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ARTICLE INFO ABSTRACT
Keywords: Bacterial vaginosis (BV) is an abnormal condition caused by the change of microbiota in the vagina. One of the
3D printing most common bacteria found in the case of BV is Gardnerella vaginalis, which is categorised as anaerobic
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facultative bacteria. Currently, the available treatment for BV is the use of antibiotics, such as metronidazole
(MTZ), in topical and oral dosage forms. The limitation of the currently available treatment is that multiple
administration is required and thus, the patient needs to apply the drug frequently to maintain the drug efficacy.
To address these limitations, this research proposed prolonged delivery of MTZ in the form of intravaginal de-
vices made from biodegradable and biocompatible polymers. Semi-solid extrusion (SSE) 3D printing was used to
prepare the intravaginal devices. The ratio of high and low molecular weight poly(caprolactone) (PCL) was
varied to evaluate the effect of polymer composition on the drug release. The versatility of SSE 3D printer was
used to print the intravaginal devices into two different shapes (meshes and discs) and containing two different
polymer layers made from PCL and a copolymer of methyl vinyl ether and maleic anhydride (Gantrez™-AN119),
which provided mucoadhesive properties. Indeed, this layer made from Gantrez™-AN119 increased ca. 5 times
the mucoadhesive properties of the final 3D-printed devices (from 0.52 to 2.57 N). Furthermore, MTZ was
homogenously dispersed within the polymer matrix as evidenced by scanning electron microscopy analysis.
Additionally, in vitro drug release, and antibacterial activity of the MTZ-loaded intravaginal devices were eval-
uated. Disc formulations were able to sustain the release of MTZ for 72 h for formulations containing 70/30 and
60/40 ratio of high molecular weight/low molecular weight PCL. On the other hand, the discs containing a 50/
50 ratio of high molecular weight/low molecular weight PCL showed up to 9 days of release. However, no
significant differences in the MTZ release from the MTZ-loaded meshes (60/40 and 50/50 ratio of high molecular
weight/low molecular weight PCL) were found after 24 h. The results showed that the different ratios of high and
low molecular weight PCL did not significantly affect the MTZ release. However, the shape of the devices did
influence the release of MTZ, showing that larger surface area of the meshes provided a faster MTZ release.
Moreover, MTZ loaded 3D-printed discs (5% w/w) were capable of inhibiting the growth of Gardnerella vaginalis.
These materials showed clear antimicrobial properties, exhibiting a zone of inhibition of 19.0 &+ 1.3 mm. Based
on these findings, the manufactured represent a valuable alternative approach to the current available treatment,
as they were able to provide sustained release of MTZ, reducing the frequency of administration and thus
improving patient compliance.

1. Introduction microbiota from lactobacilli to facultative anaerobic bacteria (Muzny
and Kardas, 2020). Vaginal flora is usually predominated by the

Bacterial vaginosis (BV) is one of the most common pathologic “healthy” Lactobacilli species, but when diverse bacteria from other
conditions that occur in women during the reproductive age (Rede- taxonomic groups, including Gardnerella, Bacteroides and Anaerococcus,
linghuys et al., 2020). This condition is caused by a change in vaginal among others, begin to overgrow and become dominant, BV can result.
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Therefore, BV is cause by disruption to the microbiota homeostasis
caused by an imbalance in the vaginal flora that has been associated
with a wide variety of adverse health outcomes (Morrill et al., 2020).
The current treatment for BV includes the use of oral and vaginal anti-
biotics. Metronidazole (MTZ) is one of the most widely used antibiotics
to treat BV and the length of treatment is usually between 5 and 7 days
(Anjani et al., 2022; Jones, 2019; Sweetman, 2009). MTZ is available in
oral and vaginal gel dosage forms (Chavoustie et al., 2015; Goje et al.,
2021; Lofmark et al., 2010; Verwijs et al., 2020). However, oral
administration would experience first-pass metabolism and can cause
gastrointestinal adverse effects (Herman and Santos, 2022). In addition,
it has been reported that the effect of intravaginal administration of MTZ
was as effective as oral administration but with less gastrointestinal is-
sues (Hanson et al.,, 2001; Mitchell et al., 2009; Sweetman, 2009).
Accordingly, local administration of MTZ is preferred to provide direct
action to the target site. Unfortunately, the current available MTZ
vaginal gel dosage forms have several disadvantages such as frequent
daily application and the possibility of the gel being rinsed by the
vaginal fluid (Patil et al., 2019). Thus, 3D- printed MTZ-loaded vaginal
devices are proposed as an alternative delivery system approach for BV
treatment.

