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ABSTRACT

Fabricated drug-loaded hydrogels are versatile biomaterials with significant
applications in bone tissue engineering, capable of mimicking the natural
extracellular matrix (ECM) and providing controlled drug delivery essential
for promoting bone regeneration and repair. This study developed a hydrogel
biocomposite from natural biomaterials including gelatin, sodium alginate,
and methylcellulose, combined with nanocarriers loaded with alpha-
lipoic acid (ALA) and icariin to enhance bone tissue regeneration. The
optimal hydrogel biocomposite composition consisted of methylcellulose
(4%), gelatin (12%), and sodium alginate (6%), demonstrating adequate
viscosity, controlled extrusion, shape retention, and enhanced mechanical
stability, with 0.5% graphene oxide incorporation significantly improving
the moduli G/G”, complex viscosity, and viscoelastic properties. ALA-
loaded TPGs micelles exhibited spherical nanoparticles (20-40 nm
diameter), -1.9 mV surface charge, 70% encapsulation efficiency, sustained
48-hour release (85.9+2.5%), and 85% hMSCs cell viability at 6.25-12.5%
concentration, while icariin-loaded PLGA nanoparticles showed spherical
morphology (469.1 nm diameter, 0.234 PDI), -1.2 mV surface charge,
7.0+0.4% drug loading content, sustained seven-day release (74.8+1.7%),
and high cell viability (89.7-99.05%) at tested concentrations. The optimal
size distribution, favorable surface charge, and sustained drug release
profiles of both nano-formulations demonstrate their appropriateness
for bone tissue engineering applications, confirming that the fabricated
hydrogel composite with drug-loaded nanocarriers provides an effective
platform for targeted, prolonged delivery of osteo-regenerative agents,
enhancing bone regeneration and repair.
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INTRODUCTION

Drug-loaded fabricated hydrogels biocomposite
are considered as promising multifaceted
platforms integrating biological signals, structural
support, and controlled therapeutic delivery to
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hasten and boost the repair of bone defects [1-4].
These biocomposite formulations have numerous
applications such as a) localized drug delivery like
growth factors [1], antibiotics, anti-inflammatory
drugs [5, 6], angiogenic factors [7], b) scaffolds for
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encapsulation and drug delivery, c) filling irregular
bone defects [8], d) controlled release kinetics,
and e) responsive drug delivery [9].

Hydrogel scaffolds synthesized for tissue
engineering purposes are classically categorized
with regard to their composition into three
groups: natural, synthetic [10], and hybrid [9].
Natural hydrogels (gelatin, collagen, or alginate)
are extremely biocompatible and imitate the
native extracellular matrix (ECM) in vivo. Synthetic
hydrogels (poly (lactic-co-glycolic acid) (PLGA)
or polyethylene glycol (PEG)) display fined
-tuned mechanical properties accompanied with
foreseeable rates of biodegradation. Combined
features of synthetic and natural hydrogels were
integrated in the last hydrogel type namely
hybrid hydrogels to compromise between the
biological and mechanical properties. Graphene
oxide (GO) is broadly combined with hydrogels
to synthesize biocomposite materials with
meaningfully boosted biological, mechanical, and
stability properties. Meanwhile, GO-incorporated
hydrogels biocomposite show bioactive surface,
promoting cell adhesion, cell proliferation, and
cell differentiation. The consequential GO- based
hydrogel biocomposites are extremely appropriate
and well-copied with numerous tissue engineering
applications, particularly in bone regeneration
[11-13].

The amphiphilic polymer D-a-tocopheryl
polyethylene glycol 1000 succinate forms the TPGs
nanocarriers. These anaocarriers are chacterized
with excellent bioompatability and good capability
to generate stable micelles. Consequently, they are
being exploited as efficient drug delivery systems
[7]. The universal antioxidant, antiinflammatory,
and free radical neutralizer a-lipoic acid (ALA),
in both aquious and lipoic environments, display
significant therapeutic potential, mostly in
handling conditions such as diabetic neuropathy
[14]. Despite its high therapeutic potential, low
bioavaialbility and poor aquoeus solubility halt
its usage. Hence, ALA-loaded TPGS nanocarriers
are considered a gold solution to overcome
these undesired criteria. The encapsultion
of ALA within TPGs would result in high ALA
laoding capacity, prolonged drug release with a
high guaranteed of arrival to the target site, and
boosted antioxidant ALA in numerous applications
particualry tissue regernation [15]. Despite the
promising osteoinductive properties of icariin, a
natural flavonoid of plant origin, its poor solubility
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in aqueous environment and low bioavailability
greatly restrict its exploitation in the medical
field. This would necessitate the indispensable
need to encapsulate icariin in excellent drug
nanocarriers-based sytsems like poly(lactic-
co-glycolic acid) (PLGA). The encapsulation of
icariin within PLGA nanocarriers would add
valuable properties to icariin such as sustained
release, improved solubility, boosted stability,
and improved targeted therapeutic efficacy. As a
consequence, the well-controlled icariin delivery
would reinforce bone regeneration and enhance
osteogenic differentiation [16, 17]. In this context,
the goal of the present study is to fabricate and
characterize graphene oxide-reinforced hydrogel
biocomposite loaded with a-lipoic acid and icariin-
based nanocarriers. This work is regarded as a pilot
preparative study for conducting a scaffold 3D
bioprinting for bone tissue engineering purposes
in a prospective study.

