create porous scaffolds with morphology suitable for bone regeneration, the lyophilization
method was used. Scanning electron microscopy (SEM) images of the fabricated scaffolds
are shown in Figure 1.
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Figure 1. SEM images: (a) cellulose scaffold; (b) cellulose/HAp scaffold (x 100 magnification).

The micrographs in Figure 1 show that both the cellulose scaffold (control sample)
(Figure 1a) and the composite containing HAp (Figure 1b) are porous. However, the pore
size in the HAp-containing scaffold is smaller. In both the cellulose and cellulose/HAp
scaffolds, the pores are asymmetric but evenly distributed.
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Figures 2 and 3 present representative 2D and 3D images of the cellulose and cellu-
lose/HAp scaffolds obtained via micro-computed tomography (microCT), highlighting
their porous structures. The 2D images (Figure 2) clearly demonstrate that the scaffold
morphology changes upon the addition of HAp particles. Not only are the pore sizes
affected, but also the thickness and arrangement of the polymeric framework.

Figure 2. Two-dimensional slices of microCT images of cellulose (a); cellulose/HAp scaffolds (b).
Scaffolds scanned in xy plane.

@ _ (b)

1.0 mm 1.0 mm

Figure 3. Three-dimensional microCT images of cellulose (a); cellulose/HAp scaffolds (b).

Three-dimensional microCT images of the scaffolds are shown in Figure 3. Structural
parameters were identified through 3D analysis, revealing an interconnected porous archi-
tecture. The calculated parameters include the framework volume fraction (Xv), porosity
(P), specific surface area (SS), mean fiber thickness (L), and mean pore diameter (D) across
the entire scaffold volume. These results are summarized in Table 1.

Table 1. Structural parameters of the scaffolds.

Structural Parameters
Xy, % P, % SS, mm1 L, um D, um
Cellulose scaffold 25+1 75+1 15+2 210 +26 750 + 68
Cellulose /HAp scaffold 28 +1 72+ 2 19+1 120 =10 490 +94

Sample

The data in Table 1 indicate that the pure cellulose scaffold, with a lower framework
volume fraction, has higher porosity compared to the cellulose/HAp composite. The
cellulose scaffold also features the largest pores (750 £ 68 um), which explains its lower
specific surface area relative to the composite. The pore size distribution histogram for
the cellulose scaffold (Figure 4a) shows the presence of very large pores (up to 1440 um),
contributing to this high average. In contrast, the cellulose/HAp composite scaffold
consists of thinner polymeric fibers with a higher density per millimeter and smaller pores
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(mean diameter: 490 um). This structural configuration yields a higher specific surface area
despite the lower overall porosity (Table 1).
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Figure 4. Pore size distribution in cellulose (a) and cellulose/HAp (b) scaffolds.

The histogram in Figure 4b shows that only a small fraction of pores in the cellu-
lose/HAp composite exceed 1000 pm in diameter—reaching up to 1090 pum and represent-
ing just 1% of the total. Compared to the cellulose scaffold, the cellulose/HAp composite
has a higher proportion of pores below 300 um (approximately 16% vs. 3%). Pore size
distribution (Table 2) analysis revealed that in the cellulose/HAp composite, pores ranging
from 300 to 700 pm—considered optimal for supporting tissue regeneration—constitute
approximately 73% of the total, whereas in the pure cellulose scaffold, this range accounts
for only 35%. Notably, pores in the 700-1000 um range comprise 50% of all pores in the
cellulose scaffold, compared to just 10% in the composite.

Table 2. Pore size distribution in the scaffolds.

Pore Size, um Pores, %
Cellulose Scaffold Cellulose/HAp Scaffold
>10 <300 3 16
>300 <400 4 14
>400 <500 7 22
>500 <600 10 22
>600 <700 14 15
>700 <800 18 7
>800 <900 18 2
>900 <1000 14 1
>1000 <1100 1
>1100 <1500 0

Overall, the morphology of the prepared scaffolds satisfies the requirements for materials
used in bone defect repair, as they provide space for cells to synthesize and mineralize collagen.

2.2. Loading of Dexamethasone Sodium Phosphate into the Scaffolds and Its Release

To improve cell adhesion, proliferation, differentiation, and reduce the inflammatory
response, dexamethasone sodium phosphate (Figure 5) was loaded into the fabricated 3D
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scaffolds. To fill all pores, the scaffolds were kept in dexamethasone sodium phosphate
solution, then frozen and lyophilised. It was found that 44 mg/g and 21 mg/g of the drug
were loaded into cellulose and cellulose/HAp scaffolds, respectively.
O\‘ /07 Na+

rP\
o O Na*
~OH
11CH3

Figure 5. Chemical structure of dexamethasone sodium phosphate.

