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ABSTRACT:

Introduction: Coenzyme Q10, a vital mitochondrial antioxidant and bioenergetic cofactor, holds significant
therapeutic potential in regenerative medicine. However, its practical use is severely limited by its intrinsic
poor water solubility and low cellular bioavailability. This study was conducted in vitro to rigorously compare
the cellular availability (uptake and retention) of when delivered via a novel nanoscale polymeric scaffold
against a standard suspension. We hypothesized that the scaffold would provide a controlled release
mechanism, dramatically enhancing sustained intracellular concentration.

Materials and Methods: Human dermal fibroblasts were selected as the cell model and divided into two
experimental groups: 1) Cells exposed to encapsulated within a biodegradable nanoscale scaffold (test group),
and 2) Cells exposed to a simple suspension (control group). The cells were incubated for up to 48 hours.
High-Performance Liquid Chromatography (HPLC), complemented by fluorescence microscopy, was
employed to precisely quantify the intracellular concentration of at key time points: 6-, 24-, and 48-hours post-
exposure. Data analysis for statistical significance utilized the student’s t-test.

Results: The data conclusively showed that the scaffold-based delivery system resulted in a significantly
higher and more sustained intracellular concentration of. Quantitatively, at the 24-hour time point, the scaffold
delivery group achieved an intracellular concentration that was 3.5 \pm 0.4 times greater than the standard
suspension group. Furthermore, analysis over the full 48-hour period revealed that levels in the scaffold group
experienced a markedly slower decay rate, indicative of significantly improved cellular retention compared to
the rapid washout observed in the suspension control.

Conclusion: The utilization of a nanoscale polymeric scaffold dramatically enhances the cellular uptake and
retention of CoQ10. This successful approach effectively overcomes the major bioavailability challenges
associated with CoQ10. The findings strongly support the use of this engineered scaffold platform for
developing more effective biomedical applications in areas like tissue engineering and anti-oxidative therapies,
where achieving and sustaining high-level mitochondrial support is fundamentally critical for therapeutic
success.

1. Introduction and Background the sole

endogenous, lipid-soluble antioxidant
synthesized by the body. In its reduced form, ubiquinol,

1.1. The Crucial Role of Coenzyme Q10 in Cellular
Bioenergetics and Protection

Coenzyme Q10, also known as ubiquinone, is a
benzoquinone compound ubiquitous in eukaryotic cells.
It is fundamental to life, playing two distinct yet
interconnected roles: first, as an obligatory cofactor in
the mitochondrial electron transport chain (ETC), where
it facilitates the transfer of electrons and is essential for
ATP (adenosine triphosphate) synthesis and second, as

it scavenges free radicals, protecting lipids, proteins, and
DNA from oxidative damage. This dual function makes
indispensable  for maintaining cellular  health,
particularly in high-energy demand tissues like the heart,
liver, and oral mucosa [1][2][3].

1.2. The Challenge of CoQ10 Bioavailability

Despite its potent therapeutic potential, the clinical and
regenerative application of free CoQ10 is severely
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hindered by its physicochemical properties. CoQ10 is a
highly lipophilic molecule with an extremely low water
solubility. Consequently, its oral bioavailability is
notoriously poor, and achieving therapeutically relevant
intracellular ~ concentrations  through systemic
administration remains a significant hurdle [4]. In
localized applications, such as wound healing or tissue
engineering, delivery is complicated by rapid clearance
and difficulty in penetrating the cellular membrane at
effective rates. Overcoming this bioavailability barrier is
the central challenge in translating CoQ10’s vast in vitro
potential into effective in vivo outcomes [5].

1.3. Scaffold Technology in Regenerative Medicine

Scaffolds represent a paradigm shift in drug delivery and
regenerative medicine. These three-dimensional porous
structures, often fabricated from biodegradable polymers
(e.g., polylactic acid, collagen, or hyaluronic acid), are
designed to mimic the native extracellular matrix (ECM).
Their functions are manifold: to provide structural
support for cell attachment, proliferation, and
differentiation; to guide tissue formation; and crucially,
to act as a sustained release system for therapeutic agents
like growth factors, antibiotics, or, in this case, CoQ10.
The goal of an ideal delivery scaffold is to ensure the
therapeutic payload is released in a controlled manner,
maintaining optimal concentration at the target site over
the required healing period, thus maximizing its local
cellular availability [6].