MATERIALS AND METHODS
Materials and reagents

The following materials were used: dialysis bags
(14 kDa and 12 kDa cut-off, Sigma-Aldrich), icariin
(98% purity, China), D-a-tocopherol polyethylene
glycol 1000 succinate (TPGS, BASF), absolute
ethanol  (HPLC-grade, Merck), acetonitrile
(HPLC-grade, Merck), acetic acid (glacial, Sigma-
Aldrich), deionized water (DI, Milli-Q), phosphate-
buffered saline (PBS, pH 7.4, Gibco), Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco),
gelatin (Type A, 300 bloom, Sigma-Aldrich),
collagenase IV (Gibco), a-lipoic acid (ALA, 299%,
Sigma-Aldrich), fetal bovine serum (FBS, Gibco),
penicillin-streptomycin (10,000 U/mL, Gibco),
Sudan Black solution (SB, Sigma-Aldrich), 2.5%
glutaraldehyde solution (Electron Microscopy
Sciences), 10% neutral buffered formalin (Sigma-
Aldrich), hexamethyldisilazane (HMDS, Sigma-
Aldrich), 0.1% Triton X-100 (Sigma-Aldrich), 8%
FBS solution (prepared from Gibco FBS), Alexa
Fluor 488 (Thermo Fisher Scientific), Alamar
Blue reagent (Thermo Fisher Scientific), Alkaline
Phosphatase Kit (ALP, Sigma-Aldrich), Tween 20
(Sigma-Aldrich), primers for osteocalcin (OCN),
runt-related transcription factor 2 (RUNX2),
and osteopontin  (OPN) (custom-synthesized,
Integrated DNA Technologies), Trizol reagent
(Invitrogen), HieffTM gPCR SYBR Green Master Mix
Kit (Yeasen), MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Sigma-Aldrich),
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isopropanol (HPLC-grade, Merck), sodium citrate
monobasic  (Sigma-Aldrich), glycerol (Sigma-
Aldrich), methylcellulose (MC, 4000 cP, Sigma-
Aldrich), sodium alginate (medium viscosity,
Sigma-Aldrich), graphene oxide (GO, 2 mg/mL
dispersion, Graphene), poly(lactic-co-glycolic acid)
(PLGA, MW 24,000-38,000 Da, 50:50 lactide:
glycolide, Sigma-Aldrich), and poly(vinyl alcohol)
(PVA, MW 31,000 Da, 87-89% hydrolyzed, Sigma-
Aldrich).

Preparation of graphene oxide incorporated
hydrogel composite ink

The composite ink consists of three biopolymers
gelatin, sodium alginate, methylcellulose, and
graphene oxide. The preparation of graphene
oxide incorporated hydrogel composite ink is a
multistep sequential process as illustrated in Fig.
1.

1

Gelatin solution

|

Sodium Alginate (SA) solution

Preparation of hydrogel composite of three
biopolymers solutions

Five distinctive formulations of the three
biopolymers, each 10 ml, were prepared by mixing
varying concentrations of each biopolymer. Each
formulation was prepared according to the recipe
outlined in Table 1. For instance, formulation
number | consisted of three solutions. Solution
A was prepared by dissolving MC in 3.33 mL
cold deionized water (4°C), while solution B was
prepared by dissolving gelatin in 3.33 mL warm
deionized water maintained at 40 °C. Solution
C was prepared by dissolving SA in 3.33 mL
deionized water maintained at room temperature.
Then, three solutions A, B, and C were combined
altogether under constant stirring at 25 °C to halt
the development of air bubbles and ensure even
homogenization. Post mixing, each formulation
had been subjected to continuous stirring for

3

Methyicellulose (MC) solution

J

|
S
g

Blending and mixing E] .

’ Integration Process E] Graphine OJXOide (o)

' Hydrogel Composite Ink

Hydrogel Drop Hydrogel

Fig. 1. A flowchart elucidating the sequential steps involved in the preparation of
graphene oxide incorporated- hydrogel composite ink.

Table 1. Hydrogel composite (Inks formulations).

Ink Formulation # Methylcellulose %(w/v) Gelatin %(w/v) Sodium Alginate %(w/v)

| 3 5 5
1} 4 7 7
] 4 10 10
v 4 12 6
\% 7 2.5 2.5
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30 min and were stored at 4 °C for 24 hours to
permit full hydration and stabilization of the
polymer networks. The hydrogel composite of
three biopolymers is synonymously recognized as
the inks composite. The inks formulations were
equilibrated to room temperature and gently
homogenized preceding their usage. Moreover,
the inks formulations were subjected to pH
adjustment to pH of the ink formulations to 7.4
t 0.2, sterile filtration through a bacterial filter
0.22 pm filter and visual check to verify their
homogeneity and lack of any undissolved particles
[18].

Printability assessment of hydrogel composite ink

The printability of the hydrogel composite ink
was assessed using an extrusion-based protocol
with a 3D bioprinter (PAS, Iran). Shortly, a 10
mL syringe was filled with the formulation ink.
Extrusion tests were performed at 25 £ 2°C at a
constant flow rate of 0.5 mL/min, dropping 5 mL
of ink on a glass substrate to generate continuous
filaments. Printability was evaluated considering
certain criteria like (i) uniformity of the formed
filaments, (ii) extrudability, (iii) figure retention
post-extrusion, and (iv) integrity of the formed
filaments. Filaments were placed as 5 cm straight
lines on a glass substrate, and figure retention was
monitored for along 5 min [19].

Preparation of graphene oxide solution

A solution of graphene oxide (GO) at a
concentration of 2 mg/mL was prepared by
dispersing the GO in deionized water using
sonicator probe (Sonics Vibra-Cell, USA, 130 W, 20
kHz, 6 mm probe) for 2 hours at 40% amplitude,
with 30 sec cycle on/ off pulse cycle in an ice bath
to reduce heat generation. The GO suspension
was centrifuged at 4,000 rpm for 15 min to get rid
of any impurities. Then, the GO supernatant was
gathered and kept for next use [20].

