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A B S T R A C T   

In this work, the versatility of pressure extrusion-based printing (PEBP) was used as 3D printing process to create 
long-acting implantable dosage forms. Different release profiles were achieved based on the drug concentration, 
the way of preparation and the design of the final implants. Polycaprolactone (PCL) was used as the polymer to 
sustain the release of the loaded drug. Paliperidone palmitate (PP), a BCS Class II drug, used in the treatment of 
schizophrenia, was used as the model drug. Two PP concentrations (e.g. 5 and 10% w/w) as well as two methods 
of preparation before the 3D printing process, mortar and pestle and cryogenic milling, were evaluated. The 
amorphous state of PP was obtained by using cryogenic milling and it was maintained after printing. Two designs 
were printed by PEBP, a ring and a disk, to evaluate their impact on the release profile of PP. During the in vitro 
dissolution tests, the implant design, the amount of PP, as well as the crystalline or amorphous state of PP have 
shown to influence the drug release profile. During the successive steps of preparation of the long-acting im-
plants, blends and raw materials were characterized by DSC and XRD.   

1. Introduction 

Nowadays, 3D printing no longer stops solely at the use of rapid 
prototyping. Indeed, pharmaceutical industry shows a growing interest 
towards this technique which allows the realization of tailored dosage 
forms (e.g. immediate release tablet (Pietrzak et al., 2015; El Aita et al., 
2019), polypill (Khaled et al., 2015), implantable device (Holländer 
et al., 2016),…). Since early 90′s, several printing techniques have been 
developed such as: powder-based printing (Infanger et al., August 
2018), extrusion-based printing, stereolithographic printing (Xu et al., 
December 2019; Martinez et al., 2017), selective laser sintering (Fina 
et al., 2017; Fina et al., 2018) and inkjet printing (Cader et al., 2019; 
Sandler et al., 2011). Among these additive manufacturing techniques, 
three-dimensional (3D) printing, based on extrusion, remains the most 
widespread. As mentioned by Azad et al, between 2015 and 2019, the 
extrusion-based printing represented more than 80% of published 

articles on 3D printing (Azad et al., 2020). Its ease of use, its versatility 
and its low cost make it one of the easiest techniques to be implemented, 
particularly Fused Deposition Modeling (FDM). In fact, FDM is a simple 
process based on the use of thermoplastic polymer in the form of fila-
ment, which is pushed through two gears in a heated barrel and 
extruded through a nozzle. The molten polymer is applied layer-by-layer 
to create the final product (Nober et al., 2019; Jonathan and Karim, 
2015). Nevertheless, when used in pharmaceutics, FDM printing re-
quires the preliminary preparation of drug-loaded filaments by a Hot- 
Melt Extrusion (HME) (Nober et al., 2019). To achieve a good print-
ability, the polymer filaments must have the appropriate strength 
specificities to be rigid enough to get pushed by the printer gears as well 
as to be flexible enough to avoid any undesirable break during printing 
(Aho et al., 2016). In this respect, some excipients are often added to the 
polymer to act as plasticizer and decrease its processing temperature by 
lowering the melt viscosity (Aho et al., 2019). However, finding the 
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right strength properties to the filament is not straightforward as the 
number of excipients is limited to resolve this issue. Moreover, HME is 
considered as a stressful process as different degradation processes can 
occur during HME such as oxidation, hydrolysis, thermal or shear 
degradation. This is even bolstered during the process as any mechanical 
stress may induce further thermochemical degradation. Huang et al, 
studied the impact of different extrusion parameters such as the tem-
perature, the residence time of the mixture inside the barrel or the screw 
design on HME process of gliclazide. They demonstrated that all these 
parameters had an impact on the stability of the drug and they have to be 
carefully determined to avoid any drug degradation (Huang et al., 
2017). As alternative, FDM was also coupled with other automatic or 
manual process to fill hollow printed systems. During these processes, 
the printing was stopped, allowing the manual filling of the liquid 
formulation containing the drug. Then, the 3D printing was restarted to 
complete the printing of the caplet. However, these systems showed 
poor mechanical resistance and a lack of reproducibility (Melocchi et al., 
2020). 

