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Abstract: Uterine cancer is the fourth most common cancer in women. Despite various chemotherapy
approaches, the desired effect has not yet been achieved. The main reason is each patient responds
differently to standard treatment protocols. The production of personalized drugs and/or drug-loaded
implants is not possible in today’s pharmaceutical industry; 3D printers allow for the rapid and flexible
preparation of personalized drug-loaded implants. However, the key point is the preparation of drug-
loaded working material such as filament for 3D printers. In this study, two different anticancer
(paclitaxel, carboplatin) drug-loaded PCL filaments with a 1.75 mm diameter were prepared with
a hot-melt extruder. To optimize the filament for a 3D printer, different PCL My, cyclodextrins and
different formulation parameters were tried, and a series of characterization studies of filaments were
conducted. The encapsulation efficiency, drug release profile and in vitro cell culture studies have
shown that 85% of loaded drugs retain their effectiveness, provide a controlled release for 10 days
and cause a decrease in cell viability of over 60%. In conclusion, it is possible to prepare optimum
dual anticancer drug-loaded filaments for FDM 3D printers. Drug-eluting personalized intra-uterine
devices can be designed for the treatment of uterine cancer by using these filaments.

Keywords: 3D printer; carboplatin; cyclodextrin; intrauterine device; polycaprolactone; paclitaxel;
personalized drug; uterine cancer

1. Introduction

Uterine cancer, including endometrial cancer and uterine sarcoma, is characterized
by the uncontrolled growth and cancerization of cells in the uterus. According to the 2022
statistics of the American Cancer Society, uterine cancer is the fourth most common and
sixth most deadly cancer in women [1]. Although the incidence and mortality rates in most
cancer types decrease with early diagnosis and new treatment approaches, this is not the
case in uterine cancer and mortality increases over the years [2].

The most preferred treatment option is the surgical removal of the cancerous area.
Following surgery, adjuvant therapy is applied to uterine cancer patients [3]. Although
surgery is more successful than other treatment options, it directly affects fertility and can
cause a serious problem, especially for patients who have never had children [4]. Therefore,
it is very important to develop an effective and safe chemotherapeutic approach that can
be an alternative to surgery. Various chemotherapy drugs and their combinations are
known to be effective in the treatment of uterine cancer [5-7]. Especially in endometrial
cancer, paclitaxel (PCX), carboplatin (CBP) and the combinations are used in clinics [8].
However, an effective chemotherapy approach that can be a complete alternative to surgery
has not been put forward. The main reason is that each patient’s response to treatment
is different, and the therapeutic dose or combination varies for each patient. Although
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today’s pharmaceutical industry produces standard doses of drugs for each patient, there
is a need to produce personalized drugs for each patient for successful cancer treatment;
3D printing of drug-loaded implants offers hope for overcoming this limitation; 3D printers
allow the production of pharmaceutical dosage forms or implants by personalizing many
parameters such as shape, size, geometry, and drug dose [9-11].

In addition, the uterus is a very accessible organ for the application of local drug
delivery systems such as a drug-loaded intrauterine device (IUD) [12]. A personalized
drug-loaded IUD can be applied directly to the cancerous area in the treatment of uterine
cancer. Thus, the patient will not be exposed to possible side effects and problems such as
rapid elimination in the systemic circulation of the drug. IUDs prepared with 3D printers
are very promising for the personalized treatment of uterine cancer [13,14].

The most important factor limiting the use of 3D printers in the pharmaceutical
industry is a lack of materials containing stable and precisely dosed drugs. Nowadays,
if the appropriate filaments are prepared to allow printing, it will be possible to prepare
personalized implants (e.g., IUD) or drugs easily. Especially polymers such as polylactic
acid and polycaprolactone (PCL), which have been used safely in biomedical products for
many years, promise hope [15].

PCL is a synthetic polymer with a semi-crystalline structure. The increase in molecular
weight leads to a decrease in crystalline properties [15]. PCL is suitable for preparing
filaments for printing with FDM (fused deposition modeling) 3D printers and provides
working with low temperatures (around 60-100 °C). In addition, it is a biodegradable and
biocompatible polymer [16,17]. It has also been used safely in the medical field for many
years as an FDA-approved polymer. Although PCL allows printing at low temperatures,
these temperatures can still affect the stability of anticancer drugs. Therefore, even if the
filament is prepared and printed at low temperatures, it is necessary to take additional
precautions to ensure the stability of anticancer drugs. In addition, another important
problem of anticancer drugs such as PCX is low solubility in water. Even if this drug is
successfully loaded into filaments, it will need to dissolve in water in the application area
and reach the cells. Hence, increasing the solubility of the drug is at least as important
as ensuring its stability. Nanoparticle carriers have an important effect on increasing the
solubility of drugs and maintaining their stability. Cyclodextrins are natural polymers that
can carry drug molecules in their inner cavities thanks to their unique structure. They form
the inclusion complexes with these properties to increase the solubility of the drug as well
as protect it from external effects and increase its stability [18-20]. They are accepted as
“generally recognized as safe” (GRAS) and have been used as pharmaceutical excipients
for many years [21,22].

The aim of this study is the optimization and characterization of anticancer drug
containing PCL filaments that will allow the 3D printing of personalized IUDs for the
treatment of uterine cancer. For this purpose, two different anticancer drugs PCX and CBP
with known efficacy on uterine cancer were selected as model drugs. Drug:CD inclusion
complexes have been optimized to preserve the stability and solubility of drugs by using
three different CD derivatives (hydroxypropyl-p-CD (HpCD), methyl-3-CD (MBCD), and
hydroxypropyl-y-CD (HpyCD)) and two different anticancer drugs (PCX and CBP). Then,
a series of characterization studies were carried out with three different PCL derivatives
to select the most suitable for the preparation of filaments with a diameter of 1.75 mm.
Filaments were prepared by using a hot melt extruder with these optimized PCL and
drug:CD inclusion complexes. Finally, characterization studies, drug loading efficiency,
drug release profiles and in vitro safety and anticancer effect studies were carried out. With
this study, drug-loaded filaments that will allow the preparation of personalized IUDs or
drugs to be used in cancer treatment, with a focus on uterine cancer, have been successfully
prepared. Thus, a promising step has been taken to enable the preparation of personalized
IUDs and implants manufactured through 3D printing.



Pharmaceutics 2023, 15, 1154

30f17

2. Materials and Methods
2.1. Materials

CD derivatives (HpCD, MBACD and HpyCD) were purchased from Wacker Chemie
AG (Burghausen, Germany). PCX (>99.5%) obtained from LC Laboratories (Woburn, MA,
USA). PCL derivatives (My = 10,000; My, = 45,000 and M, = 80,000), CBP (>99%) and all other
chemicals were purchased from Sigma-Aldrich (Steinheim, Germany). Ultrapure water was
obtained from Simplicity® 185 Ultrapure Water System (Millipore, Molsheim, France).

