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Objective: This study aimed to enhance osseointegration and healing by combining
electrospinning techniques with collagen and polycaprolactone (PCL) as a coating for
commercial pure titanium (CpTi) implants. Methods: In vitro experiments utilized
glacial acetic acid as a solvent system to create collagen/PCL coatings with varying PCL
concentrations (10%, 15%, 20% w/v). Morphological and physical characterizations

Keywords: were conducted using scanning electron microscopy (SEM), atomic force microscopy
Collagen-polycaprolactone (AFM), and wettability tests. In vivo studies involved implanting collagen/PCL-coated
CpTi CpTi cylinders into the femoral bone of New Zealand rabbits, followed by histological
Electrospinning analysis at 2 and 6 weeks. Results: SEM revealed that scaffolds with higher PCL
Healing concentrations exhibited finer nanofiber structures (average diameter: 232 nm) and
Implant coating enhanced hydrophilicity and roughness. Histological analysis demonstrated significant
PCL osteogenic activity and basal bone formation, with well-formed bone plates observed at
6 weeks for implants coated with 20% collagen and 20% PCL. Novelty: The study
highlights the potential of electrospun collagen/PCL coatings to create optimal surface
properties for dental implants, achieving improved tissue integration and healing
outcomes. This innovative approach demonstrates the versatility of electrospinning for
fabricating fibrous scaffolds that can incorporate therapeutic agents, offering
transformative implications for regenerative medicine and implantology.
INTRODUCTION

Titanium is one of the most widely used dental implant materials due to its fabulous
physical properties, outstanding osteo-conductivity, and passive corrosion resistance
layer yet some goals of implant surface modifications to increase clinical performance in
areas with poor bone quality or quantity are recommended[1]. Further, to accelerate bone
healing for new prosthetic loading protocols, and stimulate bone growth for implant
placement in areas with insufficient residual alveolar ridge are sustained[2]. Earlier
studies to enhance the biological impact of titanium via modification of both surface
topography and chemistry represented a classic example of a natural polymer was
collagen[3][4]. Collagen is characterized, as an excellent biocompatibility, low
antigenicity, low inflammatory and cytotoxic responses meanwhile its use in biomedical
applications, has expand quickly; especially in the field of bioengineering[5][6]. In
extracellular matrix (ECMs), collagen type-I is the main fibrillary structural component,
which exist almost everywhere in the body’s tissue, with the exception of cartilaginous
tissues, where collagen type-II is predominate[7]. Both types-I and II collagens and the
natural polymers were frequently utilized in cartilage tissue engineering because they
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provide biological signals that help chondrocytes connect with the scaffold and provide
the developing tissue enough room needed[8]. The latter has been considered cellular
enzymes recognizing collagen[9]. The majority of investigations had focused on using
collagen type-lI scaffolds as cell carriers for Mesenchymal Stem Cells (MSCs) or
chondrocytes. At full-thickness defects in rabbit articular cartilage, allograft chondrocytes
were implanted within collagen type-I gels within 24 weeks following transplantation,
the defects were filled with hyaline cartilage as opposed to those lacking seeded gels,
which were filled with fibrocartilage[10]. In 2009, an in vivo study conducted by Tillman
and co-workers referred to collagen in a scaffold form revealed a considerable stability
by sustaining high biomechanical strength over time[11]. Collagen used as a coating
material for titanium and alloys had promoted surface biological properties by increasing
the proliferative capacity of osteoblasts[12]. The effects of collagen coating on tissue
vascularization, inflammatory response, macrophage activity, and osteoclast activity
have already been investigated[13] meanwhile, biochemical alteration of titanium (T1i)
surfaces by collagen could also accelerate wound healing in animal models[14]. A most
recent study claimed that collagen coating promotes cell adhesion, differentiation, and
mineralization of the extracellular matrix[15], while other studies claimed stimulatory
effect[16][17]. Recently, the biodegradable synthetic semi-crystalline polymers PCL have
become more popular in a range of surgical applications and is biocompatibility,
versatility, processability, and its suitability for various biomedical applications have
cemented its position as a valuable polymer[18][19]. Its ability to blend with other
polymers also enhances its adaptability and allows for the creation of custom materials
tailored to specific medical needs[20]. Accordingly, this polymer has recently been
approved by the United States Food and Drug Administration (FDA) for use in human
medical devices which emphasizes an in vivo applicability and that their non-toxicity
factor has also been evaluated[21].