To avoid an extrusion step and therefore to reduce the extent of 
thermal treatment, a pressure-based printing technique can be used as 
alternative. The thermoplastic polymer and the API are mixed before-
hand and directly poured in a heated syringe. Then, the mixture is 
extruded through the nozzle by a pressured-air piston, mechanical force 
or by a screw (Azad et al., 2020). This technique was extensively used in 
the early 2000s, called as Pressure-Assisted Microsyringes (PAM), in 
tissue engineering to create soft tissue scaffolds (Jonathan and Karim, 
2015). The interest of this technique is being grown since it does not 
require any post-production of filaments to obtain a printed formulation. 
Goyanes et al used a direct-powder printing process to create hydrox-
ypropyl cellulose-itraconazole printlets directly from powdered mate-
rials without going through a filament production step (Goyanes et al., 
2019). 

To demonstrate the strength of this technique, paliperidone palmi-
tate (PP), an atypical antipsychotic drug was selected as model to create 
3D printed implantable dosage forms. It is a BCS class II drug with an 
extremely low solubility (below 0.1 µg/ml) (Remenar, 2014), a melting 
point around 115–117 ◦C (Leng et al., 2014) and sensitive to oxidation 
(Trivedi et al., 2013). Already marketed as long-acting injectable dosage 
form, this API is formulated as nanocrystal. After administration, the API 
slowly hydrolyzed to release palmitic acid and its active drug, the pal-
iperidone (9-hydroxyrisperidone) (Leng et al., 2014). The use of nano-
crystal enables to create controlled release dosage form where the 
dissolution profile is related to its proper solubility. However, leaving 
large amount of crystalline PP in the injection site may initiate a chronic 
granulomatous inflammatory reaction, as shown by Darville et al (Dar-
ville et al., 2014). In order to avoid this kind of reaction, the encapsu-
lation or the dispersion of the drug into a polymeric matrix is considered 
(Elmowafy et al., 2020). By this way, its release profile will depend on 
the polymer chosen and not only on its solubility. 

Polycaprolactone (PCL), a semi-crystalline polyester approved by 
The United States Food and Drug Administration, was used for its 
excellent biocompatibility and processability at low temperature 
(Holländer et al., 2016). This polymer is widely used in tissue engi-
neering (Jiao et al., 2019; Park et al., 2016) and in the formulation of 
drug delivery systems (Holländer et al., 2016; Kempin et al., 2017). PCL 
degrades slower than usual other bioresorbable polymers, which makes 
it an excellent candidate for long-term drug delivery systems (DDS) (Sun 
et al., 2006). Selecting PCL to create DDS with an atypical antipsychotic 
drug has already been investigated in the literature. It has already been 
used to create implantable DDS of risperidone or paliperidone, which 
are parents molecules of PP. Yerragunta et al studied different molecular 
weight of PCL to obtain a 3-month release risperidone loaded- 
microspheres by o/w emulsion solvent evaporation technique (Yerra-
gunta et al., 2015). Navitha et al, developed an implantable device based 
on different PCL molecular weight and Risperidone by HME. Their 
optimized implants released the drug in vivo for 3 months and they 

achieved an in vitro-in vivo correlation (IVIC) (Navitha and Jogala, 2014). 
Unfortunately, all these techniques did not allow the production of 

personalized dosage form. 
In our study, a pressure-based printing technique was used to create 

PP-loaded implantable dosage forms. As the printing method does not 
have a proper mixing system, a preliminary mixing step must be carried 
out. Blends with different loadings of PP were prepared using two 
methods, the first with a mortar and a pestle and the second by cryogenic 
milling. This second method has the advantage of allowing to both finely 
disperse the API in the polymer matrix and the amorphization of the API. 
Then, the different blends were printed in 2 simples shapes, a solid disk 
and a ring to evaluate the impact of the design of the dosage form on the 
release profile of PP. In order to characterize thermal transitions of raw 
materials as well as the crystallinity and the amorphicity of the blends, 
DSC and XRD were used before and after printing. 

2. Materials and experimental part 

2.1. Materials 

PCL 6500 (Mn 50,000 g/mol) was purchased as pellets from Solvay® 
(Belgium) and Paliperidone Palmitate was purchased from Biochem 
Partner® (China). Trifluoroacetic acid, tetrahydrofuran, acetonitrile and 
isopropanol were purchased from Sigma-Aldrich® (USA). Hydrochloric 
acid and Tween® 20 were purchased from VWR® (USA). 