Integration of GO solution into hydrogel composite
ink

GO-incorporated hydrogel composite ink
was prepared by mixing the GO suspension
with cold deionized water (4 °C). Then the three
biopolymers were added to the GO solution in the
following order under stirring: MC, cooled gelatin
solution previously dissolved in warm deionized
water (40 °C), and dissolved SA, respectively.
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Again, the whole process was conducted under
stirring to prepare homogenous solution [21].
The best hydrogel composite ink formulation
settled in Table 1 was used to prepare three
GO-incorporated hydrogel composite ink. The
three GO-incorporated hydrogel composite inks
involved three GO concentrations 0.1%, 0.5%,
and 1% (w/v) [22]. The three GO-incorporated
hydrogel composite inks were homogenized by
mechanical homogenizer (IKA T25) at 500 rpm for
30 min to ensure air bubbles removal. Moreover,
pH adjustment to 7.4 + 0.2 to ensure the
biocompatibility. The inks were kept at 4°C for 24
hours for stabilization purposes. The homogeneity
of the GO-incorporated hydrogel composite
inks were ascertained by visual inspection and
microscopic examination to guaranteed suitability
for further applications [23].

Rheological characterization of GO incorporated
hydrogel composite ink

Rheological characterization of the GO-
incorporated bioinks was conducted usingan Anton
Paar MCR300 rheometer (SN634038; FW2.20).
Frequency sweep tests were performed to assess
the viscoelastic properties of GO-incorporated
bioinks at different GO concentrations 0.1, 0.5,
and 1%( w/v). The tests were conducted within the
linear viscoelastic region at a fixed strain amplitude
of 1%. The flow properties of the GO-incorporated
bioinks were assessed using controlled shear rate
tests. The measurements were conducted by
applying a logarithmically increasing shear rate
from 0.1 to 1000 s™", with 60 measurement points
and a point duration of 3 sec [24, 25].

Preparation of a-Lipoic Acid-loaded TPGS micelles

Alpha-lipoic acid (ALA)-loaded D-a-tocopheryl
polyethylene glycol succinate (TPGS) micelles were
synthesized using a modified solvent evaporation
technique, initiated by dissolving 150 mg of TPGS
and 5 mg of ALA in 10 mL of HPLC-grade methanol
with magnetic stirring at 300 rpm for 30 min at
25 °C. The solvent was evaporated at 40 °C using
a rotary evaporator (at 100 rpm) to create a thin
film, which was then freeze-dried for 30 min to
eliminate any remaining solvent. To form micelles,
the film was re-hydrated with 15 mL of PBS
(pH 7.4) and stirred magnetically at 200 rpm for 48
hours. The resulting suspension was then filtered
through a 0.22pm cellulose acetate membrane
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and kept in amber vials at 4 oC.

Characterization of ALA-loaded TPGs micelles
Drug Loading Determination

A validated HPLC method was applied
to determine the drug loading content and
encapsulation efficiency of a-lipoic acid in TPGS
micelles. Concisely, 1 mg of lyophilized ALA-loaded
TPGS micelles was allowed to dissolve in 1 mLHPLC
-grade methanol followed by continuous agitation
for 300 rpm for 2 hours. Then, the solution was
filtered through 0.22-um PTFE syringe filter to get
rid of any potential particulates. A volume of 20
pL of the filtered solution was injected into the
HPLC C18 reverse -phase column, at a flow rate
of 1.0 mL/min, at 35 °C, with an isocratic elution
using a mobile phase of 60% acetonitrile and 40%
potassium dihydrogen phosphate buffer (50 mM,
pH 3.5). The detection wavelength for ALA was
320 nm [26].

In vitro drug release

The rate at which a-lipoic acid (ALA) was
released from TPGS micelles was studied using a
dialysis membrane method. This experiment was
conducted in conditions similar to those found
in the body. To begin, 5 mL of the ALA-containing
TPGS micelle solution was put into a dialysis bag
(with a molecular weight cutoff of 14,000 Da),
which was then securely sealed at both termini.
Then this dialysis bag was placed into a beaker
holding 20 mL of a release solution (phosphate-
buffered saline at pH 7.4, with 1% Tween 20).
The setup used a 1:4 ratio of the solution inside
the dialysis bag (donner solution) to the solution
outside (receptor compartment solution) it. At
specific times, 1 mL samples were withdrawn from
the external release solution and further analyzed
using a previously validated HPLC method as
mentioned above. To keep the volume constant, 1
mL of fresh release medium was added back each
time a sample was withdrawn.

Size distribution and Zeta potential analysis
Dynamic light scattering (DLS) instrument
quipped with a633 nm He-NE laser operating
at 4 mW power was used to determine the size
distribution and zeta potential measurements.
For size measurements, the micellar suspension
was diluted with filtered (0.22 pm) ultrapure
water to achieve an optimal scattering intensity.
The measurements were conducted at a fixed
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scattering angle of 173° (backscatter detection)
and a temperature of 25 °C. Similarly, the sample of
micellular suspension was prepared with the same
manner for zeta potential measurements and then
transferred to a specialized electrophoretic cell.
The measurements were performed using phase
analysis light scattering (PALS) at 25°C.

Transmission electron microscope (TEM) analysis

A single drop of the freshly prepared micellar
suspension was placed copper grids coated with
carbon for 5 minutes at room temperature (25°C),
stained with 2% uranyl acetate for 2 minutes, and
air-dried for 15 minutes. Then images were taken
at various magnifications.

Fourier Transform Infrared Spectroscopy (FTIR)
analysis

The FTIR analysis was conducted for three
structures: pure o-lipoic, and pure TPGS and
the formulated nanoparticle. Each sample was
cautiously positioned on the diamond ATR
crystal and crushed with KBr using the pressure
clamp to guarantee optimal contact. The applied
wavelength spectrum was (4000-400 cm™, 4
cmresolution, 64 scans) for each tested sample
to augmnet the signal-to-noise ratio. The sample
chamber was purged with dry nitrogen gas
throughout the analysis to reduce atmospheric
interference.