Electrospinning technique, frequently used to make scaffolds for tissue engineering,
is a common nano-technique used to fabricate scaffolds of aligned polymeric nanofibers
(NFs) with diameters varying between 3 to >5 pm [22-24]. A thin polymer solution is
stretched during solidification by electrostatic forces where the resultant scaffold
becomes an effective way for manufacturing micro and nanofibers for tissue engineering
since the fibers closely mirror the dimensions and composition of the natural extracellular
matrix [25-28]. Similarly, use of solvents and aqueous-based solutions helps in the
assimilation of biological substances e.g. collagen and elastin combinations are only one
of the many uses for electrospinning of collagen[29]. Scaffolds has already been
constructed of polycaprolactone and collagen for the creation of vascular tissue[22] and
tibrinogen fibers that allow for natural collagen deposition during cell growth[30]. The
success of human tissue adopting the scaffolds in the future may depend on the inclusion
of chemicals i.e. antibiotics, to polymer-collagen blends because there are many
therapeutic uses for scaffolds that require for monitoring bacterial growth. For instance,
maintaining optimal levels of an antibacterial antibiotic during medicine administration

Journal of Medical Genetics and Clinical Biology 78



Fr Breast Cancer Screening in Women Aged 45-65 in Samarkand Region, Uzbekistan: A Cross-Sectional Analysis of Data from 2023

is one standard for monitoring intra-abdominal infection[31]. Some extra application in
bone therapy may also be possible to explore via some modifications of the application
techniques. Our research aims to examine the electrospinning coating method for coating
CpTi with collagen using PCL as a binder and to assess the osseo-integration reaction to
the electrospun fibrous scaffold.

RESEARCH METHOD

A primary polymer of pure type-I collagen (bovine tendon powder, type-I collagen)
from Sigma SKU (molecular weight 2,500-4,000 g/mol.), PCL (C6H1002)n (molecular
weight 45,000 gm.mol-1 density 1.146 gm/mL at 25 °C) Sigma-Aldrich, were used. The
scaffold was created using an electrospinning system (Nano NC, ESB200, Southern
Korea). The setup of electrospinning device (Fig-1C) consists of three main parts i.e. a
conductive collector, flow rate, and a high-voltage power source. The electrospinning
processes method produces nanofibers[32]. At a certain voltage, the repulsive forces
overcome the surface tension of the polymeric solution, causing a jet to emerge from the
Taylor cone. The jet moves between the needle tip of the syringe and the collector,
dividing into a vast number of filaments, which then undergo solvent evaporation along
with the distance. [33][34].

1. Method

a). Specimen design for in vitro: Investigation of surface modification was
conducted on a substrate of CpTi (15 mm/diameter and 2 mm/thickness), prepared with
a wire cutting machine a round bar (dk7,735 China). The specimen was then mechanically
polished with grinding and polishing to create a mirror-like surface. The "conventional"
method of machine polishing uses abrasive grit sizes 240, 320, 400, and 600, grit.

b). Preparation of Collagen/PCL scaffolds: A pure collagen solution was prepared
by dissolving 20% W/V of collagen in 98% concentrated glacial acetic, acid stirred with
a magnetic bar for an hour at room temperature. The PCL pellet was also dissolved in the
acetic acid 98% solvent system, where the solution was prepared at three different
concentration levels (10%, 15%, and 20% W/V) and stirred by a magnetic stirrer for 3
hours at room temperature[11]. Both polymer solutions were mixed and the mixture of
collagen and PCL prepared at rate 1:1 V/V was stirred with a magnetic bar for 2 hours to
create a homogeneous solution. Therefore, the first group (G1) had 20% collagen mixed
with 10% PCL 1:1; G2 was formed from 20% collagen mixed 1:1 V/V with 15% of PCL
and the third group (G3) was 20% of both collagen and PCL mixed in 1:1 rate. The
prepared solutions were collected using a 10 mL syringe with a voltage of 15 Kv a needle
tip diameter of 0.7 mm, and a distance between electrodes of 15cm. electrospinning
performed at flow rate of 1 mL/hour (Fig. 1.A). A DC power supply with voltage (Fig.
1.D) regulation created the electrically charged collagen and PCL jet[26]. The electro-spun
collagen fibers and PCL scaffold sheet were left to dry at room temperature[35] followed
by characterization of coat layer.
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c). Characterization of electrospinning scaffold: The field emission scanning