3D-printing is an emerging technology, which has been explored in
the manufacturing of pharmaceutical devices (Ali et al., 2020; Awad
et al., 2019; Dominguez-Robles et al., 2019; Dominguez-Robles et al.,
2022; Goyanes et al., 2015; Khaled et al., 2018b; Martinez et al., 2018;
Mathew et al., 2019; Robles-Martinez et al., 2019; Seoane-Viano et al.,
2021; Trenfield et al., 2018). Numerous vaginal devices have been
developed by using Fused Deposition Modeling (FDM), one of the most
popular 3D printing technologies (Arany et al., 2021; Dominguez-Robles
et al., 2020; Farmer et al., 2020, 2021). In this study, a different tech-
nology, namely semi-solid extrusion (SSE) was employed to successfully
prepare the 3D-printed intravaginal devices. This technology uses the
aid of heat and mechanical pressure to extrude the materials comprising
the polymer and the drug (Fl Aita et al., 2020; Mohammed et al., 2021;
Seoane-Viano et al., 2021). The advantage of using this method is the
ability to alter the formulation in small scale (Yan et al., 2020). Hence,
this method is promising for the fabrication of individualized dose in
hospital (Seoane-Viano et al., 2021).

In this paper, 3D-printed intravaginal devices containing MTZ were
prepared in two different shapes, namely meshes and discs using poly
(caprolactone) (PCL), a biodegradable and biocompatible polymer
(Korelidou et al., 2022; Stewart et al., 2018, 2021; Utomo et al., 2022).
The combination of high and low molecular weight PCL has been proven
by previous studies to produce the most desirable properties of 3D-
printed devices (Dominguez-Robles et al., 2021a, 2021b). The objec-
tive of this research was to develop intravaginal devices to provide
prolonged release of MTZ for BV treatment. In brief, MTZ vaginal de-
vices were prepared by using different ratios of high and low molecular
weight PCL by using a 3D bioprinter (SSE technology). Furthermore, an
additional layer containing Gantrez™-AN119 was added on the top of
the 3D-printed intravaginal devices to provide mucoadhesive properties
(Irache et al., 2005). The resulting 3D-printed devices were character-
ized using different techniques to evaluate their physicochemical
properties. Moreover, MTZ release kinetics, mucoadhesive properties
and antimicrobial activity were evaluated.

2. Materials and methods
2.1. Materials

MTZ was purchased from Tokyo Chemical Industry, Tokyo, Japan.
PCL 6506 (Mw = 50,000 Da) henceforth referred to as H-PCL and PCL
2054 (Mw = 550 Da) henceforth referred to as L-PCL were kindly pro-
vided by Perstop (Malmo, Sweden). Gantrez™-AN119, a copolymer of
methyl vinyl ether and maleic anhydride, was a gift from Ashland,
(Kidderminster, UK). Porcine mucin was obtained from Sigma Aldrich
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(Dorset, UK). Microcrystalline cellulose (MCC), Avicel PH 102, was ac-
quired by IMCD UK Limited (Sutton, UK). Gardnerella vaginalis NCTC
10287 was incubated anaerobically on brain heart infusion (BHI) broth
at 37 °C in for 48-72 h to perform the disk diffusion test. All the
chemicals used were of pharmaceutical grade.

2.2. Preparation of 3D printed intravaginal devices containing MTZ

The formulations of vaginal devices were comprised of the mixture of
H-PCL and L-PCL in different ratios and 5% (w/w) of MTZ, as presented
in Table 1. Initially, MTZ was grinded using a mortar and pestle to
reduce the particle size. Subsequently, MTZ was mixed with L-PCL using
a SpeedMixer™ DAC 150.1 FVZ-K (Hauschild GmbH & Co. KG, West-
falen, Germany) at 3500 rpm for 3 min. A weighed amount of H-PCL was
then added and mixed using the SpeedMixer™ DAC 150.1 FVZ-K at
3500 rpm for 5 min to obtain a homogenous mixture. Afterwards, the
final mixture was placed into a metal syringe of the 3D bioprinter
equipped with 0.5 mm nozzle. The design of both vaginal meshes and
discs was performed using a computer-aided design (CAD) software,
which was further printed using a 3D bioprinter (Bioscaffolder 3.2.,
GeSiM) (Radeberg, Germany). The diameter of both meshes and discs
was 13 mm. Moreover, meshes had a weight which ranged from 48.2 to
59.4 mg, while discs had a weight, which ranged from 83.9 to 109.6 mg.
The printer was set with the print speed of 10 mm/s and temperature of
60 °C. The strand height and width were 0.25 and 0.50 mm, respec-
tively. Finally, the strand distance was set at 1.6 and 0.65 mm for meshes
and discs, respectively. Both devices, meshes and discs were composed
of 2 layers of extruded materials.