Preparation of Icariin-loaded PLGA nanoparticles

The modified oil-in-water (O/W) emulsion
solvent evaporation method was used to
synthesize icariin-loaded poly (lactic-co-glycolic
acid) (PLGA) nanoparticles. The organic phase
consisted of 62.5 mg PLGA (MW: 24,000-38,000
Da, 50:50 lactide: glycolide) and 5 mg icariin in
5 mL solvent (dichloromethane: methanol (1:1
v/v)). However, the aqueous phase was 50 mL of
1% (w/v) polyvinyl alcohol (87-89% hydrolyzed).
Step-wisely, the organic phase was added to the
aqueous phase with sonication (Sonics Vibra-
Cell VCX130, 70% amplitude, 6 mm probe) for 5
minutes in an ice bath to halt thermal degradation.
Finally, the formed emulsion was stirred at 150
rom for 10 hours at 22 + 2°C to help evaporate
solvents and form hardened icariin-loaded PLGA
nanoparticles [27].

In vitro drug loading

Icariin loading and encapsulation efficiency
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in icariin-loaded PLGA nanoparticles were
determined using HPLC (a C18 column of 150 mm
x 4.6 mm, 5 pm, a mobile phase of acetonitrile:
50 mM potassium dihydrogen phosphate (60:40
v/v, pH 3.5) at 1.0 mL/min at 35 °C). The UV-vis
detector was used at 350 nm. A 1 mLicariin-loaded
PLGA nanoparticles emulsion was added to 1 mL
PBS (pH 7.4) with agitated at 300 rpm for 6 hours.
Then, the mixture was filtered (0.22 um). Then 20
pL of the previously mentioned mixture (sample)
was injected into the C18 column.

In vitro drug release

The release of icariin from icariin-loaded PLGA
nanoparticles was appraised using a dialysis bag
(12 kDa cut-off). Shortly, 1 mL of icariin-loaded
PLGA nanoparticles suspension was transferred to
the dialysis membrane soaked in 10 mL of dialysis
buffer (PBS, pH 7.4 with 1% (w/v) Tween 80) to
guarantee sinking. The release of icariin from
icariin-loaded PLGA nanoparticles was monitored
at 37x0.5 °C with gentle stirring at 100 rpm. One
mL samples were withdrawn at the indicated time
intervals (0, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144,
and 168 hours) and replaced with an equal volume
of fresh release medium. The amount of released
drug was quantified using the previously validated
HPLC method [28].

Scanning Electron Microscopy (SEM) analysis

The surface morphology and particle size
of lIcariin-loaded PLGA nanoparticles surface
morphology and size were examined using SEM
[29, 30]. Concisely, a droplet of icariin from icariin-
loaded PLGA nanoparticles emulsion was laid on
a clean silicon wafer and left to air-dry at room
temperature. Then, the sample was sputter-
coated with a thin layer of gold under vacuum.
Imaging under SEM was picked using a field
emission scanning electron microscope operating
at 5 kV with high vacuum conditions.

FTIR analysis of Icariin Loaded PLGA nanoparticles
The chemical composition of three structures
and the potential interactions in between PLGA,
icariin, and the formulated nanoparticles were
unveiled using FTIR at 25 £2°C. The samples were
crushed by grinding with spectroscopic grade KBr
powder and compressed into transparent pellets.
The applied wavelength spectrum was (4000-400
cm™, 4 cmresolution, 32 scans) for each tested
sample to elevate the signal-to-noise ratio.
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DLS and Zeta Potential Examination of PLGA
nanoparticles

The hydrodynamic diameter, poly dispersity
index (PDI), and zeta potential of the icariin-
loaded PLGA nanoparticles were measured using
a Malvern Zetasizer NanoZ analyzer (Malvern
Instruments, UK) according to a previously
reported procedure [31].

MTT assay

The cytotoxicity assessment for  ALA-
loaded TPGs micelles and icariin loaded PLGA
nanoparticles were conducted on (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay on human mesenchymal stem
cells (hMSCs). Culturing of hMSCs was conducted
in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin at 37 °Cin a
carbon dioxide humidified incubator. The hMSCs
were seeded in 96 -well plates at a density of 1 x
10* cells per well and permitted to stick (adhere)
to the wells bottom for 24 hours. Then, the cells
were treated with various concentrations of
o-ALA- loaded TPGS micelles and icariin Loaded
PLGA nanoparticles emulsion (100, 50, 25, 12.5,
and 6.25% of the stock solution) separately. A
control group was prepared as untreated cells.
Post 24 hours of treatment, 20 pL of MTT solution
(5 mg/mL in PBS) was added to each well followed
by further incubation to additional 4 hours at
37 °C. Removal of the medium was performed
after the 4 hours incubation period. Then, the
formed formazan crystals were dissolved in 100
pL of DMSO and the absorbance was measured
at 570 nm using a microplate reader (Model,
Manufacturer). Cell viability was calculated as a
percentage relative to the untreated control cells.
All experiments were performed in triplicate.

RESULTS AND DISCUSSION
Printability Assessment

One out of five bioink formulations settled
in Table 1 exhibited its superiority as a printable
bioink. This bioink formulation was designated 1V,
with the following composition in terms of % (w/v):
4.0 MC, 12.0 gelatin, and 6.0 SA. These superior
printability criteria could be attributed to the high
gelatin content relative to the moderate content
of MC and SA. The high content of gelatin (12%)
would provide enhanced mechanical properties
appropriate for both soft and hard tissue
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engineering purposes. The moderate content of
MC (4%) helps maintain the adequate viscosity
required to guarantee good flow characteristics.
While, this moderate SA concentration (6%) did
prove to be crucial issue for maintaining optimal
crosslinking  density meanwhile facilitating
proper flow characteristics. In stark contrast, the
remaining ink formulations I-Ill, and V displayed
unpreferable printable characteristics such as
insufficient mechanical strength post extrusion
exemplified by bioink formulations I-1ll with lower
gelation content, excessive viscosity and difficult
flow criteria as a consequence of high content
of MC (7%) exemplified by bioink formulation