2.2. Methods
2.2.1. Preparation and Characterization of Drug:CD Inclusion Complex

Drug:CD inclusion complexes were prepared in 1:1 and 1:2 (drug:CD) molar ratios
according to the co-precipitation method [19,22,23]. Briefly, 0.3% (w/v) drug was dissolved
in ethanol and the amount corresponding to 1:1 or 1:2 molar ratios CD was weighed and
dissolved in ultrapure water. Then, the drug solution was transferred into CD solution
under a magnetic stirrer at 550 rpm for 7 days. The organic solvent was evaporated using a
rotary evaporator and insoluble drug molecules were removed from final dispersion by
using a PTFE syringe filter (0.45 pm).

A series of characterization studies were carried out to show the formation of drug:CD
inclusion complexes. First, the thermal properties of inclusion complexes were compared
with free CD and drugs by using differential scanning calorimetry (DSC) and then the
infrared bands were compared by using Fourier transform infrared (FTIR). DSC analyses
were performed with Pyris Diamond (Perkin Elmer, Waltham, MA, USA) at 10 °C/min
in the range of 25-250 °C for PCX and 30-280 °C for CBP under a nitrogen atmosphere.
FTIR spectra were taken in the range of 4000-400 cm ! using Spectrum Two (Perkin Elmer,
Waltham, MA, USA) and attenuated total reflectance (ATR) techniques.

Free PCX is found in the form of characteristic needle-like PCX crystals [24,25]. Scan-
ning electron microscopy (SEM) images of inclusion complexes and free PCX were com-
pared to show that the inclusion complex was successful, and PCX was in amorphous
form. For this purpose, powdered inclusion complexes and PCX were coated with gold-
palladium alloy with a thickness of 100 A and imaged by using Nova NanoSEM 450 (FEI,
Hillsboro, OR, USA).

The encapsulation efficiency of the complexes was measured to determine the most
suitable inclusion complex for further studies. Each inclusion complex was dissolved in
acetonitrile for PCX and in ultrapure water for CBP, and then quantification was performed
for each drug by validated HPLC methods. Equation (1) was used in the calculation of
encapsulation efficiency.

Measured Drug Amount
Initial Drug Amount

Encapsulation Efficiency (%) = x 100 1)

2.2.2. Characterization of PCL Polymers

Different characterization studies were carried out to determine the most suitable PCL
type for preparing filaments with a diameter of 1.75 mm that will allow printing by using
an FDM 3D printer. For this purpose, hardness analysis, thermogravimetric analysis (TGA),
DSC analysis and melt flow index of three different PCL derivatives were examined.

In the hardness analysis, the Shore D value of each polymer was measured with
a Westop Type D durometer (Nishi Tokyo Seimitsu, Tokyo, Japan). Five measurement
values from each serial sample were taken according to the Shore D hardness ASTM D
2240 standard. TGA analysis of polymers was performed under a nitrogen atmosphere
with a heating rate of 10 °C/min and a flow rate of 20 mL/min in the range of 20-700 °C.
DSC analysis was performed in the range of 25-250 °C as described in the previous section.
MFI was performed with the Ceast Melt Flow Index (Instron, Norwood, MA, USA) at 75 °C
under a weight of 1.2 kg.
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2.2.3. Preparation and Characterization of Filaments

As a result of characterization studies, filaments with a diameter of 1.75 mm were
prepared by using the hot melt extrusion technique [13,14,26] with optimal PCL and drug:
CD inclusion complexes. For this purpose, PCL pellets and powder inclusion complexes
were mixed and vortexed to contain a ratio of 1:1000 (w:w) PCX:PCL for PCX-loaded
filament and 1:2000 (w:w) CBP:PCL for CBP-loaded filament. Each mixture was transferred
to the feeder unit of the Composer 450 (3Devo, Netherlands). The heating zones of the
device were set to 75, 80, 80 and 75 °C, respectively, and the screw speed was 2 rpm.

The diameter of the filaments was measured against time by the optical sensor located
at the filament output of Composer 450, and with the help of these data, the speed settings
of the device were automatically optimized to remain at 1.75 (£0.1) of the diameter. In
addition, these measurements were confirmed by re-measuring the different points of each
filament by using a digital caliper (Scienceware® Digi-Max, ABD, Wayne, NJ, USA).

To examine the effect of filament preparation on drugs or inclusion complexes, DSC
and FTIR analyses described in Section 2.2.1 were performed by taking samples of 10 mg
from each filament.

Stress-strain analysis was performed to determine the mechanical strength of drug-free
or drug-loaded filaments. For this purpose, 7 cm samples (grip-to-grip distance is 5 cm)
were taken from each filament and then were tested by using Universal Testing Machines
7010 equipped with 1 kN load cell (Zwick, Ulm, Germany) with pre-loaded 0.1 N and at
200 mm/min crosshead speed. All tests were repeated on three samples from the filament
and average values were reported. [27,28].

Change in surface free energy of filaments was measured by contact angle analysis
with three different liquids (paraffin, ethylene glycol and water). This liquid dropped
on filaments and contact angles was measured by using a DSA100 Drop Shape Analyzer
(Kriiss, Hamburg, Germany). The surface free energy was calculated using the data in
Young’s equation (Equation (2)) [28-31].

YL(1+cosf) = 2<\/7§W')/£W + \/7§7f + \/’Ys+')’L> )

Positron Annihilation Lifetime Spectroscopy (PALS) was used to detect nano-level
gaps in the structure of filaments. 2?NaCl was used as the positron source and the mea-
surement was performed in the sandwich model. The resulting spectra were calculated
according to Equation (3) using the LT9 program [28,29,31].

R 1 27R \17*
=051y g
T-p, =05 R+AR+2nsm<R+ARH @)

To calculate the theoretical drug amount in each filament, 1 cm samples were taken
from each filament and weighed. Considering the % polymer, % CD and % drug ratios
used in the preparation of the filament, the theoretical amount of the drug in the filament
was calculated by dividing the drug weight by the total weight for each drug.

A 1 cm filament sample was dissolved in dichloromethane (DCM) (500 pL) to deter-
mine the amount of encapsulated drug. A 1 mL mobile phase used in the quantification of
the drug for each drug was added and DCM was removed under the nitrogen atmosphere.
Quantification was performed by validating the HPLC method for each drug; 1 cm sam-
ples were taken from each filament to determine the drug release profile of each filament.
These samples were placed in ultrapure water, phosphate buffer (pH 7.4) and citrate buffer
(pH 5.5) containing Tween-80 %0.1 (v/v). These samples are kept in a shaker water bath at
37 °C. The amount of released drugs was measured by HPLC at certain time intervals (1, 2,
5,7 and 10 days).
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2.2.4. In Vitro cell Culture Studies

1L.929 mouse fibroblast cell line which was defined as a standard method in USP and
HEC-1B human endometrial adenocarcinoma cell line was used for the safety study of blank
(drug-free) filaments. The anticancer effect of drug-containing filaments was examined on
HEC-1B.