The additional mucoadhesive layer of the intravaginal devices was
added using a different type of cartridge but from the same 3D bio-
printer. In this case, instead of using temperature and mechanical force,
air pressure was employed to 3D print the mucoadhesive layer. Gan-
trez™ AN-119 was used as the mucoadhesive polymer, which was firstly
dissolved in acetone to obtain a concentration of 40% w/v. The obtained
solution was subsequently placed in a new cartridge equipped with 0.4
mm nozzle. The printer speed was set at 30 mm/s and the employed
pressure was 60 kPa. The strand width and height were both 0.410 mm
while the strand distance was 1.8 mm. The mucoadhesive part, which
consisted of 1 layer of Gantrez™ AN-119, was printed on each of MTZ-
loaded vaginal discs (F1C-M). Afterwards, the mucoadhesive layer was
dried at room temperature for 24 h to allow the evaporation of acetone.
The final 3D-printed intravaginal devices, containing the mucoadhesive
layer were stored at room temperature for further evaluation.

2.3. Physicochemical characterisation

The surface of the 3D printed intravaginal devices was assessed using
a scanning electron microscope (SEM) (Tabletop Microscope® TM
3030). Evaluated samples were taken before and after the release study.
Moreover, the thickness of both the PCL-based part and the mucoad-
hesive layer of the 3D-printed intravaginal device were measured by
using optical coherence tomography (OCT).

Thermal properties of MTZ-loaded 3D-printed materials and pure
compounds were evaluated using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). DSC analysis was per-
formed to observe the melting point and crystallinity of materials. For
this purpose, samples between 5 and 10 mg were heated in a sealed

Table 1
Composition of MTZ-loaded intravaginal devices.
Formulations H-PCL (%w/ L-PCL (%w/ MTZ (% w/ H-PCL/L-PCL
w) w) w) Ratio
F1 66.5 28.5 5.0 70/30
F2 57.0 38.0 5.0 60/40
F3 47.5 47.5 5.0 50/50
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aluminum pan from 25 to 200 °C at a rate of 10 °C/min using a DSC Q20
(TA Instruments, New Castle, USA). Moreover, TGA analysis was per-
formed to determine the degradation of samples caused by increasing
temperature. For this purpose, once again samples between 5 and 10 mg
were heated from room temperature to 500 °C at a rate of 10 °C/min
using a TGA Q50 (TA Instruments, New Castle, USA). Data analysis was
done using TA Universal Analysis software (TA Instruments, New Castle,
USA).

Fourier transform infrared (FTIR) Accutrac FT/IR-4100 series (Jasco,
Essex, UK) was used to observe chemical interactions between the
different compounds of the formulations. This instrument was equipped
with MIRacle™ diamond attenuated total reflection (ATR). The IR
transmission spectra were recorded between 600 and 4000 cm™! using
32 scans with a resolution of 4.0 cm™! at room temperature.

To further evaluate the crystallinity of the 3D-printed samples, X-ray
diffractometer (XRD) analysis was performed. Measurements were
performed using MiniFlex II Desktop Powder X-ray Diffractometer
(Rigaku Corporation, Kent, UK) equipped with Cu Kp radiation (A = 1.39
A). The experiment measurements were conducted at room tempera-
ture, with a voltage of 30 kV and a current of 15 mA. All samples were
scanned for 2.0°/min with an angular range of 5-30° 20 (2 theta) in
continuous mode with a sampling width of 0.03°.

The drug content of the devices was determined by dissolving a small
piece of MTZ-loaded disc in the mixture of acetonitrile (ACN) (1 mL) and
dichloromethane (1 mL). Subsequently, 10 pL of the solution was diluted
with ACN up to 1 mL. Furthermore, 100 pL of this solution was added to
900 pL of simulated vaginal fluid (SVF). To prepare SVF, 0.525 g of
sodium chloride, 0.061 g of lactic acid and 0.079 g of acetic acid were
weighed and added in a 100-mL volumetric flask followed by distilled
water (pH 7) (Rastogi et al., 2016). The final solution was then analysed
using a validated HPLC analytical method. The drug content (% drug
content) was calculated using Eq. (1).