V, inadequacy in shape fidelity and limited
cross-linking potential exemplified by bioink
formulations I-Ill and V, respectively. Whilst, the

optimized compositing of bioink formulation IV did

8- G (Storage Modulus) - Complex Viscosity

G (Loss Modulus) == Damping Factor (tan &) " (Loss Modulus)

8- G’ (Storage Modulus) =k Complex Viscosity
= Damping Factor (tan 6)

succeed to impose preferable printable criteria like
ideal viscosity with controlled extrusion and shape
retention, enhanced mechanical stability with
higher gelatin content, well-balanced cross-linking
density as a result of a proper SA concentration,
and well-consistent filament formation with
excellent structural integrity. Present finding is in
a good agreement with a previous finding stated
that the elevated gel concentration would improve
construct stability and cell adhesin properties [32].

Rheological Properties of GO-Incorporated Bioinks
Frequency Sweep Analysis

The frequency sweep tests did provide full
perceptions into the viscoelastic performance
of the GO-incorporated bioinks at different
GO concentrations (0.1%, 0.5%, and 1% w/v).
The storage modulus (G’), loss modulus (G”),
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Fig. 2. Frequency Sweep Analysis of GO-Incorporated Bioinks at different GO concentrations (0.1%, 0.5%, and 1% from left to
the right, respectively).
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Fig. 3. Size distribution intensity plot by dynamic light scattering (DLS) (A) and Zeta potential distribution curve (B) of ALA-TPGS
micelles.
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complex viscosity (n*), and damping factor (tan
8) as functions of angular frequency for all three
formulations were displayed in Fig. 2. As shown
in Fig. 2, all GO-incorporated bioinks displayed a
dominant gel-like performance, with the storage
modulus (G’) steadily surpassing the loss modulus
(G”) across the studied frequencies (0.1-100 rad/s),
corroborative stable 3D network construction
[33]. This would in turn maintain shape fidelity
after extrusion [34]. Both moduli increased with
frequency, a typical hydrogel property. At 0.5%
GO, the bioink formulation did exhibit the highest
stiffness, signifying an optimal GO concentration
for exploiting mechanical stability. Conversely,
at elevated GO concentrations, stiffness might
reduce as a consequence of agglomeration,
weakening the network [35]. Regarding complex
viscosity (n*), all bioink formulations shown in
Fig. 2, demonstrated shear-thinning behavior, a
valuable stuff for extrusion-based bioprinting,
with n* diminishing as frequency augmented. This
performance tracks the Cox-Merz rule, pinpointing
robust shear-thinning characteristics that are
gainful for extrusion-based bioprinting [36].
The 0.5% GO-incorporated bioink formulation
displayed the highest n*, making parallel with
its greater elasticity. The damping factor (tan

8§ = G”/G’) for all bioink formulations in Fig. 2
demonstrated a major elastic behavior at low
frequencies, shifting towards an enhanced viscous
contribution at higher frequencies [37]. The
damping factor (tan 6§ = G"”/G’) delivers valuable
information concerning the relation contribution
of viscous and elastic components. At higher
GO concentrations (Fig. 2), the bioinks showed
increased viscous behavior, potentially due to
GO’s lubricating effect or network disruption
[38]. Whereas, all bioink formulations (Fig. 2)
did demonstrate structural reorganization and
yield stress at low frequencies, vital for keeping
printed shape. At 0.5% GO-incorporated bioink
formulation, the most optimal and balanced
viscoelastic properties were obtained (Fig. 2),
underpinning its high appropriateness bioprinting
with high resolution and excellent shape fidelity
[39].

At most the incorporation of GO in bioinks
formulations would strengthen the H-bonding,
physical entanglements, m-m stacking, and
electrostatic interactions in the polymer network,
reinforcing robust mechanical properties. In
stark contradict, increasing the GO concentration
beyond 0.5% would impose adverse consequences
in terms of non-uniform distribution of GO sheets

Fig. 4. TEM images of ALA- loaded TPGS micelles at different scale bars of 150, 100, 80, 60, 40, and 20 nm.
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with compromised mechanical and viscoelastic
properties. Thus, the rheological properties of
the bioinks formulation provide good insights
about the tailored bioinks formulations to meet
peculiar demands for exploitation in certain tissue
engineering applications.

Characteristics of ALA-TPGS Micelles
DLS and zeta potential pattern analysis

The DLS measurements elucidated a
monomodal size distribution with an average
hydrodynamic diameter around 30-40 nm (Fig.
3A), which is localized within the optimum range
reported to fit the application concerned with
drug delivery [40]. Moreover, the sharp peak
portrayed in Fig. 3A reveals arrow size distribution,
underpins satisfactory synthesis of uniform
micelles characterized by low polydispersity.
This size range is positioned within the window
20-200 nm, which is preferable to avoid quick
renal clearance though keeping the capability to
penetrate biological barriers. This noted size range
is well- consistent with previous reports of TPGS-
based micellar systems, as the amphiphilic nature
of TPGS helps encourage the self-assembly into
nano-sized based structures.

The measurements of zeta potential exhibited
a peak value around -1.9 mV, as indicated by
the symmetrical distribution curve (Fig. 3B). The
obtained negative surface charge is symbolic
of good colloidal stability, where the particles
displaying values of absolute zeta potential
around 0 mV and negative characteristically
demonstrate adequate electrostatic repulsion to
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halt the formation of aggregates [36]. The reason
underlying the presence of negative charge can
be ascribed to the terminal -OH groups of the
TPGS molecules positioned at the surface of these
micelles [41]. This surface criterion is mostly
advantageous for biological applications, because
it reinforces enhanced cellular interactions
though keeping stability under physiological
conditions. Hence, the present ALA-TPGS micelles
are characterized by optimal size distribution
and favorable surface charge, that underpin the
appropriateness of these micelles for drug delivery
applications.