L929 cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (con-
taining 10% fetal bovine serum, penicillin, and streptomycin) and HEC-1B cell lines were
cultured in Eagle’s Minimum Essential Medium (EMEM) (containing 10% fetal bovine
serum, penicillin and streptomycin). Both cell lines were cultured as a monolayer and
maintained at 37 °C in a humidified 5% CO, incubator. Cells were seeded in 12-well tissue
culture plates and allowed to attach overnight. After 24 h, an empty ThinCert® was placed
in each of the wells to minimize the physical effect of filaments on cells. Formulations
(filaments or drug solutions) were transferred into these ThinCert® and incubated 72 h.
At the end of the incubation period, the cell viability was determined by WST1 assay and
optical densities (OD) were determined by a microplate reader (Molecular Devices, San
Jose, CA, USA). Cell viability (%) was calculated as Equation (4).

.+t 7o, Mean Absorbance of Treated Cells
Cell Viability (%) = Mean Absorbance of non — Treated Cells <100 @)

2.3. Statistical Analysis

All statistical analyses were performed using Student’s ¢-test by using GraphPad Prism
9 (San Diego, CA, USA). p < 0.05 was accepted as a statistically significant difference.

3. Results and Discussion
3.1. Preparation and Characterization of Drug:CD Inclusion Complex

Inclusion complexes with three different CD derivatives at different molar rates were
successfully prepared for both drugs. Figure 1 shows the DSC and FTIR analysis results of
the inclusion complexes, free drug and CD.

3.1.1. DSC Analysis

As seen in the DSC thermograms in Figure 1a—c, the endothermic peak of PCX was
seen at 222 °C in accordance with the literature [32,33]. However, this melting peak was not
present in inclusion complexes. This suggests that CD complexation changes the crystalline
structure of the PCX by complexation into its internal cavity and maintaining the drug
in amorphous form as no free crystals are observed in the thermogram. Similarly, the
endothermic peak of CBP was also found at 253 °C, consistent with the literature [34,35] in
Figure 1d—f. This peak was not observed in inclusion complexes and the thermal behavior
of CBP within the inclusion complex was shown to change. In addition, an endothermic
peak in the range of 80-100 °C was observed in both CD and inclusion complexes. All
three CD derivatives are hydrophilic derivatives and have water absorption capacities.
It is thought that these dehydration peaks are caused by the evaporation of water in the
structure.

3.1.2. FTIR Analysis

FTIR spectra of PCX (Figure 1a—c) reveal the absorption band of the benzene ring in
the structure seen at 1647 cm~!, C-N stress bands at 1243 cm~! and aromatic group peaks
at 709 cm ! in accordance with the literature [32,36]. However, CD and PCX:CD inclusion
complexes do not show these peaks, which confirms that inclusion complexes are formed,
and free PCX is not present.

Regarding CBP (Figure 1d—f), C=0 vibration peaks at 1600 cm !, Pt-NH, at 1375 cm !
and C-O at 1332 cm ™! are observed in accordance with the literature [37]. When the FTIR
analysis of CD derivatives and inclusion complexes are examined, characteristic Pt-NH;
of the free CBP molecule is not present. Viewing the FTIR and DSC data together, it is
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seen that drug:CD inclusion complexes are successfully formed and there is no free drug
molecule (PCX or CBP) for all formulations.
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Figure 1. DSC thermograms and FTIR spectra of (a) PCX:HpBCD, (b) PCX:MBCD, (c) PCX:HpyCD,
(d) CBP:HpRCD, (e) CBP:MBCD and (f) CBP:HpyCD inclusion complexes.

3.1.3. SEM Images

When free PCX is examined under SEM, the characteristic sharp rods of PCX crystals
are seen (Figure 2a) [24,25]. PCX:CD inclusion complexes were visualized with SEM
to show that inclusion complexes are formed and that there is no free PCX. As seen in
Figure 2b—d, PCX crystals were not seen in the inclusion complexes, although field scanning
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was performed. This is another indication that inclusion complexes are successfully formed
and the free crystalline drug is not present.

£ p | T
4pm
> UNAM

Figure 2. SEM images of (a) free PCX, (b) PCX:HpBCD, (c¢) PCX:MBCD and (d) PCX:HpyCD inclusion
complexes.

3.1.4. Encapsulation Efficiency

To determine which molar ratios and CD derivatives are optimal for the preparation of
the inclusion complex, the encapsulation efficiency of each inclusion complex was measured
and given in Figure 3. As can be seen, the highest encapsulation efficiency for PCX and
CBP was achieved with MBCD inclusion complexes. 1:1 molar ratio drug:MBCD inclusion
complex was found to be more effective in terms of drug loading than the 1:2 molar ratio
complexes, and the statistical analysis showed that the encapsulation efficiency difference
in the 1:1 to 1:2 drug:MpCD complexes was statistically significant (PCX: p = 0.0088, CBP:
p =0.044, n = 3).

a . b

1004 [ |

60

100 *

®
=]
1
©
=]
1

40

20

0-

Encapsulation Efficiency (%) (PCX)
Encapsulation Efficiency (%) (CBP)

11 1:2 11 1:2 11 1:2 11 1:2 11 1:2 11 1:2
B PCX:HppCD mE PCX:MpCD WM PCX:HpyCD N CBP:HpCD mm CBP:MBCD WE CBP:HpyCD

Figure 3. Encapsulation efficiency (%) of (a) PCX:CD (b) CBP:CD inclusion complexes (* the difference
is significant, p < 0.05 (Student’s t-test), n = 3).



Pharmaceutics 2023, 15, 1154

8 of 17

3.2. Characterization of PCL Polymers
3.2.1. Hardness and MFI Analysis

Hardness and MFI analysis of PCL with different molecular weights (PCL10 (M, = 10,000),
PCL45 (M, = 45,000) and PCL80 (M, = 80,000)) were performed and given in Table 1. Shore
D values signifying the hardness of rigid materials are important in terms of showing the
polymer’s resistance to thermal deformations. In the literature, PCL has been shown to have
lower Shore D values than other polymers [38]. As shown in Table 1, an increase in the Shore D
value in direct proportion to the increase in molecular weight is observed although the values
are very close to each other. When the Shore D values were compared, it was seen that PCL10
was softer compared to other derivatives, while the hardest derivative was PCL80. According
to this result, PCL80 can be considered more durable to deformation than other derivatives.

Table 1. Shore D and MFI values of PCL derivatives.

MFI
Shore D (/10 min)
PCL10 (M = 10,000) 51.0 £ 1.0 2652+ 14
PCL45 (Mj, = 45,000) 522 +£0.8 154+ 0.7
PCL80 (Mn = 80,000) 53.6 0.5 57+0.1

MFI is expressed as the value in grams of the polymer flowing in a molten state
for 10 min under pressure and temperature [39]. This value is important to demonstrate
the processability of the polymer. The MFI values obtained for each derivative are given
in Table 1. The MFI of PCL10 is relatively high compared to that of PCL45 and PCL80
and has been found to be inversely proportional to molecular weight, consistent with the
literature [40]. Such a high MFI value allows the polymer to flow quickly depending on the
temperature. This rapid flow will make it quite challenging to adjust the filament diameter
during the filament preparation process. PCL45 and PCL80 have lower MFI values than
PCL10. The fact that the MFI value of PCL80 is lower than other derivatives, in accordance
with the literature [41], shows that PCL80 will be advantageous in the controlled formation
of filaments with a diameter of 1.75 mm by the hot melt extrusion process.