Cfv
1000.W

%Drug content = x100 (@]

Where C is the concentration measured (ug/mL), f is the dilution
factor, V is the volume of the initial solution (mL) and W is the weight of
MTZ disc (mg).

2.4. In vitro release studies

SVF was used as the release medium to mimic the vaginal environ-
ment. Regardless of the 3D-printed shape, both meshes and discs were
placed in 5 mL of SVF at 37 °C and shaken at 40 rpm. At the specified
time points, 500 pL of the release medium was taken and replaced with
an equal volume of SVF to maintain the sink conditions. Samples were
analysed using a validated HPLC method. Moreover, where necessary,
samples were diluted to obtain a concentration in the range of the
calibration curve. The percentage of drug released was calculated using
Eq. (2).

%Drug released = x100 2

(xfa-V) +1e
w
Where x is the concentration measured, f; is dilution factor, V is the
volume of sample (0.5 mL), f. is correction factor, and W is the amount of
MTZ-loaded vaginal devices.

2.5. Mucoadhesion test

The mucoadhesive properties of the MTZ-loaded intravaginal de-
vices were evaluated using TA-XT2 Texture Analyzer (Stable Micro-
systems, Surrey, England) as previously described by Andrews, et al.
with some modifications (Andrews et al., 2009). Briefly, a mixture of
porcine mucin (90% w/w) and MCC (10% w/w) was homogeneously
mixed by vortexing. Then, 250 mg of this mixture was compressed with
10 tons of force for 30 s to obtain mucin discs with a diameter of 1.3 cm.
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The use of MCC prevented the mucin discs being broken during the test
(data not shown). The disc was subsequently attached to the surface of
the texture analyzer platform using a strong glue. Then, 50 pL of mucin
solution (5% w/w) was placed on the surface of both the 3D-printed
devices and mucin discs for 30 s (the excess mucin solution was
removed after this time). The 3D-printed device was previously affixed
to the bottom side of the inert vertical probe with the mucoadhesive
layer facing downwards. The vaginal device was brought into contact
with the mucin disc with a force of 1 N for 30 s to ensure intimate contact
between the disc and the mucoadhesive layer. The probe was subse-
quently elevated at a speed of 1.0 mm/s and the force required to detach
the device from the mucin disc was recorded and determined as the
mucoadhesive strength (Andrews et al., 2009).

2.6. Antimicrobial activity test

3D-printed discs of F1 containing 5% (w/w) of MTZ were tested for
the inhibitory effect on bacterial cultures of Gardnerella vaginalis NCTC
10287. Gardnerella vaginalis is an anaerobic bacterium that resides in the
normal vaginal flora. For this purpose, G. vaginalis was incubated
anaerobically in BHI broth at 37 °C for 48-72 h and 100 pL of this
culture was then poured and plated on the BHI agar plate by using a
cotton swab in order to obtain a bacterial lawn. 3D-printed discs were
then placed on the top of the BHI agar plates and incubated anaerobi-
cally for 24 h at 37 °C. The inhibition zone diameters were measured in
mm. Moreover, inoculated plates with G. vaginalis alone and containing
PCL-based 3D-printed discs with no MTZ were also incubated at the
same conditions as positive and negative controls, respectively.

2.7. Instrumentation and chromatographic condition for MTZ
quantification method

MTZ quantification was performed using Reversed-Phase High Per-
formance Liquid Chromatography (RP-HPLC). A Phenomenex® Spher-
eClone™ C;g ODS (150 mm length x 4.60 mm internal diameter, 5 pm
particle size) column was used as the stationary phase. The mobile phase
was consisted of 0.5% v/v of Triethylamine (TEA) in water (pH 6.80
adjusted using phosphoric acid) as aqueous phase and methanol as
organic phase with the ratio of 60:40% v/v. The injection volume was
20 pL and the flow rate was 1.0 mL/min. The wavelength of UV detec-
tion was set at 322 nm. The measurement was carried out at 25 °C. The
chromatograms obtained were analysed using Agilent ChemStation®
Software B.02.01.