Morphological Analysis by TEM

The morphological characteristics of ALA-
loaded TPGS micelles were broadly examined
using TEM, with images taken at multiple
magnifications ranging from 20 -150 nm scale bars
(Fig. 4). Spherical, well-defined nanostructures
with The TEM micrographs reveal spherical,
well-defined nanostructures with a quite even
size distribution, emphasizing the satisfactory
development of micellar assemblies. The spherical
appearance of ALA-loaded TPGS micelles would
guarantee reduced surface area to volume ratio
along with diminished opsonization, that is gainful
for drug delivery applications. Obviously, the
marked spherical appearance of ALA-loaded TPGs
micelles is in a good accordance with the self-
assembly attitude developed by TPGs molecules,
where the hydrophobic nature of vitamin E
reinforce its positioning in the internal space for
drug encapsulation whilst the PEG chains remain

— 16854 1

Alpha-Lipoic Acid
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10 15

Fig. 5. HPLC chromatographic analysis peaks for ALA standard (A) and the drug (ALA)-loaded TPGs formulation (B).
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in the outer corona. Additionally, the darker
region of the spherical nanoparticles surrounded
by a lighter peripheral layer would ascertain the
successful assembly of ALA-loaded TPGs with
ALA, with hydrophobic nature, incorporation into
the center region of the micelles. The contrast
variance between the core and shell regions can
be assigned to the discrepancy in the electron
density of the vitamin E core comprising the drug
and the hydrous PEG halo.

Regarding the particle size, TEM revealed
that ALA-loaded TPGs micelles showed a size
localized in the range from 20-40 nm, where at
most particles size demonstrate a range from 20-
30 nm. Again, this size range guaranteed no rapid
renal clearance, though still being small enough to
halt recognition by the reticuloendothelial system
(< 200 nm). Present finding of particle size range
is in a partial agreement with a previous finding
stating TPGs-based nanocarriers with a size range
from 40-70 nm [42]. Notably, the absence of
substantial aggregation in the TEM images would
reflect the good colloidal stability of the micellular
system which is assigned to the efficacious stearic
hindrance provided by PEG on the micellular
chains preventing the inter-particle interactions
and aggregation [43].

100

Drug loading profile

ALA loaded on TPGs micelles was successfully
quantified using a validated HPLC method, where
ALA incorporated in the TPGs micelles was
detection after a retention time of 15.4 minutes
(Fig. 5B) quite similar to the retention time required
for detection of the standard ALA (Fig. 5A). The
peaks deciphered in the chromatogram settled in
Fig. 5 showed good selectivity and resolution. This
analysis exhibited outstanding analytical accuracy
with negligeable interference, validating the
positive drug loading and the method’s robustness
for complex micellar systems. The validated HPLC
method for ALA showed extraordinary analytical
presentation, demonstrating perfect linearity
(R$72S > 0.999), high accuracy (RSD < 2%), and
accurate recovery (98-102%). Its high sensitivity
(LOD: 0.1 pg/mL, LOQ: 0.3 pg/mL) and ideal
chromatographic separation emphasize consistent
and precise quantification within pharmaceutical
formulations [44].

The encapsulation efficiency is defined as
the percentage of the drug encapsulated or
entrapped or adsorbed in/on the nanocarrier.
The encapsulation efficiency for ALA in the TPGs
micellular system was determined to be around
70%, which is higher than that of conventional
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Fig. 6. In vitro release profile of ALA- loaded TPGS micelles.
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nanocarriers of 45-60% encapsulation efficiency.
For instance, the encapsulation efficiency of ALA
in the chitosan nanoparticles was 62.4% [45]. The
amphiphilic nature of the TPGs micellular system
is underlying the high encapsulation efficiency
of ALA in this ideal environment. However, the
loading efficiency is a term used to describe the
percentage of the nanocarrier loaded/occupied
with/by the drug. Hence encapsulation efficiency
and loading efficiency are interchangeable crucial
terms in the context of drug delivery.

In Vitro Release Profile Analysis

The release of ALA from ALA-loaded TPGs
micellular system, conducted over 48 hours under
physiological conditions, revealed a biphasic
release as elucidated in Fig. 6. ALA release showed
an initial burst release, during the first 6 hours,
of 52.4 £ 2.5% of the encapsulated amount
followed by a sustained release period. The
obtained release profile is well-consistent with the
amphiphilic nature of the nanocarrier TPGs and
the interactions between the vitamin E core of
TPGs and the incorporated drug [46, 47]. The burst
release could be derived from the ALA existing
in the outer layers of TPGs or ALA with weak

association with the nanocarrier corona. Similarly,
Gorantla et al., observed 45-55% burst release of
the drug from TPGs-based delivery system [48].
However, the sustained release period resulted in
75.8 £ 2.5 and 85.9 = 2.5% ALA release after 24
and 48 hours, respectively as elucidated in Fig.
6. This sustainable release of ALA is considered
an advantageous criterion to guarantee the
availability of the drug delivery an extended
period in biological systems and likelihood of
dosage reduction [49].

FTIR Spectral Analysis

The molecular structure and potential
interactions between TPGS and a-lipoic acid
were deciphered using FTIR as elucidated in Fig.
7. The FTIR spectrum of TPGS, depicted in Fig.
7, exhibits characteristic absorption bands at
distinctive wavelengths. Distinctive absorption
bands observed at 3400 cm™, 2850-2950 cm™,
and 1750 cm™ correspond to the O-H stretching
vibrations of the terminal hydroxyl groups, the
C- H stretching vibrations of methylene groups
present in both the PEG portion and the vitamin E
component of TPGS, and the C=0 stretching of the
ester linkage, respectively, which are collectively
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Fig. 7. FTIR profile of TPGS and ALA.