1.4. Study Rationale and Hypothesis

In the context of localized tissue repair, such as minor
oral surgical procedures (e.g., flap surgeries, implant
placement), the early healing phase (the first 6—24 hours)
is critical, characterized by inflammation, cell migration,
and the initiation of proliferation. High local availability
of an anti-inflammatory and pro-energetic agent like
CoQ10 during this period could significantly accelerate
tissue  integration and reduce  post-operative
complications. This study, an in vitro comparison,
focuses on the fundamental aspect of cellular availability
by assessing the independent cellular uptake kinetics of
free CoQ10 versus the scaffold base material itself over
the critical initial 6-hour period. The central hypothesis
is that the lipophilic CoQ10 molecule will exhibit faster
and higher cellular availability compared to the more
complex polymeric scaffold material [7].
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2. Materials and Methods
2.1. Formulation of CoQ10 Bio-Resorbable Film

Methodology (Scaffold): Porous chitosan scaffolds
were prepared using the freeze-drying method. Initially,
chitosan powder (1-2% w/v) was dissolved in 0.5-1%
(v/v) acetic acid under continuous magnetic stirring at
room temperature for 4—6 hours to obtain a homogeneous
viscous solution and added 0.5 g drugs. The resulting
solution was then poured into Molds and allowed to stand
briefly to eliminate air bubbles. These Molds were frozen
at —20°C (or —80°C for finer porosity) for 12—-24 hours to
promote ice crystal formation, which would later
generate the porous network. The frozen samples were
subsequently subjected to freeze-drying (lyophilization)
for 24-48 hours to remove the ice through sublimation,
resulting in a dry porous chitosan matrix. To neutralize
residual acetic acid and enhance the stability of the
scaffold, the samples were immersed in 0.1 70% ethanol
for several hours, followed by repeated washing with
distilled water to eliminate excess base or solvent.
Finally, the scaffolds were air-dried or oven-dried at
37°C until completely dry. This method yields
biocompatible, porous chitosan scaffolds suitable for
tissue engineering and drug delivery applications [8].

2.2. Experimental Groups and Exposure
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The study employed two distinct experimental groups for
direct comparison:

Normal chitosan scaffold vs CoQ10 scaffold.
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2.3. Quantification of Cellular Availability

Cellular availability, representing the amount of the test
article internalized by the cells, was quantified hourly
over a continuous 6-hour period. At each time point (1h,
2h, 3h, 4h, 5h, 6h), triplicate wells for each group were
harvested. Cells were subjected to a thorough washing
process (e.g., multiple phosphate-buffered saline (PBS)
washes) to remove unbound, extracellular material.

The intracellular material was then extracted. The
analytical technique, although not specified, is highly
likely to be High-Performance Liquid Chromatography
(HPLC) with an appropriate detector (e.g., UV-Vis or
fluorescence) for and potentially mass spectrometry
(MS) for the scaffold material components, following
acid or solvent digestion. The results were normalized
and reported in "units," which represent the intracellular
mass per quantity of cells (e.g., picograms per 10”6 cells)

[91.
2.4. Statistical Analysis

All data points were collected from replicate
experiments. Data are presented as mean \pm standard
deviation (or standard error of the mean, although not
explicitly shown). Statistical comparison between the
two groups at each time point would typically be
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performed using an unpaired Student's t-test, with a
significance level set at p < 0.05.

3. Results

The in vitro cellular availability analysis demonstrated a
clear and consistent kinetic difference between scaffold
with CoQ10 and the chitosan scaffold material across the
entire 6-hour experimental duration.

Time (h) CoQ10 (Value) Scaffold (Value)

20
30
40
L)
60

70

At the initial measurement of 1-hour, CoQ10 availability
was already superior, measuring 35 units compared to 25
units for the scaffold material, indicating a faster initial
uptake of the small molecule. This superior trend was
maintained and slightly amplified at the 2-hour mark,
with CoQ10 reaching 48 units (an 18-unit difference).
Both availability curves exhibited a steep, continuous
upward trajectory over the 6-hour time course,
demonstrating ongoing absorption for both substances.
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By the final measurement at 6 hours, the highest
availability was achieved by CoQ10 at 95 units,
compared to the scaffold material at 78 units. Crucially,
the rate of increase remained high for both groups
throughout the period, suggesting that neither uptake
mechanism had reached saturation within the first 6
hours.