2.8. Similarity and difference factors

The in vitro release profiles of each formulation were compared based
on the values of the difference (f1) and similarity (f2) factors (Diaz et al.,
2016; Larraneta et al., 2014; Muselik et al., 2021). The value of f; was
calculated using Eq. (3) and used to measure the percentage of differ-
ence and percent error between two release profiles at each time point.
Moreover, the value of f, was calculated using Eq. (4) and is a loga-
rithmic square-root transformation of differences between test and
reference products over all time points.

fi —{[Zn;R,—T,@/[iR,} }xlOO 3

n

L+ (1/n) ) (R T,f} 100 4

=1

> = 50xlog

Where, n is the number of sampling time, R, is the percentage of the
drug released from the reference formulation at time t, and T is the
percentage of the drug released from the test formulation at time t. Both
release profiles are considered similar when the value of f; is between
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0 and 15 and f5 is between 50 and 100.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism® version
8.0 (GraphPad Software, San Diego, California, USA). The normality of
data distribution was assessed using the Shapiro-Wilk test, with a p-
value of >0.05 indicating that the data were normally distributed. Data
were expressed as a mean =+ standard deviation and compared using
one-way analysis of variance (ANOVA) with Tukey’s post-hoc. Addi-
tionally, independent t-test was applied for the analysis between two
groups. In all cases, p-value <0.05 indicated a statistically significant
difference between tested groups.

3. Results and discussion
3.1. Preparation of 3D printed vaginal devices containing MTZ

The intravaginal devices were successfully printed using SSE 3D
printing technology. Two different shapes - meshes and discs, and two
different conditions - with MTZ (5% w/w) and without MTZ (blank
polymers) were manufactured. While PCL is a hydrophobic polymer,
MTZ is a water-soluble drug (Labet and Thielemans, 2009; Sweetman,
2009), it was therefore a challenge to incorporate MTZ in the PCL
polymer mixture. Accordingly, the reduction of MTZ particle size played
an important role to allow more homogenous drug-polymer mixture that
could be extruded through the 3D printer nozzle. The final particle size
of the drug powder ranged from 2.11 and 6.51 pm (4.70 + 1.61 pm, n =
12) (Fig. S1 in supporting information). The mixture of H-PCL and L-PCL
was chosen based on the results of previous studies, which showed
excellent extrusion properties using the 3D bioprinter (Dominguez-Ro-
bles et al., 2021a, 2021b). For instance, vascular grafts containing
dipyridamole and aspirin were successfully 3D-printed using this

(R
|-l ] 1
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polymer combination (60% of H-PCL and 40% of L-PCL) (Dominguez-
Robles et al., 2021a, 2021b). Hence, the drug and polymer mixture was
able to be continuously extruded, and the 3D-printed materials were
solid and homogenous with desirable shape and size, as can be seen in
Fig. 1A-B.

In addition, another mucoadhesive layer was successfully printed on
the top of the vaginal disc containing MTZ using the same 3D bioprinter.
The type of mucoadhesive polymer was an important consideration due
to the hydrophobicity of PCL. Hydrophilic mucoadhesive polymer, such
as chitosan, was not able to stick on the surface of the device (data not
shown). Consequently, Gantrez™ AN-119 was chosen to be the most
suitable mucoadhesive polymer as it is soluble in acetone. On the other
hand, PCL is also soluble in acetone. As a result, the Gantrez™ AN-119
layer was able to be printed and affixed securely on to the surface of the
PCL-based 3D-printed materials, as shown by using different imaging
techniques (Fig. 1C-F). Light and scanning electron microscope images,
as well as OCT images show how this mucoadhesive layer was printed
and successfully attached to the PCL-based surface. Moreover, the OCT
picture (Fig. 1E) is exhibiting the different thickness of both parts of the
implants. While PCL-based part of the implant had a thickness which
ranged from 0.4 to 0.65 mm, the thickness of the mucoadhesive layer
(represented in both directions) ranged from 0.1 to 0.2 mm. Addition-
ally, a SEM micrograph was used to show the top view of the mucoad-
hesive layer of the implants in more detail (Fig. 1F). This part of work
also demonstrated the versatility of 3D bioprinter for the manufacture of
different materials. A cartridge equipped with thermal and mechanical
force controls was used to 3D-print PCL-based devices, while a different
cartridge equipped with air pressure force (with no temperature) was
used to 3D print the mucoadhesive layer.