1652

J Nanostruct 15(4): 1642-1660, Autumn 2025
(@)er |



A. Sarhan et al. / Graphene Oxide-Reinforced Hydrogel Loaded with ALA and Icariin

crucial features of TPGs structure [50, 51].
However, the FTIR spectrum, portrayed in Fig. 7,
shows distinctive absorption peaks at 3000-3500
cm™, 1,700 cm™, and 500-550 cm~"region indicate
the O-H stretching of the carboxylic acid group,
the C=0 stretching vibration of the carboxylic acid
group, and the disulfide bond (-S-S-), respectively,
which are together key features of ALA molecular
structure [52].

Cell viability appraisal

The cytotoxicity of the ALA-loaded TPGs
nanoparticles formulation was evaluated on
human mesenchymal stem cells (Fig. 8). The
results of MTT assay conferred a distinctive
pattern of dose-dependent cell viability along
with the concentration of the ALA-loaded TPGs.
The cytotoxicity is directly proportional to the
concentration of the ALA-loaded TPGs. Cell
viability of 34.93+0.42, 48.36+0.51, 55.95+0.47,
85.78 +0.33, and 85.90 +0.97%, were observed
at ALA-loaded TPGs concentrations of 100,
50, 25, 12.5, and 6.25%, respectively (Fig. 8).
Data revealed substantial insights into the
biocompatibility profile of the suggested delivery
system ALA-loaded TPGs. In other words, an
obvious threshold concentration of ALA-loaded
TPGs nano-formulation of 6.25-12.5% was defined,
accompanied with a superior cell biocompatibility
described by a cell viability of approximately 85%.

Present data could be explained on the basis of the
amphiphilic nature of TPGs that would influence
cell membrane integrity as elucidated previously
[53]. Meanwhile, the relatively low concentration
of the ALA-loaded TPGs nanoparticles would infer
the safety therapeutic window to be exploited.
The findings are mostly noteworthy for stem cell-
based applications, where keeping cell viability is a
critical aspect [54].

Characteristics of PLGA-ICAA nanoparticles
DLS and zeta potential pattern analysis

The DLS pattern settled in Fig. 9A revealed
that the icariin-loaded PLGA nanoparticles
showed a monomodal size distribution with a
Z-average diameter and PDI of 469.1 nm and
0.234, respectively. The quite low PDI value
(<0.3) evidences a rationally homogeneous size
distribution, which is vital for keeping consistent
drug release kinetics and cellular uptake patterns
[55]. The remarkable particle size is superlative
for well cell uptake and lengthy drug release, in
accordance with previous findings [56]. Regarding
the zeta potential measurements, a negative
surface range of -1.2mV accompanied with a peak
width of 4.88 mV was shown as elucidated in
Fig. 9B. The negative value could be assigned to
COO- groups in the PLGA polymer chains exposed
on the surface of the nanoparticle. Meanwhile,
the magnitude of the value is still low reflecting
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Fig. 8. Viability of human mesenchymal stem cells results at different concentration for ALA-loaded
TPGS micelles formulation. Values are the average of three replicates *SE.
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the colloidal stability of the system through
electrostatic repulsion. However, the narrow
peak width confers the uniformity in surface
charge distribution. Present finding is in a good
agreement with those of Sivak et al. [57]. The
moderate negative charge might help decrease
the non-specific protein adsorption though
keeping sufficient stability under physiological
conditions [58]. Present finding regarding the
DLS and zeta potential would evidence that the
nano-formulation of icariin-loaded PGLA display
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excellent favorable pharmacokinetic properties
and cellular interactions.

Morphological analysis by SEM

The morphological criteria of icariin-loaded
PGLA nanoparticles were deciphered by Sem
as shown in Fig. 10. Well-defined spherical
nanoparticles with smooth surfaces lacking any
irregularities or aggregations, a vital criterion
for well-controlled drug delivery applications,
were noted. This would in turn reflect the

Zeta Potential Distribution

Zeta Potential (mV)

Fig. 9. DLS (A) and Zeta Potential (B) of PLGA nanoparticle.

Fig. 10. SEM images of icariin-loaded PLGA nanoparticles picked up at different magnifications.
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successful control over the emulsification-solvent
evaporation process. The diameter of the spherical
nanoparticles ranged from 30.0-55.0 nm, with
majority of clustering around 39.6 nm. This would
in turn the falling of the PLGA -based nanocarrier
within the optimal window for enhanced cellular
uptake and prolonged circulation time [27].
Successful evaporation of the organic solvents
during the preparation processes an efficient drug
encapsulation were evidenced by the appearance
of smooth surfaces of the spherical nanoparticles.
Present finding is in a well-agreement with
the finding of Makadia and Siegel addressing
the importance of surface characteristics in
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determining drug release patterns from PLGA
nanoparticles [59]. The homogeneity in particle
size would ascertain regular drug loading and
release kinetics as previously reported [60].