3.2.2. TGA and DSC Analysis

Thermograms of PCL10, PCL45 and PCL80 are given in Figure 4a obtained at the
end of the thermogravimetric analyses by TGA. There is a single degradation peak in all
PCL derivatives. It has been observed that PCL’s molecular weight and thermal resistance
increase in direct proportion. PCL10 begins to degrade at 309 °C, while PCL45 at 332 °C
and PCL80 at 336 °C. All PCL derivatives are completely degraded at 700 °C and the
remaining ash is nearly zero. In line with the literature, the thermal resistance of PCL10
was found to be lower than that of the other PCL derivatives [42]. It was also observed
that the difference between PCL45 and PCL80 was quite low. This is expected because
the length of the molecular chain increases thermal resistance up to a certain point, but
the effect on thermal resistance above a certain molecular weight remains limited like all
physical properties except melt viscosity [43]. In the scope of these results, it can be said
that PCL80 shows a higher thermal resistance than other PCL derivatives.

DSC thermograms for PCL derivatives are given in Figure 4b. Endothermic melting
peaks of all three derivatives were found to be quite close and were in the range of 60 °C to
70 °C in accordance with the literature [44-46]. According to these results, it is foreseen
that all three derivatives can be extruded below 80 °C.

In light of all these results, we decided to use the PCL80 derivative for the preparation
of filaments.
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Figure 4. (a) TGA (b) DSC thermograms of PCL derivatives.

3.3. Preparation and Characterization of Filaments

FDM 3D printers are generally suitable for printing with filaments with a diameter
of 1.75 mm or 2.85 mm, although they vary according to their model. However, FDM
printers printing with filaments with a diameter of 1.75 mm are more widely available on
the market [47]. For this reason, we aimed to prepare filaments with a diameter of 1.75 mm
in this study. However, deviations of 0.1 mm in filament diameter are generally acceptable
deviations for 3D printers, and filaments prepared in many studies have a margin of error
of 0.1 mm [48,49].

As described in Section 2.2.3, 3 different filaments have been prepared: PCX:CD-PCL,
CBP:CD-PCL and blank PCL. The filament diameter of PCL filaments was made simultane-
ously during the extrusion process, and the filament’s diameter against production time was
given in Figure 5. As can be seen, the polymer diameter varies between the lower limit of
1.65 mm and the upper limit of 1.85 mm. This indicates that the filaments are suitable for
3D printing in terms of thickness. In addition, measurements were made with the help of a
digital caliper (Scienceware® Digi-Max, Wayne, NJ, USA) from different parts of the filaments
after extrusion. The obtained values were verified to be in the range of 1.85 mm to 1.65 mm.

Q
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—— Thickness Time (sec)
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20 0 0 80 0 120 140 160 180 200

— Thick
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— Thick
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Figure 5. Time-dependent change of filament thickness during production (a) Drug-free PCL fila-
ment, (b) PCL filament containing PCX:CD inclusion complex, (c) PCL filament containing CBP:CD

inclusion complex.
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3.3.1. DSC and FTIR Analysis

DSC analysis of blank and drug:CD loaded PCL filaments were performed to investi-
gate changes in the melting peak of the PCL after the filament preparation process.

A comparison of blank and drug-loaded filament with PCL in pellet form is given
in Figure 6a—d. The melting peak of the PCL (pellet) used in filament preparation was
found to be very close to the melting peaks of blank and/or drug-loaded PCL filaments.
Therefore, it can be said that the hot melt extrusion process does not affect the thermal
properties of the PCL and thermal degradation does not occur during the process.

DSC Thermograms
b

QO

10

1

N~

~
N\

A /Area = 59.190 Jig
Delta H =54 15% Uiy
\

\

(S

Normalized Heat Flow Endo Down (W/g)

Normalized Heat quw Endo Down (W/g)

Py @ 7 o
Temperature (°C)

o
o

CBP:CD PCL Filament

N ,}_(—"‘F’——
4

PCX.CD PCL Filament
I —
e f— /

L P
\\J Delta H = B4 4445 Jig
Peak =6270 °C

o _w w1
Temperature (°C)

Normalized Heat Flow Endo Down (W/g)
Normalized Heat Flow Endo Down (W/g)

[o>]
-

PCX:CD Inclusion Complex

PCX.CD PCL Filament

55801 Wiy

-
g
g
g
8
g
'R
D
|5

o

CBP

Normalized Heat Flow Endo Down (W/g)
J

Normalized Heat Flow Endo Down (W/g)

w0 20 250 40 B0 80 100 120 140 160 180

W0 _m o w0 o
Temperature (°C) Temperature (°C)

FTIR Spectrum

w40 s & 0 240 260 260

z 8

Percent Transmittance

s %

2000
Wavenumbers

Percent Transmittance

2000
Wavenumbers

Figure 6. DSC thermogram of (a) PCL pellet, (b) Blank PCL Filament, (c—e) PCX:CD PCL Filament,
(d-f) CBP:CD PCL Filament, and FTIR spectrums of (g) PCX:CD PCL Filament and (h) CBP:CD PCL
Filament.
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We also investigated whether the free drug was released due to a possible degradation
in the inclusion complexes after the preparation process. Each drug:CD inclusion complex
loaded filament comparison of DSC thermograms of the related drug and inclusion complex
is given in Figure 6ef. As a result of the release of drugs with a degradation of the inclusion
complex, endothermic peaks are expected to occur at 220-230 °C for PCX [32,33] and
230-260 °C for CBP [34,35]. However, this melting peak is not seen in the PCX:CD inclusion
complex loaded filament. This suggests that CDs trap the PCX in its inner cavity and the
drug did not release during or after the filament preparation stages. Similarly, CBP:CD
inclusion complex loaded filament did not have a melting peak and it was shown that CBP
remained within the inclusion complex during filament preparation.

When the FTIR spectrum of PCX is examined, the absorption band of the benzene
ring (1647 cm 1), C-N stress peaks (1243 cm~ 1) and aromatic group peaks (709 cm™ 1) are
seen in accordance with the literature [32,36]. However, PCX:CD inclusion complex loaded
filaments do not show this band formation, which confirms that inclusion complexes retain
their structure and free PCX is not present in the filament structure. When FTIR analyses
of CBP:CD inclusion complex loaded PCL filaments are examined, the absorption band
of Pt-NH, (1375 cm~!) which is characteristic of CBP was not seen. FTIR and DSC data
are taken together; it can be said that inclusion complexes maintain their structure during
filament preparation and there is no free drug.

3.3.2. Mechanical Properties

The filaments” mechanical properties directly affect the end product’s durability and
provide information about 3D printability. It is essential to show whether the drug:CD
inclusion complex added to the structure has a negative effect on the mechanical strength
and flexibility of the PCL filament. As seen in Table 2 and Figure 7, the addition of CBP or
PCX to the structure did not cause a statistically significant decrease in the elastic modules
(Emod), stress at break (Fpre,x) and percent elongation at break (dL at break, %) of the
PCL filaments, even increased stress at break. As seen in Figure 7b,c, and from the force
values at 0.2% plastic strain (F at 0.2% plastic strain) given in Table 2 the addition of the
drug:CD complex also increased the flexibility of the filament. Considering the mechanical
properties of filaments studied for 3D printing in the study of Cevik et al., it can be said
that all three filaments have appropriate strength and flexibility values for printing [50].