3.2. Physicochemical characterisation

Several tests were performed to determine the properties of the 3D-

Gantrez
mucoadhesive
layer

HL D7.0 x50 2mm

Fig. 1. Digital pictures of a MTZ-loaded disc (A) and mesh (B). Picture of a MTZ-loaded disc containing the mucoadhesive layer of Gantrez™-AN119 (C) and by using
a magnification of 8 x (D). OCT image of the 3D-printed intravaginal device showing the different thickness of both the PCL-based part (blue) and mucoadhesive layer
(green) (represented in both directions: 1 and 2) (E). SEM image showing the top view of the mucoadhesive layer of the 3D-printed intravaginal device (F). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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printed intravaginal devices, including surface analysis, thermal prop-
erties, FTIR and XRD analysis, and drug content analysis. The
morphology of the surface of the MTZ-loaded 3D-printed devices was
evaluated using SEM. Fig. 2 shows the surface of both MTZ-loaded discs
and meshes. Moreover, the surface of the 3D-printed meshes containing
no MTZ was also evaluated to compare with the MTZ-loaded ones. As
expected, the surface of the 3D-printed meshes containing no drug was
very smooth and quite homogeneous. These results are thus corrobo-
rating the successful mixing of both H-PCL and L-PCL by using the dual
asymmetric centrifugal laboratory mixer system and the 3D printing
process, as previously reported (Dominguez-Robles et al., 2021a,
2021b). Regardless the shape, it can be seen that MTZ was homoge-
nously dispersed on the surface of the MTZ-loaded 3D-printed material.
Additionally, the morphology of each formulation after the release
studies was investigated and shown in the Section 3.3.

The thermal properties of the pure MTZ and H-PCL powders, as well
as the 3D printed materials were analysed using both DSC and TGA. The
results were shown in Fig. 3. A sharp endothermic peak at 162.37 °C
indicated the melting point of the pure MTZ. However, this peak was not
observed in the curves of the MTZ-loaded 3D printed materials. Inter-
estingly, MTZ particles were found in SEM images dispersed over the
surface of the meshes. Therefore, it can be inferred that the amount

HL D54 x100  1mm

“HL D54 x100 11
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crystalline drug is too small to be detected using DSC. XRD analysis was
performed to ascertain MTZ crystallinity. Another endothermic peak at
58 °C was found in both blank and drug-loaded 3D-printed materials.
This peak represented the melting point of the PCL blend. It can be seen
that this peak was not shifted after the addition of MTZ in the formu-
lations. However, the melting point of these blank formulations (around
58 °C) was slightly lower compared to the one found at 61.36 °C for the
pure high-molecular-weight PCL (H-PCL). Therefore, the addition of
low-molecular-weight PCL (L-PCL) in the blank formulations has an
effect lowering the melting temperature of these blank formulations, as
has previously been reported (Stewart et al., 2020). The reduction of the
melting temperature observed in the blank formulations can be sup-
ported by a reduction in crystallinity of the H-PCL/L-PCL blends. These
results are in line with previous outcomes indicating that the crystal-
linity of PCL-based materials can be influenced by the content of L-PCL
(Stewart et al., 2020, 2021).

On the other hand, based on the TGA results, it can be seen that the
incorporation of L-PCL reduced the degradation temperature of the
blank formulations. Related to the DSC analysis results, the increase of
the amorphous part in the blank formulations required less energy to
degrade the material, which led to the lower degradation temperature
than H-PCL itself (Moseson et al., 2020). Additionally, compared to the

Tmm

HL D52 x100 HL D53 x100

HL D54 x100 Tmm = HL D52 x100

HL D54 x100 HL D52 x100 1mm

Fig. 2. SEM images of the MTZ-loaded vaginal discs (F1C, F2C, and F3C), MTZ-loaded vaginal meshes (F1M, F2M, and F3M), and blank formulations (F1B, F2B,

and F3B).
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Fig. 3. The results of DSC (A) and TGA (B) analysis of pristine MTZ and H-PCL and all the 3D-printed formulations.

pure MTZ, which started to degrade at around 200 °C, the PCL-based
devices, both blank and MTZ-loaded formulations, started to degrade
at higher temperatures, of s over 250 °C. This suggests that PCL was able
to enhance the degradation temperature of the formulations. These re-
sults were able to ensure that no degradation occurred during the 3D
printing process as the temperature used (60 °C) was below the degra-
dation temperature.

Chemical interaction of MTZ and other excipients was evaluated
using FTIR. Fig. 4A presented the spectra of all the 3D-printed formu-
lations, as well as the pure MTZ powder. Characteristic peaks of the pure
MTZ were observed in all the spectra of the MTZ-loaded formulations.
The peak at 3216 cm ™' was attributed to O—H stretching. Moreover,
C=CH stretching vibration was appeared in the range of 3100-3000
em L. A sharp peak at 1535 cm ™! indicated N—O stretching vibration
and a strong peak for C-OH stretching vibration was observed at 1186
cm ! (Nnamani and Okonkwo, 2017; Obaidat et al., 2022).