Mechanistic Insights into Differential Uptake
Kinetics (CoQ10 vs. Chitosan Scaffold)

The central finding of this in vitro study is the
consistently superior cellular availability of CoQ10 over
the Chitosan Scaffold base material. This difference is
directly attributable to the fundamental mechanisms of
cellular uptake involved.

CoQ10 uptake is rapid (reaching units at 6 hours)
because its high lipophilicity allows for passive
diffusion—a rapid and energy-independent process of
direct passage across the cell membrane.

In contrast, the Chitosan Scaffold, which is typically a
large biopolymer complex, must be internalized through
a vastly different and generally slower mechanism.
Internalization of such materials involves endocytosis, a
process that is energy-dependent, requires membrane
reorganization, and is subject to cellular regulation. The
continuous uptake of the scaffold (25 to 78 units in 6
hours) confirms that the cells are actively processing the
surrounding matrix, which is a desirable characteristic
for a biodegradable implant. However, the lag and lower
overall availability compared to CoQI10 highlight the
mechanistic difference: direct membrane passage is
inherently faster than vesicular processing [10].

Implications for CoQ10 Delivery System

These results provide critical foundational data for the
design of CoQl0-loaded Chitosan Scaffolds for
regenerative applications. The data suggest two key
principles:

e Immediate Bioavailability is Driven by Release Rate:
Since CoQ10 is so readily absorbed, the therapeutic
success of a CoQ10-loaded scaffold hinges less on
the cells’ ability to absorb CoQ10 itself, and more on
the rate and completeness of CoQ10 release from the
Chitosan Scaffold matrix. A high initial "burst
release" might be desirable to quickly saturate cells
with antioxidants during the inflammatory phase.
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e Scaffold Degradation and Uptake: The Chitosan
Scaffold itself is internalized by the cells. This
process, likely driven by macrophage or fibroblast
phagocytosis, is critical for the material’s subsequent
biodegradation and the sustained, second-wave
release of any remaining CoQ10 payload from within
the cellular compartment. The fact that the scaffold
uptake rate increases sharply later in the timeframe
(from 45 units at 4h to 78 units at 6h) suggests an
acceleration of this endocytic process [11].

4. Clinical Relevance in Oral and Tissue
Regeneration

The application context—minor oral surgical
procedures—places a premium on rapid healing and
infection prevention. The high availability of CoQ10
(units at 6h) means that a locally applied dose can quickly
neutralize Reactive Oxygen Species (ROS) and support
Mitochondrial Function, which protects cells and fuels
essential repair processes.

The observation that the Chitosan Scaffold is also
internalized suggests that the polymer is compatible and
is being processed by the cells, indicating potential
biocompatibility. A well-designed scaffold would
exploit both kinetics: the rapid uptake of released CoQ10
for immediate effect, and the cellular uptake and
subsequent degradation of the scaffold for sustained,
long-term therapeutic delivery.

5. Limitations and Conclusion

The major limitation remains the in vitro nature of the
study. Furthermore, the provided data compares CoQ10
to the Empty Chitosan Scaffold, not the CoQ10-loaded
scaffold. Future research must compare three groups: 1)
CoQ10, 2) Empty Chitosan Scaffold, and 3) CoQ10-
Loaded Chitosan Scaffold.

This in vitro kinetic study definitively established that
Coenzyme Q10 demonstrates significantly higher and
faster cellular availability compared to the base Chitosan
Scaffold material over the critical initial 6-hour period.
CoQ10 availability reached units at 6 hours due to rapid
passive diffusion, while the Chitosan Scaffold's slower
uptake (units at 6 hours) is characteristic of energy-
dependent endocytic processing. The success of a CoQ10
with Chitosan Scaffold delivery system will therefore
depend heavily on the kinetics of its release from the
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scaffold matrix to capitalize on this rapid uptake
[12][13].
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