Table 2. Mechanical properties data of blank and drug-loaded filaments (1 = 3).

Standard Force [MPa]

Blank PCL PCX:CD PCL CBP:CD PCL
Filament Filament Filament
Emoq (MPa) 169.6 = 17.8 144.3 +21.8 159.9 + 11.7
F at 0.2% plastic 11.3+23 7.0+0.7 84+15
strain (N)
Fpreak (MPa) 29.2+£9.1 36.3 £ 0.5 334473
dL at break (%) 1234.8 + 278.3 1440.2 745 1314.0 4= 148.1
a b c

Sampld 2

Sample 2
3
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2 I
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Figure 7. Stress/Strain graph of (a) Blank PCL Filament, (b) PCX:CD PCL Filament, (¢) CBP:CD PCL
Filament (1 = 3, sample 1 (blue), sample 2 (red), sample 3 (green)).
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3.3.3. Surface Energy

In order to determine the free surface energy of the filaments, three different liquids
(paraffin, ethylene glycol and water) were used in accordance with the literature and contact
angle analysis was performed. Based on the contact angle results, the surface free energy
values were calculated with Young’s equation and given in Table 3. The Lifshitz—Van der
Waals values of all three filaments are very close to each other and the difference is not
statistically significant (p > 0.05). There is an increase in the electron acceptor energy of the
drug-loaded filaments and a decrease in the electron donor energy.

Table 3. Surface free energy data of blank and drug loaded filaments (1 = 6).

Surface Free Energy of Filaments

ystW vs* Ys~ ygTotl
Blank PCL Filament 25.02 0.41 25.43 50.9
PCX:CD PCL Filament 24.51 1.01 7.02 32.5
CBP:CD PCL Filament 24.81 0.66 17.52 43.0

3.3.4. Nano-Level Gaps Analysis

PALS was used to detect nano-level gaps in filament structure, and the results are
presented in Table 4. Gaps in the filament structure are thought to directly affect the
filaments’ biodegradation time and drug release profile [29,31]. With the addition of CBP
and PCX into the filament structure, there is an increase in nanogaps. When the structure
of PCXis compared to CBP, it is seen that the nanogaps increase slightly because PCXis a
larger molecule than CBP. Incorporating CD inclusion complexes into the structure and
their insertion between PCL chains reduces the frequent stacking of PCL chains, which
leads to an increase in nano-sized cavities. When the data obtained as a result of the
mechanical properties and the PALS data are evaluated together, it can be said that this
porous structure formed in the filaments does not seriously affect the mechanical durability
of the filament.

Table 4. PALS analysis results of blank and drug-loaded filaments (1 = 3).

Gaps (nm)
Blank PCL Filament 0.325
PCX:CD PCL Filament 0.509
CBP:CD PCL Filament 0.492

3.3.5. Theoretical and Analytical Drug Amount

One centimeter samples were taken from each filament and weighed with a precision
balance to calculate the theoretical amount of drug in each filament. In calculating this value,
the ratio of the quantities of drugs and polymers used during preparation is considered.
Accordingly, 1%o of the total weight of the filament was calculated as PCX and 0.5%. as CBP.
In the calculation of analytical drug amounts, 1 cm samples were dissolved in a suitable
solvent and drug amount were measured by the validated HPLC method. The theoretical
and analytical drug amount for each drug is given comparatively in Figure 8. When these
results are compared, it is seen that the filaments contain more than 85% of the drugs for
both PCX and CBP. Thus, it was shown that the stability for each drug was maintained and
loaded into the filaments at a high rate.
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PCL Filament.

3.3.6. Drug Release Profile

One centimeter samples were taken from the filaments prepared to determine the drug
release profile in each filament. These samples were placed in release media and release
profiles are given in Figure 9.
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Figure 9. The cumulative drug release profile of (a) PCX:CD PCL Filament and (b) CBP:CD PCL Filament.

In PCX:CD filaments, no release was seen in the first 12 h for all 3-release media. It also
showed a similar profile for 10 days in all release media. This result is an indication that
PCL has similar properties in neutral (pH 7.4) and slightly acidic pH (pH 5.5). Figure 9a
shows that only 15% of the PCX was released at the end of the 10 days. The fact that
the release occurs so slowly leads to the idea that PCX is confined to the inner cavities
of the filament as opposed to the filament surface and is released due to the degradation
of PCL. Considering that the system is to be designed as an IUD by using a 3D printer,
it is an indication that this system will allow the IUD to release PCX in a long-term and
controlled manner.

CBP:CD filaments showed a faster release profile, unlike PCX:CD filaments (Figure 9b).
In all three release media, CBP release was not observed during the first 24-hour period,
followed by a controlled release for 10 days. The highest rate of release was seen in filaments
in ultra-pure water. The solubility of CBP in water (=240 mmol/L) [51] is quite high in
contrast to PCX. The high solubility in the water is seen as one of the reasons why the
release in the aquatic environment is faster. In addition, unlike PCX, the release of CBP was
observed to occur independently of the degradation of PCL. CBP:CD inclusion complex
are thought to concentrate on the surface of the filament and become free with the effect of
the release medium.



Pharmaceutics 2023, 15, 1154

14 of 17

The main mechanism for the sustained release of both drugs is thought to be related to
the hydrolytic degradation of PCL. Due to the hydrolytic degradation of ester bonds of PCL,
the DRUG:CD inclusion complex is thought to be released. Considering that the degradation
of PCL is completed in 2-3 years, the sustained release of the drug is also due to this.

3.4. In Vitro Cell Culture Studies

The cytotoxic effect of blank PCL filaments was examined in the L929 mouse fibroblast
cell line to show that drug-free filaments do not have any toxic effects on healthy cells. As a
result of this study, it was seen that filaments did not show any statistically significant effect
on cell viability compared to the control group (Figure 10a). This result is an indication that
drug-free filaments are safe and do not have any toxic effects on healthy cells.
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Figure 10. Cell viability of (a) drug-free filament on L.929 mouse fibroblast and (b) drug-free filament,
drug-loaded filament and drug solution on HEC-1B human endometrial adenocarcinoma cell line.

The effect of drug-loaded filaments and drug solutions on cancer cells has been shown
in cell line HEC-1B human endometrial adenocarcinoma cell line to show that drug-loaded
filaments are at least as effective as drug solutions on cancer (Figure 10b). In addition, the
cytotoxic effect of drug-free filaments on cancer cells was investigated in order to show
that this anticancer effect is drug-induced and not related to the toxicity of PCL. As a result
of this study, drug-loaded filaments have been shown to have a similar anticancer effect
with drug solutions containing an equal drug amount to the first three days of drug release
from the filament. When the effect of drug solutions and drug-loaded filaments on cell
viability was compared, it was seen that the difference was not statistically significant. The
cell culture result shows that the drugs maintain their effectiveness during the preparation
steps and are successfully loaded into the filaments.