2.2. Methods 

2.2.1. Preparation of the blends 
Before preparing the blends with different loadings of PP, PCL pellets 

were crushed into powder using a cryogenic milling system (Retsch® 
Cryomill, Germany). The pellets were placed in a 25 ml stainless steel 
grinding jar with 3 stainless steel beads of 15 mm. The milling time was 
divided into 3 cycles of 2 min at 30 Hz, separated by cycles of 30 s at 5 
Hz, to avoid any overheating. For each formulation, 10 g of a blend 
made of milled PCL and PP, was mixed using a mortar and pestle until no 
aggregates of drug or polymer were visually seen. The theoretical drug 
content was 5 or 10% w/w for each blend. Then, two of the four for-
mulations were milled with the Cryomill® to evaluate the impact of a 
cryogenic milling on the amorphicity / crystallinity of the API (Table 1). 
The process was the same to that applied on PCL pellets. 

2.2.2. Thermal analysis 
Differential scanning calorimetry (DSC) analyses were conducted 

with a DSC Q2000 (TA Instruments®, New Castle, USA). Approximately 
5–10 mg of samples were sealed in Tzero hermetic aluminum pan. The 
reference sample consisted of an empty pan. The samples were heated 
from − 50 ◦C to 130 ◦C with a heating rate of 10 ◦C/min. The analyses 
were conducted under nitrogen atmosphere (50 ml/min). 

Thermal decomposition of samples was assessed by thermogravi-
metric analysis (TGA). The analyses were performed with a TGA Q500 
(TA Instruments®, New Castle, USA). The samples were heated from 
30 ◦C to 450 ◦C with a heating rate of 10 ◦C/min. 

2.2.3. Hot stage microscopy (HSM) 
HSM was used to evaluate the printing temperatures of the different 

Table 1 
Compositions of the formulations.  

Samples PCL (% 
w/w) 

PP (% 
w/w) 

Cryogenic 
milling 

Printing 
temperature (◦C) 

PCL_5PP_PM 95 5 No 100 
PCL_5PP_CM 95 5 Yes 100 
PCL_10PP_PM 90 10 No 110 
PCL_10PP_CM 90 10 Yes 110  
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blends. The analyses were conducted on a BX 60 microscope (Olympus, 
Japan) equipped with a THMS600 hot stage (Linkham Scientific In-
struments Ltd., Surry, England) and a TK-C1381 (JVC, Japan) video 
camera. 5 to 10 mg of samples were placed on a glass slide and fixed in 
the hot stage. The samples were heated from ambient temperature to 
60 ◦C at a heating rate of 10 ◦C/min. 

2.2.4. Gel permeation chromatography (GPC) 
GPC analysis were conducted on an Agilent liquid Chromatography 

(Agilent Technologies®, United States) equipped with an Agilent 
degasser, an isocratic HPLC pump with a flow rate of 1 ml/min. Tetra-
hydrofuran was used as mobile phase and Polystyrene were used as 
standards for calibration. The GPC apparatus was equipped with an 
Agilent autosampler, the loop volume was 100 µL and the solutions were 
concentrated at 2 mg/ml. It was equipped with an Agilent DRI refractive 
index detector and three columns: a PL gel 5 mm guard column (Polymer 
Laboratories®, Ltd, United Kingdom) and two PL gel Mixed-B5µm col-
umns (columns for separation of polystyrene with a Mw ranging from 
200 to 4x105 g/mol) were used at 30 ◦C to evaluate the Mw of samples. 

2.2.5. Contact angle measurement 
Contact angles were measured with a contact angle system OCA 15 

from Dataphysics using the sessile drop technique. A sessile water -
droplet of 20 µL was deposited at the surface of the prepared sample by 
means of a syringe pump and the value of the contact angle was 
extracted from the recorded image of the droplet using a software based 
on the Laplace-Young model. Five droplets were deposited at different 
locations on the sample in order to obtain an average value. 