The in vitro release kinetics of dexamethasone sodium phosphate from the cellulose
and cellulose/HAp scaffolds show an initial burst release of the anti-inflammatory drug,
which then slows down over time (Figure 6). Within just 0.5 h, approximately 81% of the
drug is released, reaching 100% release after 10 h.

100 -

40 7

Amount of released drug (%)

20 A

0 T T T T 1
0 2 4 6 8 10

Time (hours)

Figure 6. Release kinetics of dexamethasone sodium phosphate from the scaffolds: 1—cellulose;
2—cellulose/HAp composite.

According to literature data [19], for optimal therapeutic effect, the anti-inflammatory
drug should be released from the scaffold within four days when implanted at the site of a
bone defect. Therefore, the produced composites are not suitable for extended drug release
applications. This rapid release rate suggests that the drug molecules are in free form or
adsorbed onto the scaffold surface by weak physical bonds.

2.3. Amination of the Scaffolds and Their Properties

To prolong the release of dexamethasone sodium phosphate from the scaffolds, cationic
groups were introduced into the cellulose macromolecules via an amination reaction, as
shown in the scheme (Figure 7). Amination was performed on cellulose gel and cellulose
composites with HAp in the wet state; afterward, the gels were lyophilized.

The results of elemental analysis indicate that the nitrogen content in the aminated
cellulose and cellulose/HAp scaffold frameworks reaches 0.72% and 0.5%, respectively.
The lower nitrogen content in the composite is attributed to the reduced cellulose fraction
in the sample. SEM-EDS mapping (Figure 8) confirms the presence and distribution of
nitrogen throughout the scaffold. The SEM-EDS image of aminated cellulose (Figure 8b)
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reveals the highest nitrogen content, whereas a reduced amount is observed in the aminated
cellulose/HAp composite scaffold (Figure 8c). These images validate that the amination
occurred throughout the entire scaffold volume.

HO RO
(Of o =
HO o O CIDEAE-HCI RO o of
-
0@ NaOH lol® A
OH OH OR
-0 OH —0 OR

L = - ='n
R=H, CH,CH,N(C;Hs),

Figure 7. Scheme of cellulose amination.

MAG: 250 x HV: 10.0 k¥ WO: 10.0 mm

Figure 8. SEM-EDS images of the scaffolds: cellulose (a); aminated cellulose (b); aminated cellu-
lose/HAp (c); (x250 magnification). Green colour indicates nitrogen.

Mechanical stability is one of the most important factors limiting the practical applica-
tion of any scaffold as a bone substitute. The compressive strength of a scaffold reflects its
ability to withstand various loads without breaking down, which is especially important
for bones. After testing the scaffolds, the Young’s modulus was found to be 5 MPa and
8 MPa for the aminated cellulose and aminated cellulose/HAp scaffolds, respectively. The
data indicate that the cellulose scaffold without HAp exhibits lower compression resis-
tance. The cellulose scaffold is strengthened by the immobilization of HAp particles within
it. Compared to scaffolds made from synthetic polymers such as PLLA, PLGA, PCL, or
their composites, the cellulose-based scaffolds are weaker. This is due to the very high
porosity of the cellulose-based scaffolds and their thin polymeric framework. Interestingly,
the cellulose hydrogel—the initial material for the scaffolds—is much stronger than the
resulting scaffolds. The Young’s modulus of the hydrogels was found to be 41-43 MPa [25].
Considering the mechanical characteristics of the cellulose-based scaffolds, they are suitable
for repairing bones that are not heavily loaded, for example, the bones of the skull.

2.4. Immobilization of Dexamethasone Sodium Phosphate into the Aminated Scaffolds and
Its Release

Dexamethasone sodium phosphate was immobilised into aminated cellulose and ami-
nated cellulose/HAp scaffolds at 157 mg/g and 87 mg/g of drug, respectively. Converted
to the volume of the frame, this corresponds to 25.5 mg/cm? and 19.8 mg/cm® respectively.
A smaller amount of loaded drug in the aminated cellulose/HAp composite is influenced
by a lower concentration of cationic groups in it.

The release kinetics of dexamethasone sodium phosphate in vitro from the cellulose
and cellulose/HAp scaffolds show an initial even release of the anti-inflammatory drug
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up to 50 h, which later accelerates (Figure 9). The results show that the release of the anti-
inflammatory drug is very similar from both the aminated scaffolds (Figure 9). After 24 h,
about 6-7% of the drug is released, and complete release occurs only after 170 h. In contrast,
almost complete release of dexamethasone sodium phosphate from the non-aminated
cellulose scaffold occurs during 0.5 h (Figure 6).