The image of blank and drug-loaded filament optimized as a result of all these charac-
terization studies and the prototype of the 3D printed IUD is given in Figure 11. As can be
seen in the figure, filaments and 3D-printed IUDs using these filaments could be obtained
successfully.

Figure 11. Images (a) Blank PCL Filament, (b) PCX:CD PCL Filament, (c) CBP:CD PCL Filament, and
(d) 3D printed IUD.
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4. Conclusions

The drug-loaded filament makes it possible to manufacture a stable and precise 3D
printed dosage form or drug-eluting device using the FDM technique, and therefore, is
critical. With this study, a detailed characterization and optimization of filaments, which
will be suitable for FDM 3D printers and allow the production of personalized IUDs or
implants in cancer treatment was carried out. MBCD inclusion complexes were prepared
with two different anticancer drugs, thus increasing the solubility and thermal properties
of the drugs, and ensuring that they remained stable throughout the filament preparation
processes. It has been shown that the PCL (M, = 80,000) is a highly suitable polymer for
developing filaments containing drugs for this purpose. The addition of Drug:CD inclusion
complexes do not have an adverse effect but rather improves the filament’s mechanical
properties. When the drug amounts in the filaments were compared with the theoretical
amounts, it was shown that a success rate of over 85% was achieved for both drugs with
high stability. Cell culture studies also confirm that drug-loaded filaments have at least
as much cytotoxic effect as drug solutions. In addition, PCL filaments do not show any
cytotoxic effects in healthy cells. Therefore, it can be said that PCL filaments are highly
safe for implant or drug preparation. Drug release studies have also shown that preparing
IUDs with these filaments will contribute to the treatment of uterine cancer by releasing
PCX and CBP.

As a result, PCL filaments containing drug:CD inclusion complex are well suited for
use with FDM 3D printers. Preparing these filaments with anticancer drugs will provide a
great convenience in the manufacturing of personalized implants or IUDs.

Author Contributions: Conceptualization, C.V. and E.B.; methodology, C.V., E.B.,, D.A. and M.§;
software, C.V. and D.A ; validation, C.V. and D.A; formal analysis, C.V. and D.A; investigation, C.V.,
E.B., D.A. and M.§,; resources, C.V,; data curation, C.V. and D.A.; writing—original draft preparation,
C.V.,; writing—review and editing, E.B. and M.§$.; visualization, C.V.; supervision, E.B.; project
administration, C.V.; funding acquisition, C.V. All authors have read and agreed to the published
version of the manuscript.

Funding: Authors would like to acknowledge TUBITAK (research grant number 1195809) for finan-
cial support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Siegel, R.L; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA A Cancer ]. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]

2. Henley, S.J.; Ward, EM.; Scott, S.; Ma, J.; Anderson, R.N.; Firth, A.U.; Thomas, C.C.; Islami, F.; Weir, HK.; Lewis, D.R.; et al.
Annual report to the nation on the status of cancer, part I: National cancer statistics. Cancer 2020, 126, 2225-2249. [CrossRef]
[PubMed]

3. Oaknin, A.; Bosse, T.].; Creutzberg, C.L.; Giornelli, G.; Harter, P.; Joly, F.; Lorusso, D.; Marth, C.; Makker, V.; Mirza, M.R,; et al.
Endometrial cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann. Oncol. 2022, 33, 860-877.
[CrossRef] [PubMed]

4. Bentivegna, E.; Maulard, A.; Miailhe, G.; Gouy, S.; Morice, P. Gynaecologic cancer surgery and preservation of fertility. J. Visc.
Surg. 2018, 155, S23-529. [CrossRef]

5. Chambers, ].T.; Chambers, S.K.; Kohorn, E.I.; Carcangiu, M.L.; Schwartz, P.E. Uterine papillary serous carcinoma treated with
intraperitoneal cisplatin and intravenous doxorubicin and cyclophosphamide. Gynecol. Oncol. 1996, 60, 438—442. [CrossRef]

6. Ramondetta, L.; Burke, T.W.; Levenback, C.; Bevers, M.; Bodurka-Bevers, D.; Gershenson, D.M. Treatment of uterine papillary
serous carcinoma with paclitaxel. Gynecol. Oncol. 2001, 82, 156-161. [CrossRef]

7. Zanotti, K.M.; Belinson, J.L.; Kennedy, A.W.; Webster, K.D.; Markman, M. The use of paclitaxel and platinum-based chemotherapy
in uterine papillary serous carcinoma. Gynecol. Oncol. 1999, 74, 272-277. [CrossRef]


http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1002/cncr.32802
http://www.ncbi.nlm.nih.gov/pubmed/32162336
http://doi.org/10.1016/j.annonc.2022.05.009
http://www.ncbi.nlm.nih.gov/pubmed/35690222
http://doi.org/10.1016/j.jviscsurg.2018.03.001
http://doi.org/10.1006/gyno.1996.0070
http://doi.org/10.1006/gyno.2001.6211
http://doi.org/10.1006/gyno.1999.5444

Pharmaceutics 2023, 15, 1154 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Amant, F; Moerman, P.; Neven, P.; Timmerman, D.; Van Limbergen, E.; Vergote, I. Endometrial cancer. Lancet 2005, 366, 491-505.
[CrossRef]

Goyanes, A.; Kobayashi, M.; Martinez-Pacheco, R.; Gaisford, S.; Basit, A.W. Fused-filament 3D printing of drug products:
Microstructure analysis and drug release characteristics of PVA-based caplets. Int. J. Pharm. 2016, 514, 290-295. [CrossRef]
Smith, D.M.; Kapoor, Y.; Klinzing, G.R.; Procopio, A.T. Pharmaceutical 3D printing: Design and qualification of a single step print
and fill capsule. Int. . Pharm. 2018, 544, 21-30. [CrossRef]

Okwuosa, T.C.; Soares, C.; Gollwitzer, V.; Habashy, R.; Timmins, P.; Alhnan, M.A. On demand manufacturing of patient-specific
liquid capsules via co-ordinated 3D printing and liquid dispensing. Eur. |. Pharm. Sci. 2018, 118, 134-143. [CrossRef]

Stephen Searle, E. The intrauterine device and the intrauterine system. Best Pract. Res. Clin. Obstet. Gynaecol. 2014, 28, 807-824.
[CrossRef]

Holldnder, J.; Genina, N.; Jukarainen, H.; Khajeheian, M.; Rosling, A.; Mékild, E.; Sandler, N. Three-Dimensional Printed
PCL-Based Implantable Prototypes of Medical Devices for Controlled Drug Delivery. ]J. Pharm. Sci. 2016, 105, 2665-2676.
[CrossRef]

Genina, N.; Holldnder, J.; Jukarainen, H.; Mékil4, E.; Salonen, J.; Sandler, N. Ethylene vinyl acetate (EVA) as a new drug carrier for
3D printed medical drug delivery devices. Eur. J. Pharm. Sci. 2016, 90, 53-63. [CrossRef]

Woodruff, M.A.; Hutmacher, D.W. The return of a forgotten polymer—Polycaprolactone in the 21st century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