2.2.6. X-ray diffraction (XRD) 
X-ray diffractometer (D8 Advance Eco Bruker®, Madison, USA) 

equipped with a one-dimensional silicon detector (LynxEye, Bruker 
AXS) was used to characterize the crystalline/amorphous structure of 
powders, blends and implants. Using a Cu Kα radiation (1.54 Å; 40 kV ×
25 mA) data were collected, over the angular range of 3–45◦ 2θ and a 
step size of 0.02◦ and a dwell time of 1 s. 

2.2.7. Determination of drug loading 
To extract the PP, samples loaded with an average weight of 10 mg of 

API were solubilized in 1 part of acetonitrile under vortex until complete 
solubilization. Then, 9 parts of isopropanol were added drop by drop 
under vortex. Solutions were filtered through 0.45 µm filters (Sortor-
ius®) and filled in 2 ml vial for HPLC analysis. 

An HPLC-UV method was conducted to determine the drug loading 
from the extruded filaments as well as from the 3D devices. 

Mobile phase A (100% v/v of acetonitrile) and mobile phase B 
(aqueous solution of trifluoroacetic acid at pH 2) were used at ratio 70/ 
30 A/B (v/v). The flow rate was set at 1 ml/min for 20 min and the 
wavelength was fixed 278 nm. The retention time of PP was 8.0 min. 

2.2.8. Design software 
Tinkercad® was used as computer aided design (CAD) program to 

draw the implantable dosage forms and export them as .stl files to the 3D 
printer. A ring and a disk were the two shapes that were investigated to 
compare the influence of the design on the dissolution profile of the 
loaded PP. 

The dimensions of the rings and the disks that were used in this work 
as potential implantable dosage forms are shown in Fig. 1. The thickness 
of both implants was 1.2 mm, the diameter of the disk was 25 mm and 
the external/internal diameters of the ring were 30 mm/25 mm, 
respectively. The calculated surface and volumes of these models were 
592 mm2 & 229 mm3 and 1059 mm2 and 579 mm3 for the ring and for 
the disk, respectively. The surface to volume ratios were 2.6 and 1.8 
mm2/mm3 for the ring and the disk, respectively. 

2.2.9. 3D printing 
A Hyrel® System 30 M (Atlanta, USA) was used as 3D printer with a 

specific VOL-25 printhead and a nozzle diameter of 1.3 mm. The Syringe 
was filled with the formulation and pre-heated to the define printing 
temperature till total melting. The build plate was heated to 40 ◦C, the 
printing speed set at 10 mm/sec and the flow rate at 5.0. 

2.2.10. Dissolution test 
The dissolution tests were performed in a GFL® (Burgwedel, Ger-

many) water bath kept at 37 ◦C. The dissolution medium was adapted 
from the guidance published by the Food and Drug Administration 
(Dissolution Database of the API (Dissolution Methods Database, 2021) 
and contained 2% (w/w) of Tween® 20 in 0.001 N HCl. Implants from 
PCL_5PP_PM & PCL_5PP_CM were placed in 20 ml of dissolution medium 
while implants from PCL_10PP_PM & PCL_10PP_CM were placed in 40 ml 
of dissolution media. The dissolution medium was completely changed 
every sampling time to preserve sink condition. 

3. Results and discussion 

3.1. Characterization of the starting materials 

In order to evaluate the thermal stability of the materials before 3D 
printing process, thermal characterization using TGA were conducted on 
starting materials, i.e., PCL and PP. During the analysis, the percentage 
of weight loss and its first derivative were plotted in Fig. 2. 

The percentage of weight loss and its first derivative did not show 
any residual moisture or weight loss evolved until 200 ◦C, indicating 
that both starting materials will be stable enough to undergo heat 
treatment. To further support this thermal analysis, HPLC was also used 
to evaluate any potential thermochemical instability of PP and PCL after 
3D printing (Table 2). 

In addition to the evaluation of the stability temperature, it was 
required to evaluate the extrusion/printing temperatures to be consid-
ered for these different blends. DSC analyses were thereby conducted on 
the starting materials to highlight the different thermal transitions 
occurring during a heating cycle for each product as well as to determine 
the range of printing temperature (Fig. 3). 

In accordance with the data already published in the literature, PCL 
showed a relatively wide melting range with a maximal endothermic 
peak at 61 ◦C (Holländer et al., 2016). For PP, a melting point was found 
at 115 ◦C (Leng et al., 2014). Since PCL was characterized by a relatively 
low melting point, the melting point of PP can be considered as decisive 
for the printing process. Indeed, if PEBP is performed at a temperature 
that is not sufficient to melt the drug, it may block the materials at the 
nozzle and stop the process. 