The crystallinity of MTZ was further investigated using XRD analysis.
The diffractograms of the formulations and the pure MTZ are shown in
Fig. 4B. It can be seen that the diffractogram of MTZ reflected its crys-
talline properties, which was in good agreement with the results of DSC
measurement. Additionally, the diffractograms of the formulations
containing MTZ showed the presence of MTZ peaks indicating that the
drug crystals were dispersed within the polymer matrix as evidenced by
SEM analysis. MTZ characteristic peaks at around 15 and 28° can be
observed in F1, F2 and F3 formulations.

Table 2 presents the percentage of MTZ loaded in the intravaginal
devices. The results showed that the MTZ concentration in the formu-
lation ranged between 4.54 and 5.03% (w/w) with the recovery per-
centage of 90.74-100.68%. These results are therefore corroborating the
previous outcomes, indicating that the loaded drug was homogeneously
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Table 2
The results of drug content analysis in the PCL-based intravaginal devices.

Formulations Drug content (%) Recovery percentage (%)
F1 5.03 + 0.14% 100.68 + 2.87%

F2 4.54 + 0.09% 90.74 + 1.7%

F3 4.85 + 0.08% 96.92 + 1.57%

distributed in the 3D-printed materials.

3.3. In vitro release study

The release profiles of both MTZ-loaded meshes and discs are pre-
sented in Fig. 5. Briefly, it was obvious that the discs were able to sustain
the release of MTZ relatively longer than the meshes. The MTZ release
from the meshes was obtained until day-9, while it took 14 days to
completely release MTZ from the discs. Nevertheless, the majority of the
drug was released in the first days, most likely due to hydrophilicity of
MTZ (Biagi, 1982). Indeed, the amount of drug released from MTZ-
loaded discs (F1 and F2) and F1 from MTZ-loaded meshes was signifi-
cantly different until 72 h (p < 0.05), thus these formulations reached a
plateau on the fourth day. Moreover, the amount of MTZ released from
the F3 of the MTZ-loaded discs was significantly different until the ninth
day (p < 0.05). However, no significant differences were found in the
MTZ-loaded meshes (F2 and F3) after 24 h (p > 0.05). These results
indicated that the shape of the devices did influence the release behavior
of MTZ. The meshes possessed a larger surface area compared to the flat
discs. Accordingly, in the case of MTZ meshes, a larger area was in
contact with the release media, resulting in faster release of MTZ
(Khaled et al., 2018a; Kyobula et al., 2017; Martinez et al., 2018).
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Fig. 4. The results of FTIR analysis (A) and XRD analysis (B) of MTZ and the devices’ formulations.
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Fig. 5. The release profiles of MTZ-loaded vaginal meshes (A) and MTZ-loaded vaginal discs (B).

In terms of the formulation compositions, based on the similarity and
different factors analysis, no significant difference was observed among
all formulations (Table 3). Therefore, the different ratio of H-PCL and L-
PCL in both designs (meshes and discs) did not influence their respective
drug release profiles. This may be caused by the properties of MTZ itself.
The hydrophilicity of MTZ prevented its dissolution in the mixture of
PCL, as PCL is known for its hydrophobicity. As previously observed in
the SEM images (Fig. 2), MTZ was dispersed on the surface of the de-
vices. Moreover, the devices were only composed of two MTZ-
containing layers, together with the additional mucoadhesive layer.
Therefore, both the MTZ hydrophilicity and the thickness of the per-
formed devices may be influencing their drug release behavior (Biagi,
1982; Obeid et al., 2021). Accordingly, a more sustained release could
be achieved by increasing the thickness of the devices, thus increasing
the treatment duration. Besides the thickness, the diameter and prob-
ably the drug dose can be increased (Dominguez-Robles et al., 2021a),
thus the required daily dose could be achieved. Furthermore, Fig. 6
presents the images of the devices at the end of the release study. It was
clear that no MTZ was observed on the surface of the devices indicating
that MTZ was completely released from the meshes and discs to the
release media after 9 and 14 days, respectively.

3.4. Antimicrobial activity test

A disk diffusion experiment was performed to evaluate the antimi-
crobial activity of the MTZ-eluting 3D-printed materials. A representa-
tive picture of the obtained results by the disk diffusion test is displayed
in the Fig. 7. As expected, the MTZ-eluting 3D-printed discs showed a
clear zone of inhibition in both G. vaginalis plates with the diameter of
19.0 £+ 1.3 mm (n = 3). Moreover, the 3D-printed discs without MTZ did
not inhibit bacterial growth, confirming that PCL possessed no antimi-
crobial effect. These results show the in vitro efficacy of the performed
3D-printed dosage forms, indicating the efficacy of MTZ was able to be
maintained in the formulations. Accordingly, these devices might
represent a valuable alternative to the marketed cream-based or oral
dosage forms used for the treatment of BV. Currently available treat-
ments for BV require multiple administrations; however, the intra-
vaginal devices in this work provide sustained release of MTZ, negating
repeated dosing. Accordingly, these vaginal devices are likely to in-
crease patient compliance, which may contribute to the success of the
BV treatment.