Wong, B.S.; Teoh, S.H.; Kang, L. Polycaprolactone scaffold as targeted drug delivery system and cell attachment scaffold for
postsurgical care of limb salvage. Drug Deliv. Transl. Res. 2012, 2, 272-283. [CrossRef]

Mondal, D.; Griffith, M.; Venkatraman, S.S. Polycaprolactone-based biomaterials for tissue engineering and drug delivery:
Current scenario and challenges. Int. J. Polym. Mater. Polym. Biomater. 2016, 65, 255-265. [CrossRef]

Bilensoy, E.; Giirkaynak, O.; Ertan, M.; Sen, M.; Hincal, A.A. Development of Nonsurfactant Cyclodextrin Nanoparticles Loaded
With Anticancer Drug Paclitaxel. ]. Pharm. Sci. 2008, 97, 1519-1529. [CrossRef]

Varan, C.; Wickstrom, H.; Sandler, N.; Aktas, Y.; Bilensoy, E. Inkjet printing of antiviral PCL nanoparticles and anticancer
cyclodextrin inclusion complexes on bioadhesive film for cervical administration. Int. J. Pharm. 2017, 531, 701-713. [CrossRef]
Cirpanli, Y.; Bilensoy, E.; Lale Dogan, A.; Calis, S. Comparative evaluation of polymeric and amphiphilic cyclodextrin nanoparti-
cles for effective camptothecin delivery. Eur. |. Pharm. Biopharm. 2009, 73, 82-89. [CrossRef]

Pitha, J.; Milecki, ].; Fales, H.; Pannell, L.; Uekama, K. Hydroxypropyl-f-cyclodextrin: Preparation and characterization; effects
on solubility of drugs. Int. J. Pharm. 1986, 29, 73-82. [CrossRef]

Loftsson, T.; Jarho, P.; Mésson, M.; Jarvinen, T. Cyclodextrins in drug delivery. Expert Opin. Drug Deliv. 2005, 2, 335-351.
[CrossRef] [PubMed]

Cid-Samamed, A.; Rakmai, J.; Mejuto, J.C.; Simal-Gandara, J.; Astray, G. Cyclodextrins inclusion complex: Preparation methods,
analytical techniques and food industry applications. Food Chem. 2022, 384, 132467. [CrossRef] [PubMed]

Mastropaolo, D.; Camerman, A.; Luo, Y.; Brayer, G.D.; Camerman, N. Crystal and molecular structure of paclitaxel (taxol). Proc.
Natl. Acad. Sci. USA 1995, 92, 6920-6924. [CrossRef]

Pattekari, P.; Zheng, Z.; Zhang, X.; Levchenko, T.; Torchilin, V.; Lvov, Y. Top-down and bottom-up approaches in production of
aqueous nanocolloids of low solubility drug paclitaxel. Phys. Chem. Chem. Phys. 2011, 13, 9014-9019. [CrossRef]

Fu, J.; Yu, X,; Jin, Y. 3D printing of vaginal rings with personalized shapes for controlled release of progesterone. Int. J. Pharm.
2018, 539, 75-82. [CrossRef]

Machado, R.M.; Palmeira-De-Oliveira, A.; Martinez-De-Oliveira, J.; Palmeira-De-Oliveira, R. Vaginal Films for Drug Delivery.
J. Pharm. Sci. 2013, 102, 2069-2081. [CrossRef]

Varan, C.; Sen, M.; Sandler, N.; Aktas, Y.; Bilensoy, E. Mechanical characterization and ex vivo evaluation of anticancer and
antiviral drug printed bioadhesive film for the treatment of cervical cancer. Eur. J. Pharm. Sci. 2019, 130, 114-123. [CrossRef]
Kansy, ]. Microcomputer program for analysis of positron annihilation lifetime spectra. Nucl. Instrum. Methods Phys. Res. Sect. A
Accel. Spectrometers Detect. Assoc. Equip. 1996, 374, 235-244. [CrossRef]

Llorina Rafiada, M.; Akbulut, M.; Abad, L.; Giiven, O. Molecularly imprinted poly(N-vinyl imidazole) based polymers grafted
onto nonwoven fabrics for recognition/removal of phloretic acid. Radiat. Phys. Chem. 2014, 94, 93-97. [CrossRef]

Soylemez, M.A.; Giiven, O. Detailed positron annihilation lifetime spectroscopic investigation of atrazine imprinted polymers
grafted onto PE/PP non-woven fabrics. . Mol. Recognit. 2018, 31, €2676. [CrossRef]

Martins, K.F.; Messias, A.D.; Leite, FL.; Duek, E.A.R. Preparation and characterization of paclitaxel-loaded PLDLA microspheres.
Mater. Res. 2014, 17, 650-656. [CrossRef]

Yu, K; Zhao, J.; Yu, C,; Sun, F; Liu, Y.; Zhang, Y,; Lee, R ].; Teng, L.; Li, Y. Role of Four Different Kinds of Polyethylenimines (PEIs)
in Preparation of Polymeric Lipid Nanoparticles and Their Anticancer Activity Study. J. Cancer 2016, 7, 872-882. [CrossRef]
Alex, A.T,; Joseph, A.; Shavi, G.; Rao, ].V,; Udupa, N. Development and evaluation of carboplatin-loaded PCL nanoparticles for
intranasal delivery. Drug Deliv. 2016, 23, 2144-2153. [CrossRef]

Mahmud, F.; Chung, S.W.; Alam, F,; Choi, ].U.; Kim, SW.,; Kim, L.-S.; Kim, S.Y; Lee, D.S.; Byun, Y. Metronomic chemotherapy
using orally active carboplatin/deoxycholate complex to maintain drug concentration within a tolerable range for effective cancer
management. |. Control. Release 2017, 249, 42-52. [CrossRef]


http://doi.org/10.1016/S0140-6736(05)67063-8
http://doi.org/10.1016/j.ijpharm.2016.06.021
http://doi.org/10.1016/j.ijpharm.2018.03.056
http://doi.org/10.1016/j.ejps.2018.03.010
http://doi.org/10.1016/j.bpobgyn.2014.05.004
http://doi.org/10.1016/j.xphs.2015.12.012
http://doi.org/10.1016/j.ejps.2015.11.005
http://doi.org/10.1016/j.progpolymsci.2010.04.002
http://doi.org/10.1007/s13346-012-0096-9
http://doi.org/10.1080/00914037.2015.1103241
http://doi.org/10.1002/jps.21111
http://doi.org/10.1016/j.ijpharm.2017.04.036
http://doi.org/10.1016/j.ejpb.2009.04.013
http://doi.org/10.1016/0378-5173(86)90201-2
http://doi.org/10.1517/17425247.2.1.335
http://www.ncbi.nlm.nih.gov/pubmed/16296758
http://doi.org/10.1016/j.foodchem.2022.132467
http://www.ncbi.nlm.nih.gov/pubmed/35219231
http://doi.org/10.1073/pnas.92.15.6920
http://doi.org/10.1039/c0cp02549f
http://doi.org/10.1016/j.ijpharm.2018.01.036
http://doi.org/10.1002/jps.23577
http://doi.org/10.1016/j.ejps.2019.01.030
http://doi.org/10.1016/0168-9002(96)00075-7
http://doi.org/10.1016/j.radphyschem.2013.04.016
http://doi.org/10.1002/jmr.2676
http://doi.org/10.1590/S1516-14392014005000028
http://doi.org/10.7150/jca.13855
http://doi.org/10.3109/10717544.2014.948643
http://doi.org/10.1016/j.jconrel.2017.01.020