electron microscope. (FESEM) examination at a 15 KV accelerating voltage was used to
evaluate fiber diameter and porosity inside the fibers scaffold while the specimens were
first coated in gold using sputtering, followed by scaffold analysis utilizing Image-J
software and SEM characterization[36]. Then, the wettability test conducted to determine
the contact angle indicates hydrophilicity of the surface. Analysis for the surface
morphology and roughness was carried out using Atomic force microscopy (AFM) 2D
and 3D imaging with particle size distribution and finally, examination, was done using
AFM to provide high-resolution three-dimensional (3D) topographic data, making it an
excellent tool for topographic investigation of relatively flat surfaces [37].
2. In vivo study: A CpTi implant was prepared in a 3mm diameter and 8mm length,
meanwhile, while the electrospinning coating performed for two groups e.g. control
group non-coated CpTi; another was chosen upon in vitro analysis to selected better
morphological and physical properties i.e. a 20% collagen: 20% PCL was used for
histological analysis. White, healthy male 10-12-month-old New Zealand rabbits
weighing 2.2-2.5 Kg were employed as test subjects meanwhile the rabbits were, priory,
submerged in an anti-parasite agent to avoid any external skin infections.

(Fig. 1): (A). In vitro specimen polishing instrument; (B). Polymer solution
preparation; (C). Atom syringe pump to control flow rate and (D). High voltage DC to
control high power supply.

To ensure that the animals were parasite-free, intravenous intramuscular injection
was administered, and oxy-tetracycline intramuscular injection was used as an antibiotic
to cover the infection[38]. The surgical operation was performed gently, by sterile
surgical technique while all instruments and towels were autoclaved at 1340C and 15
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bars for 90 minutes [39]. Due to the organic nature of coating samples; the sterilization
was carried out under UV radiation for 24 hours [40]. The two groups of implants were
subjected to in vivo investigation i.e. the uncoated CpTi (G1) was used as a control group
while the G2 was coated with a scaffold of 20% collagen and 20% PCL. The study
involved the evaluation of implants at two distinct time intervals, namely 2 weeks and 6
weeks post-implantation, in animal subjects. The animals were then humanely sacrificed
to retrieve the implant sites. To assess the bone response to the implants, histological
specimens were meticulously prepared from extracted bone blocks at these intervals.
Subsequently, a series of well-defined laboratory procedures were executed to prepare
slides for examination under a light microscope[41]. This comprehensive histological
analysis allowed for the in-depth examination of tissue and bone interactions with the
implanted material over time, to shed light on the biocompatibility and long-term effects
of the implants within the biological system [42].

RESULTS AND DISCUSSION

3.1. FESEM analysis: Both, the software of Image-J and origin were used to analyse the
scaffold by scanning elctron microscope (SEM) in (Fig-2). The porosity diamter had
ranged as the widest porosity size in G3 of 20% PCL reached to almost 8.7um (Fig. 3) and

the smallest pores size found in group-1 10% PCL (G1) was 3.4 um (Fig. 4).

e
~d

(Figs. 2): (A). lllustrates a scaffold made of 20% collagen and 10% PCL prepared with
the lest average fiber diameters 232nm; (B). A scaffold made of 20% collagen and 15%
PCL, with increase in an average fiber diameter of 506.86nm and (C). the scaffold, of
20% collagen and 20% PCL was made in between an average fiber diameters of 264nm.
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(Figs. 3): Mean fiber diameters and standard deviation (+sd) via Image-J] and origin
software of 20% collagen scaffold: (A). 10% PCL; (B). 15% PCL; and (C). 20% PCL.
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(Figs-4): The mean porosity diameter (um) and slandered deviation measured by
image-j and origin soft ware of 20% collagen scaffold: (A). 10% PCL; (B).15% PCL; and
(©). 20% PCL, respectively.

3.2. Atomic Force Microscope (AFM) analyses:

Using the atomic force microscope the three distinct types of scaffolds made from
three different PCL concentrations with 20% collagen revealed the scaffold surface
roughness had increased proportionally with PCL content (Figures, 5A-C).

A

(Fig. 5): Atomic force microscope result (AFM) for 20% collagen with; (A). 10%; (B). 15%
and (C). 20%. In A, an AFM test revealed 10% PCL, and the surface roughness is 0.069
pum; in B. The second specimen of 15% PCL, the surface roughness is 0.93 um, and in C

for 20% PCL is 0.24 pm.