Table 3
The results of similarities and different factors analysis of the release profiles of
MTZ-loaded vaginal devices formulations.

Curve 1 Curve 2 f fa

FIM F2M 2.36% 79.59
FIM F3M 2.28% 72.36
F2M F3M 3.58% 71.53
F1C F2C 3.53% 66.37
F1C F3C 1.71% 80.36
F2C F3C 4.50% 63.84

3.5. Mucoadhesion test

The mucoadhesion test was performed to assess the mucoadhesive
properties of the 3D-printed discs with an additional mucoadhesive
layer of Gantrez™-AN119. The versatility of the 3D bioprinter was
explored by using two different material cartridges to 3D print the PCL-
based intravaginal devices containing the Gantrez™-AN119 mucoad-
hesive layer. The Gantrez™ polymers have been extensively used to
manufacture mucoadhesive drug delivery systems (Andrews et al., 2009;
Mec Crudden et al., 2019). The force required to separate the 3D-printed
devices containing the mucoadhesive layer from a partially hydrated
mucin disk were evaluated and presented in Fig. 7B. The 3D-printed
devices containing the mucoadhesive layer exhibited higher mucoad-
hesive bond strength (2.6 + 1.1 N) than the control formulations (0.5 +
0.3), those without the mucoadhesive layer (p < 0.05). The values of the
adhesion forces of the 3D-printed devices containing the mucoadhesive
layer, exceed those previously reported for other vaginal drug delivery
systems, including the values found for the commercially available
Replens formulation ((1N) (Andrews et al., 2009; Hassan et al., 2018).
Moreover, the highest adhesion force values found in this study are in
agreement with those reported in the literature for rilpivirine-loaded
dissolving microarray patches (MAPs) for intravaginal delivery (2.9 +
0.3 N) (Mc Crudden et al., 2019). Therefore, the retention of these PCL-
based intravaginal devices can be enhanced using mucoadhesive poly-
mers, such as Gantrez™-AN119. The adhesion forces are essential to
maximize residency and, thus, clinical performance and patient
compliance.

4. Conclusions

MTZ-loaded intravaginal devices were successfully prepared using
SSE 3D printing technology. In this study, H-PCL was mixed with L-
PCLPCL to obtain the desirable properties to be printed using the 3D
bioprinter in two different shapes, namely meshes and discs. It was
found that the surface of the 3D-printed samples containing no drug
were quite homogeneous indicating that both H-PCL and L-PCL were
successfully mixed. Moreover, MTZ was homogenously dispersed on the
MTZ-loaded 3D-printed material. Following in vitro release studies, the
release of MTZ from the meshes was faster compared to the disc form, as
expected due to the higher surface area of the meshes. Moreover, an
additional layer of Gantrez™-AN119 using the same 3D bioprinter was
included in the PCL-based intravaginal devices to provide mucoadhesive
properties, thus, showing the versatility of the 3D printing technology as
a manufacturing technique for the production of drug-loaded dosage
forms. The values of the adhesion forces reported in this study for the
3D-printed devices containing the mucoadhesive layer were higher than
those previously shown for other vaginal drug delivery systems.
Accordingly, the residence time can be enhanced and, thus, the clinical
performance of these devices. The microbiological assay also exhibited
that MTZ-loaded discs were able to inhibit the growth of Gardnerella
vaginalis. Therefore, the present work shows the potential of the 3D-
printed PCL-based intravaginal devices as an alternative treatment for
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Fig. 6. SEM images of MTZ-loaded vaginal discs (F1C, F2C, and F3C) and MTZ-loaded vaginal meshes (F1M, F2M, and F3M) after the release study.
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Fig. 7. A representative picture showing the zone of inhibition obtained for G. vaginalis in BHI agar plates (A). A graph presenting the force required to detach F1C-
MA from the mucin tablet (B). F1C-MA** means MTZ-loaded discs of F1 containing the mucoadhesive layer.

BV. Moving forward, in vivo studies are required to assess the efficacy of
these devices using suitable animal models.
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