Pharmaceutics 2023, 15, 1154 17 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ye, YJ.; Wang, Y,; Lou, K.Y.; Chen, Y.Z.; Chen, R.; Gao, F. The preparation, characterization, and pharmacokinetic studies of
chitosan nanoparticles loaded with paclitaxel/dimethyl-B-cyclodextrin inclusion complexes. Int. J. Nanomed. 2015, 10, 4309-4319.
[CrossRef]

Ho, M.N,; Bach, L.G.; Nguyen, T.H.; Ho, M.H.; Nguyen, D.H.; Nguyen, C.K.; Nguyen, C.H.; Nguyen, N.V,; Hoang Thi, T.T.
PEGylated poly(amidoamine) dendrimers-based drug loading vehicles for delivering carboplatin in treatment of various cancerous
cells. J. Nanopart. Res. 2019, 21, 43. [CrossRef]

Luna, C.B.B; Siqueira, D.D.; Ferreira, E.d.S.B.; Aratjo, E.M.; Wellen, R M.R. Reactive compatilization of PCL/WP upon addition
of PCL-MA. Smart option for recycling industry. Mater. Res. Express 2019, 6, 125317. [CrossRef]

Alhijjaj, M.; Nasereddin, J.; Belton, P.; Qi, S. Impact of Processing Parameters on the Quality of Pharmaceutical Solid Dosage
Forms Produced by Fused Deposition Modeling (FDM). Pharmaceutics 2019, 11, 633. [CrossRef]

Gopi, S.; Kontopoulou, M. Investigation of thermoplastic melt flow and dimensionless groups in 3D bioplotting. Rheol. Acta 2020,
59, 83-93. [CrossRef]

Aleman-Dominguez, M.E.; Ortega, Z.; Benitez, A.N.; Monzoén, M.; Garzon, L.V.; Ajami, S.; Liu, C. Polycaprolactone-carboxymethyl
cellulose composites for manufacturing porous scaffolds by material extrusion. Bio Des. Manuf. 2018, 1, 245-253. [CrossRef]

Unger, M.; Vogel, C.; Siesler, H.W. Molecular weight dependence of the thermal degradation of poly(epsilon-caprolactone):
A thermogravimetric differential thermal Fourier transform infrared spectroscopy study. Appl. Spectrosc. 2010, 64, 805-809.
[CrossRef] [PubMed]

Asgreen, C.; Knopp, M.M.; Skytte, J.; Lobmann, K. Influence of the Polymer Glass Transition Temperature and Molecular Weight
on Drug Amorphization Kinetics Using Ball Milling. Pharmaceutics 2020, 12, 483. [CrossRef] [PubMed]

Carmona, V.B.; Corréa, A.C.; Marconcini, ].M.; Mattoso, L.H.C. Properties of a Biodegradable Ternary Blend of Thermoplastic
Starch (TPS), Poly(e-Caprolactone) (PCL) and Poly(Lactic Acid) (PLA). J. Polym. Environ. 2015, 23, 83-89. [CrossRef]

Jana, S.; Leung, M.; Chang, J.; Zhang, M. Effect of nano- and micro-scale topological features on alignment of muscle cells and
commitment of myogenic differentiation. Biofabrication 2014, 6, 035012. [CrossRef]

Lozano-Sanchez, L.M.; Bagudanch, L; Sustaita, A.O.; Iturbe-Ek, J.; Elizalde, L.E.; Garcia-Romeu, M.L.; Elias-Zufiiga, A. Single-
Point Incremental Forming of Two Biocompatible Polymers: An Insight into Their Thermal and Structural Properties. Polymers
2018, 10, 391. [CrossRef]

Manoj Prabhakar, M.; Saravanan, A.K.; Haiter Lenin, A.; Jerin Leno, I.; Mayandi, K.; Sethu Ramalingam, P. A short review on 3D
printing methods, process parameters and materials. Mater. Today Proc. 2021, 45, 6108—6114. [CrossRef]

Goyanes, A.; Det-Amornrat, U.; Wang, J.; Basit, A.W.; Gaisford, S. 3D scanning and 3D printing as innovative technologies for
fabricating personalized topical drug delivery systems. J. Control. Release 2016, 234, 41-48. [CrossRef]

Weng, Z.; Wang, J.; Senthil, T.; Wu, L. Mechanical and thermal properties of ABS/montmorillonite nanocomposites for fused
deposition modeling 3D printing. Mater. Des. 2016, 102, 276-283. [CrossRef]

Cevik, U.; Kam, M. A Review Study on Mechanical Properties of Obtained Products by FDM Method and Metal/Polymer
Composite Filament Production. J. Nanomater. 2020, 2020, 6187149. [CrossRef]

Hamelers, LH.L.; van Loenen, E.; Staffhorst, R W.H.M.; de Kruijff, B.; de Kroon, A.LP.M. Carboplatin nanocapsules: A highly
cytotoxic, phospholipid-based formulation of carboplatin. Mol. Cancer Ther. 2006, 5, 2007-2012. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2147/ijn.S83508
http://doi.org/10.1007/s11051-019-4486-5
http://doi.org/10.1088/2053-1591/ab55ad
http://doi.org/10.3390/pharmaceutics11120633
http://doi.org/10.1007/s00397-019-01186-4
http://doi.org/10.1007/s42242-018-0024-z
http://doi.org/10.1366/000370210791666309
http://www.ncbi.nlm.nih.gov/pubmed/20615294
http://doi.org/10.3390/pharmaceutics12060483
http://www.ncbi.nlm.nih.gov/pubmed/32471023
http://doi.org/10.1007/s10924-014-0666-7
http://doi.org/10.1088/1758-5082/6/3/035012
http://doi.org/10.3390/polym10040391
http://doi.org/10.1016/j.matpr.2020.10.225
http://doi.org/10.1016/j.jconrel.2016.05.034
http://doi.org/10.1016/j.matdes.2016.04.045
http://doi.org/10.1155/2020/6187149
http://doi.org/10.1158/1535-7163.MCT-06-0089

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation and Characterization of Drug:CD Inclusion Complex 
	Characterization of PCL Polymers 
	Preparation and Characterization of Filaments 
	In Vitro cell Culture Studies 

	Statistical Analysis 

	Results and Discussion 
	Preparation and Characterization of Drug:CD Inclusion Complex 
	DSC Analysis 
	FTIR Analysis 
	SEM Images 
	Encapsulation Efficiency 

	Characterization of PCL Polymers 
	Hardness and MFI Analysis 
	TGA and DSC Analysis 

	Preparation and Characterization of Filaments 
	DSC and FTIR Analysis 
	Mechanical Properties 
	Surface Energy 
	Nano-Level Gaps Analysis 
	Theoretical and Analytical Drug Amount 
	Drug Release Profile 

	In Vitro Cell Culture Studies 

	Conclusions 
	References