3.3. Wettability test

The average contact angle for the first scaffold group (G1) of 20% collagen and 10%

PCL was 12.75 (Fig-6A), 20.44 for the second scaffold group (G2) of 20% collagen and 15%

PCL (Fig-6B), and 25.75 for the scaffold 20% collagen and 20% PCL (G3)(Fig-6C). The

Bonferroni test showed a highly significant difference in contact angle measured between
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scaffolds with 15% PCL and 20% PCL. The mean difference of -13 indicates (Table-2) that
the scaffold with 20% PCL is significantly less hydrophilic than the one with 15% PCL.
|

Flg- ): The wettability test contact angle in 20% collagen w1th (A). 10% PCL; (B).
15%PCL and (C). 20%PCL. Note

(Table-1): The arithmetic means and SD of the contact angle analyzed using equal

Groups Arithmetic means &SD Differences
G1 (10%PCL) n=10 12.7+£1.34 p<0.001
G2 (15%PCL) n=10 20.4+1.35 p<0.001
G3 (20%PCL) n=10 25.7+0.67 p<0.001

(Table-2): The Bonferroni test for comparison between the means of each two-
tested group of contact angle measurement (*): Significant differences.

(D 1)) Mean Difference (I-]) Differences
10%PCL 15%PCL 7.70 p<0.001
20%PCL -5.30* p<0.001
15% 20%PCL -13.0* p<0.001

3.4. Histological examination:

Both morphological and physical properties of a group of collagen and PCL with
20% were selected for histological examination to investigate the histological feature
alteration of bone implant at two weeks post-implantation.
3.4.1. At 14 days post-operative: Microscopic examination of implant specimens of the
non-coated CpTi and 20% of both collagen/PCL coated implant group revealed an
almost normal appearance of the cortical bone. The rim of wall revealed formation of thin
layer of fibrous osteogenic tissue in both groups, enriched with osteoblast that covered a
newly deposited calcified matter composed of mature osteocytes trabeculae surrounded
by osteoblast and basal bone around implant bed (Fig. 7).
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/ J

(Fig-7): Sections of bone 2-week post implantation with osteogenic fibrous layer (black

arrow), and almost a normal cortical bone (c); A. non-coated control group 20% collagen
20% PCL (H&E; x100).

3.4.2. Histological feature of bone implant 6 week post-implantation: Microscopic
evaluation of implant specimens for the non-coated CpTi group and 20% collagen (G1)
and PCL coated demonstrations were compared. The non-coated implant showed almost
normal cortical bone, with development of thin layer of fibrous osteogenic tissue. A thin
inner circumferential bone layer, composed of numerous osteoblasts, and numerous
mature osteocytes had also developed while in collagen coated implant a thick layer of
trabecular bone was developed, composed of osteogenic tissue within bone space and
marked cracked cortical bone (Fig-8).

group 20% coated of collagen PCL (H&E; x100).

Discussion:

To enhance bone-healing efficiency, different combination of scaffolds prepared
and various both in vitro and in vivo tests were used to assess the morphological,
physical properties and histological responses. The intrinsic properties of polymer
solution include type, structure of the polymer, as chain or molecular weight, viscosity
or concentration, elasticity, electrical conductivity, polarity, surface tension of the solvent,
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influence the morphology and diameter of fibers in the electrospinning process[43].
Other Processing parameters involves applied voltage, injection rate, and the collector
distance that can also affect the properties of the fibers[44]. The molecular weight of the
polymer, particularly, has a significant effect on rheological and electrical properties i.e.
viscosity, surface tension, conductivity and dielectric strength [43]. In the present
research the PCL used as binder polymer with molecular weight 4500gm/mol, that is
higher than of collagen. Therefore, by increasing the concentration of PCL with polymer
solution the viscosity increased, which has an important role in electrospinning
procedure. Our results of SEM confirmed a positive correlation between an increase in
viscosity and clarification of the fibers as prominent and less diameter. This result is in
concomitant with a most recent work where the beaded electro-spun fibers had elongated
as the concentration increases with a decrease in the diameter of porous than the
tibroblast cell size, illustrating possibility of scaffolds type to prevent cells from getting
through its fibers with a uniform and defect-free fibers at higher concentrations [45]. This
might be attributed to high degree of chain overlap and the formation of entanglement
coupling [46]. In a most recent research an increase in viscosity between three distinct
concentrations caused decrease in fiber diameter followed by gradual [47]. An excellent
nanofiber (NF) morphology has been experimentally obtained, may, ironically provide a
range of ideal polymer concentration, subject to processing circumstances being adopted.