Icariin Loading Analysis

The incorporation of icariin into PLGA
nanoparticles was quantitatively appraised
using a validated HPLC method. The HPLC
chromatographic analysis for icariin-loaded PLGA
revealed a well-resolved peak for the icariin-
loaded PLGA nanoparticles (Fig. 11 B). Similarly, a
well-resolved peaks was obtained for the standard
icariin solution (Fig. 11A). The retention time for
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Fig. 11. HPLC chromatograms showing (A) icariin standard solution (100 pg/mL) with retention time at 5.09 minutes, and (B)
drug-loaded PLGA nanoparticle extract demonstrating successful drug incorporation and method specificity.
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Fig. 12. In vitro release profile of icariin- loaded PLGA nanoparticles. Values are the
average of three readings +SE.
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the icariin peak regardless its source (standard
or nano-formula based loaded PLGA carrier),
was approximately 5.09 minutes (Fig. 11). The
symmetry of each peak and baseline stability
underpin the robust separation, chromatograms
demonstrate excellent peak symmetry and
baseline stability, indicating robust separation
conditions and minimal matrix interference
from the PLGA carrier system. The drug loading
content (DLC) achieved in our PLGA nanoparticle
formulation was 7.0 £ 0.4%, representing a
moderate loading capacity typical for hydrophilic
drugs in PLGA matrices. The HPLC method
demonstrated exceptional analytical performance
across all critical parameters. The calibration
curve exhibited excellent linearity (R2>0.999) over
the concentration range of 0.5-100 pg/ ml. The
method’s specificity is evidenced by the clean
baseline and absence of interfering peaks in the
chromatogram of drug-loaded nanoparticles (Fig.
11B), indicating effective separation of icariin from
potential matrix components. The noted retention
time of 5.09 minutes does allow for effective
analysis and maintain good peak resolution,
comparable to previously reported methods for
icariin quantification.

Release Kinetics

A biphasic pattern characteristic  of
biodegradable polymeric system was obtained
by icariin upon monitoring its release from the
icariin-loaded PLGA nanoparticles in vitro (Fig.
12). An initial burst release of icariin followed by
sustained release phase extending over 7 days.
In the initial burst phase (24 hours), around 45.7
t 2.1% of the encapsulated drug was released.
This phenomenon can be assigned to the quick
dissolution of surface-correlated or poorly
entrapped drug molecules and the presence of
drug molecules near the particle surface as well.
The next sustained release phase exhibited or
displayed a more gradual drug release pattern,
realizing 74.8 £ 1.7% cumulative release by the
seventh day. This prolonged sustained drug
release period is co-matched with the nature of
the biodegradable polymer PLGA where the drug
diffusion occurs co-parallel with the polymer
biodegradation. This sustained release adds an
advantageous value for the release profile to
guarantee prolonged drug concentration over an
extended period in clinical applications. Similar
finding was reported by Liu et al., where biphasic
release patterns for hydrophilic compounds from
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Fig. 13. FTIR spectra of icariin (red, top) and PLGA (black, bottom).
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PLGA nanoparticles, with 40-50% in the burst
initial period realizing sustained release period
from 7-10 days [61].

FTIR spectral analysis
The FTIR spectral analysis demonstrates
substantial information about the molecular

structure and interactions within the icariin-loaded
PLGA nanoparticle system (Fig. 13). In the PLGA
spectrum, the characteristic strong absorption
band at approximately 1750 cm™, corresponds to
the C=0 stretching vibration of the ester groups.
This finding is in agreement with other findings
settled in previous studies [59], stated that this
peak is peculiar for the PLGA polymer. Other
characteristics PLGA peaks appeared appeared
at 2995 cm™ (CH stretch) and 1450 cm™ (CH3
asymmetric deformation), reliable with previous
findings [62].

The pure icariin spectrum demonstrates typical
absorption bands that correspond to its molecular
structure, specifically the broad band at 3400 cm™
(O-H stretching vibrations) and peaks at 2925 cm™
(C-H stretching). These spectral features are in a
good accordance with those reported by Ma et al.
in their detailed characterization of icariin [63]. The
presence of peaks at 1650 cm™ (C=0 stretching)
and 1610 cm™ (aromatic C=C stretching) further
verifies the flavonoid structure of icariin.

Cells Viability Analysis
The cytotoxicity evaluation of icariin-loaded
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PLGA nanoparticles on human mesenchymal stem
cells reflected excellent biocompatibility across all
studied concentrations. The cell viability profile
(Fig. 14) demonstrated a partial concentration-
dependent pattern, with all concentrations
maintaining high cell viability above 89%. At the
highest concentration (100%), the mean cell
viability was 89.70+ 0.56%, indicating minimal
cytotoxicity even at maximum exposure. As the
concentration decreased, cell viability showed a
gradual increase, with the lowest concentration
(6.25%) exhibiting the highest viability of 99.05
+ 0.39% (Fig. 14). The partial dose-dependent
response noted in our study did align with
previous findings by Wang et al., who reported
similar biocompatibility patterns for PLGA-based
nanocarrier systems [64]. The high cell viability
(>95%) observed at concentrations of 50% and
below suggests a wide therapeutic window for
potential clinical applications.

The minimal cytotoxicity can be attributed
to several factors, such as the biodegradable
nature of PLGA polymer, controlled release
properties of the nanoparticle system, and
inherent biocompatibility of icariin. These results
suggest that icariin-loaded PLGA nanoparticles
are safe for cellular applications within the tested
concentration range, making them promising
candidates for therapeutic applications. The high
cell viability even at 100% concentration indicates
a potentially broad therapeutic window for future
in vivo applications.
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Fig. 14. Cell Viability Assessment of icariin-loaded PLGA nanoparticles.
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CONCLUSION

This study successfully established and
characterized a highly promising hydrogel
biocomposite system for bone tissue engineering.
The optimumformulation, comprisinga4:12:6ratio
of methylcellulose, gelatin, and sodium alginate,
demonstrated robust mechanical characteristics,
further enhanced by 0.5% graphene oxide
incorporation. The study also achieved efficacious
synthesis and characterization of two discrete
nano-formulations: ALA-loaded TPGs micelles
and icariin-loaded PLGA nanoparticles. Both
nanocarrier systems displayed ideal criteria for
drug delivery, including satisfactory particle size
and surface charge, promising drug encapsulation
efficiency, and sustained release patterns over
prolonged periods. These results collectively
confirm that the fabricated hydrogel composite,
harboring these drug-loaded nanocarriers,
represents a highly suitable and viable platform
for targeted and prolonged delivery of osteo-
regenerative agents, paving the way for enhanced
bone regeneration and repair.
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