60
50 1
40 4
30 1

201

Drug release (%)

10 1

O T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 S0 100
Time (hours)

Figure 9. Dexamethasone sodium phosphate release from: I—aminated cellulose scaffold, 2—aminated
cellulose/HAp scaffold.

The prolonged release of dexamethasone sodium phosphate from aminated samples
is due to the ionic interaction between cationic groups in the scaffolds and anionic groups
in the drug molecules. In a physiological environment, due to ion exchange, the drug
molecules are released from the framework.

3. Materials and Methods
3.1. Materials

Cellulose diacetate (degree of substitution: 2.4; 55% bound acetic acid) was kindly
provided by DP Acetate Co., Kaunas, Lithuania. Aqueous ammonia (25%, chemically pure
grade; CAS No. 1336-21-6) was purchased from Stanlab, Poland. Nano-hydroxyapatite
(<200 nm particle size (BET), >97%, synthetic; CAS No.12167-74-7), dexamethasone sodium
phosphate (>98% purity; CAS No.2392-39-4), 2-chloro-N,N-diethylethylamine hydrochlo-
ride (99%; CAS No.869-24-9), and all other chemicals were purchased from Sigma-Aldrich
Co., Schnelldorf, Germany. All chemicals were used without any further purification.

3.2. Preparation of Cellulose and Cellulose/HAp Gels

Cellulose gels were prepared according to the method described in [25]. Briefly,
cellulose diacetate (CDA) was dissolved in acetone. Then, aqueous ammonia was gradually
poured in. After thorough mixing, the polymer solution was placed in a tightly sealed
container at room temperature for 10 days. During the hydrolysis reaction of acetyl
groups, the polymer gradually lost its solubility, forming a three-dimensional network. The
resulting gel was washed with water to a neutral pH of 7.

The gels with hydroxyapatite (HAp) additives were obtained by adding an appropriate
amount of HAp into the CDA solution in acetone. Further procedures were the same as
those for preparing cellulose gels without HAp.

3.3. Preparation of Cellulose and Cellulose/HAp Scaffolds

Cylindrical samples (16 mm in diameter, 10 mm in height) of the cellulose gels were
soaked in 20% ethyl alcohol and cooled at —25 °C. The samples were then dried using a
freeze-drying technique, ALPHA 24 LSC (Martin Christ Gefriertrocknungsanlagen GmbH,
Hamburg, Germany), for 24 h.
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3.4. Micro-Computed Tomography

The micro-computed tomography (micro-CT) analysis of cellulose and cellulose/HAp
was performed using a pCT40 system (Scanco Medical AG, Brtittisellen, Switzerland). A
scaffold sample in the form of a cylinder with a diameter of 10 mm and a height of 8 mm was
scanned using the following parameters: 45 kVp energy, 600 ms integration time, 2x frame
averaging, and a nominal resolution of 10 pm. To reduce image noise, the data were filtered
using a constrained 3D Gaussian filter (o = 0.8, support = 1). Both 2D and 3D images were
reconstructed using software provided by the manufacturer. Quantitative evaluation of
structural parameters of the scaffolds was conducted using Scanco 6.0 evaluation software.

3.5. Scanning Electron Microscopy and Electron Dispersive Spectroscopy

The morphology of cellulose and cellulose/HAp scaffolds was studied using a high-
resolution scanning electron microscope Quanta 200 FEG (FEI, Eindhoven, The Nether-
lands), equipped with a Schottky-type electron gun. Images were captured at 100x mag-
nification. The elemental composition of the scaffolds and the distribution of nitrogen
atoms within the scaffolds were analyzed using an energy dispersive X-ray spectrometer,
X-Flash 4030 (Bruker AXS Microanalysis GmbH, Hamburg, Germany), integrated into the
microscope.

3.6. Preparation of the Scaffolds with Amino Groups

Cellulose was aminated with 2-chloro-N,N-diethylethylamine hydrochloride (CIDEAE-HCI)
in an alkaline medium. Samples (wet gel) were immersed in the prepared solution at con-
stant weight ratios: CIDEAE-HCl/cellulose = 0.25 and NaOH/CIDEAE-HCI = 0.32. A
total of 0.001 g of NaBH,4 was added. The reaction was carried out for 1 h with continu-
ous stirring at 50 °C. After the reaction, the obtained product was washed with distilled
water until neutral. The aminated samples were included in 20% ethyl alcohol, cooled at
—25 °C, and lyophilized using a freeze-drying technique, ALPHA 2—4 LSC (Martin Christ
Gefriertrocknungsanlagen GmbH, Hamburg, Germany), for 24 h.