Atomic Force Microscope (AFM) can provide topographical analysis and high-
resolution via three-dimensional (3D) topographic data for both micro- and Nano-scale
structures. Surface roughness is also found to be essential to the osseo-integration and
bone healing processes [48]. Our results showed that in first group (G1) the scaffold of
10% PCL content exhibited the lowest surface roughness that is substantiated by the SEM
images of the first scaffold, where the fibers are characterized by smaller diameter,
appeared less well-formed and devoid of prominent textural features. However, in G2
(15% PCL content), the scaffold displayed a higher degree of surface roughness. This
rougher texture is attributed to increased fiber diameter and a larger pore size, as
confirmed by SEM analysis. In G3 the surface, by SEM, the roughness trended to
proportionally incline with fiber diameter i.e. the fiber diameter decreased by decrease in
the scaffold's surface roughness. The latter, evidently, is attributed to the fact that a
scaffold's surface roughness is intricately influenced by multiple factors i.e. viscosity,
tiber diameter, and pore size. Furthermore, the degree of surface roughness plays a
pivotal role in determining its suitability for promoting tissue integration [49].

Our wettability tests had yielded crucial insights into how the composition of the
scaffolds has influenced their hydrophilic or hydrophobic properties [24].
Hydrophilicity, the ability of a material to attract and interact with water, is of a
paramount importance in the initial stages of the osseo-integration process, particularly
for facilitating cell attachment and promoting the healing process [50]. In the present
study the contact angle increased as the concentration of PCL increased due to the fact
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that PCL is a hydrophobic material in nature, and any increase in the concentration of
PCL caused the scaffold to be more hydrophobic [51].

Meantime, the present in vivo research, targeted assessment of comprehensive
effects of scaffold variants by choosing collagen 20% with 20% PCL scaffolds for osseo-
integration procedure. At 2 weeks post-implantation, the ossification development was
almost the same as in 6 weeks post-implantation; yet with a thicker new bone formation
was inspectable around G2 at 6 weeks post-implantation. The latter could be attributed
as if collagen/PCL scaffold sustains a better impact by the long intervals [52]. Further to
the biological role of collagen fibers, their influence on bone might be due to the
improving titanium surface characteristics via increasing the surface roughness and
presence of pores that attract osteogenic cells to boost cell adhesion. To further accelerate
the bone regeneration, the collagen-based scaffolds can have their surfaces changed by
adding bioactive materials which deems consistent with the capability of collagen-based
hydrogel, to address the excessive collagen breakdown and swelling by combining
collagen with other components. Depending on the type of substance, the breakdown
period of collagen-based hydrogels can be postponed for many months. Meanwhile the
hydrogels may be directly loaded with bioactive substances, that could then be released
at right concentrations to boost local bone repair[53]. The present research endeavors
undoubtedly to contribute to the benefits implied the application of electrospinning
techniques in medical implants and tissue engineering. Further investigation to explore
the full potential and advancing healthcare outcomes of our technique deems so
important to achieve an utmost and a comprehensive outcome in this field.

CONCLUSION

Fundamental Finding: This study demonstrated that electrospun scaffolds
combining 20% collagen and 20% polycaprolactone (PCL) effectively enhanced
osseointegration and tissue healing when used as coatings for commercial pure titanium
(CpTi) implants. The scaffolds exhibited optimal surface roughness, porosity, and
hydrophilic properties, facilitating significant osteogenic activity and basal bone
formation in vivo. Implication: The findings underscore the potential of electrospinning
technology as a versatile tool for fabricating biomimetic coatings that improve implant
performance, with applications extending to dental and orthopedic implantology.
Moreover, the incorporation of therapeutic agents into the scaffolds could further
enhance regenerative outcomes. Limitation: The study's in vivo analysis was limited to
a single animal model and focused on short-term effects, restricting the generalizability
of the findings to clinical settings. Additionally, challenges associated with the scalability
and reproducibility of the electrospinning process remain. Further Research: Future
studies should explore the long-term biocompatibility and mechanical stability of these
coatings in diverse physiological environments, assess their performance in larger animal
models, and investigate the integration of bioactive agents to enhance therapeutic
efficacy.
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