The nitrogen content in aminated cellulose scaffolds and composites was determined
by the titrimetric Kjeldahl method [33]. Dry aminated cellulose or cellulose/HAp composite
samples (about 0.1 g, weighed with an accuracy of 0.0001 g) were burned in concentrated
sulfuric acid in the presence of a catalyst (weight ratio SeO,:anhydrous CuSO4:K;SO, =
1:2:18). Ammonia was distilled off with steam using a Parnas—Wagner apparatus into a
flask containing a known volume of 0.005 M H,SOy4 solution. After that, the contents of the
flask were titrated with a 0.01 M NaOH solution. During titration, the indicator changed
the color of the solution from purple to green.

The amount of nitrogen, expressed as a percentage by weight, was calculated using
the following formula:

(Vi — V) -0.014
7
where V{—the volume of 0.005 M H,SOy4, mL; V,—the volume of 0.01 M NaOH consumed

for the titration, mL; m—the weight of the sample, g.

N = Yo

3.7. Loading the Scaffolds with Dexamethasone Sodium Phosphate

Cellulose scaffolds (approximately 0.2 g) were immersed in 10 mL of 6 mg/mL dex-
amethasone sodium phosphate solution and stored for 24 h. Samples loaded with anti-
inflammatory drug were first frozen for 24 h at —25 °C and then freeze-dried using a
freeze-drying technique, ALPHA 24 LSC (Martin Christ Gefriertrocknungsanlagen GmbH,
Hamburg, Germany), for 24 h.



Molecules 2025, 30, 2760

11 0f 13

3.8. Evaluation of Dexamethasone Sodium Phosphate Release

Samples loaded with dexamethasone sodium phosphate were placed in 20 mL of 0.9%
NaCl solution. At specified time intervals, 200 uL samples were collected and diluted with
saline to a final volume of 20 mL. The concentration of dexamethasone sodium phosphate
was determined using ultra-high-performance liquid chromatograph Shimadzu Nexera™
(Shimadzu Corporation, Kyoto, Japan). A reversed-phase chromatography column (C18,
150 mm in length and 4.6 mm in internal diameter) was used for the analysis. The sorbent
particle size was 5 pm. The mobile phase consisted of a 1:1 (v/v) mixture of acetonitrile
and water, with a flow rate of 1 mL/min. The injected sample volume was 10 pL. Detection
was performed using a photodiode array (PDA) detector at 254 nm. In the chromatogram,
the peak at 2.318 min corresponds to dexamethasone sodium phosphate [15]. A calibration
graph was created (Figure 10), showing the relationship between peak area and dexam-
ethasone sodium phosphate concentration. Based on this graph, the concentration of the
anti-inflammatory drug was calculated.

7
6
S5
&
gy
>
23
g2 y=32.152x +0.0126
< . R2=0.9999
0

0 0025 005 0075 01 0125 015 0175 0.2

Concentration of dexamethasone sodium
phosphate (mg/mL)

Figure 10. Dexamethasone sodium phosphate calibration graph.

3.9. Mechanical Properties

The compressive strength of the cellulose scaffolds was determined using a universal
testing machine (H25KT, Tinius Olsen, Redhill, UK). Samples (15 mm in diameter, 5 mm
in height) were subjected to a load of 5000 N at a test speed of 1 mm/min. The Young’s
modulus was calculated from the stress—strain curve.

4. Conclusions

In this study, novel, highly porous cellulose/HAp composite scaffolds with immobi-
lized dexamethasone were successfully developed for potential application in bone tissue
engineering. To enhance dexamethasone adsorption and prolong its release, cationic groups
were introduced into the cellulose macromolecules through amination with 2-chloro-N,N-
diethylethylamine hydrochloride. This strategy enabled effective immobilization of dexam-
ethasone sodium phosphate via ionic interactions, facilitating efficient drug loading within
the 3D scaffold structure and allowing for controlled delivery of the anti-inflammatory
agent. The aminated scaffolds exhibited a sustained drug release profile, with approxi-
mately 6% of the drug released within the first 24 h and complete release occurring after
170 h. In contrast, nearly complete release of dexamethasone sodium phosphate from the
non-aminated scaffolds occurred within just 0.5 h. These findings suggest that the proposed
aminated cellulose/HAp composite scaffolds hold strong potential for the localized and
sustained delivery of bioactive compounds in bone repair applications.
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