To confirm the amorphization, we performed the XRD analyses on 
both products to evaluate the specific crystalline structure of PP and PCL 
before 3D-printing (Fig. 4). 

In accordance with the data already published in literature, PP 
showed two major peaks at 5.1◦ and 7.7◦, corresponding to the crys-
talline state of PP (Leng et al., 2014). On the other hand, the semi- 
crystalline polymer, PCL, showed two Braggs peaks at 21.4◦ and 23.8◦

(Holländer et al., 2016; Li et al., 2010; Cheng et al., 2009), which is 

Fig. 1. Representation and dimensions of the ring (A) and the disk (B) used as 
implantable dosage forms. 
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ascribed to the characteristic diffraction peaks of crystallographic lat-
tices for PCL. Since the polymer does not show any peaks between 4◦ and 
8◦, the presence or absence of both major PP peaks could be used as a 
way to attest for the crystalline state of PP in the blends and the 3D- 

printed dosage forms. 

3.2. Characterization of blends 

After the thermal characterization of our starting materials, two 
blends containing 5 and 10% w/w of PP were prepared before the PEBP 
process using a mortar and a pestle. Then, two blends containing 5 and 
10% w/w of PP were cryogenically milled. In order to differentiate the 
different methods of preparation, the blends having been mixed by 
mortar and pestle were named “PM” and those having undergone 
cryogenic milling, “CM”. 

The blends prepared by mortar and a pestle showed a melting 
endotherm respectively at 97 ◦C and 106 ◦C (Fig. 5). These melting 
points, corresponding to PP, appeared at a temperature lower than the 
initial melting point of PP, which was found to be 115 ◦C. During this 
study, the solubilization of PP within PCL was observed and correlated 
with the decrease in melting point of PP obtained by DSC. Such decrease 

Fig. 2. TGA results for PCL (green curve), PP (blue curve).  

Table 2 
The average weight (±SD, n = 3) by printed shape and the average % of PP 
measured by HPLC (±SD, n = 3).  

Blends Shape Weight ± SD (mg) % of paliperidone palmitate 

PCL_5PP_PM Ring 280.4 ± 9.9 4.58 ± 0.03 
Disk 621.2 ± 29.8 

PCL_5PP_CM Ring 283.9 ± 14.8 4.45 ± 0.27 
Disk 629.6 ± 23.1 

PCL_10PP_PM Ring 307.3 ± 0.9 9.29 ± 0.17 
Disk 649.3 ± 34.8 

PCL_10PP_CM Ring 302.0 ± 2.5 10.10 ± 0.15 
Disk 630.1 ± 32.2  

Fig. 3. DSC results of raw materials, PCL (green curve), PP (blue curve).  
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may appear when the API solubilizes within the polymer during a 
heating cycle. Indeed, Marsac et al. have shown that miscible drug- 
polymer mixtures may show a decrease of the melting point of the 
drug, while immiscible or partially miscible systems do not present such 
a depression in terms of melting point (Marsac et al., 2009). Regarding 
the melting enthalpy of PCL_5PP_PM & PCL_10PP_PM at 97 ◦C and 106 ◦C, 
showed a melting enthalpy of 1.2 and 4.0 J/g, respectively. Based on the 
drug content of each formulation and the sample weight, the normalized 
crystallinity of PP in the physical mixtures was 21% and 35% for 
PCL_5PP_PM & PCL_10PP_PM. 

In contrast, cryogenically milled blends containing 5 and 10% w/w 
of PP do not present any melting point other than the polymer. This lack 
of melting point may be explained by the PP amorphization obtained 
during the preparation of these blends. During the milling step, the 
mechanical energy was transferred to the drug, which led to accumu-
lation of defects and disrupted its crystal structure (Loh et al., 2014). In 
addition to the DSC, an XRD analysis was performed on the same blends. 

As previously mentioned, the crystalline structure of PP may be 
observed by the presence of two characteristic peaks at 5.1◦ and 7.1◦. 
The blends prepared by mortar and a pestle contained both 

characteristic peaks of PP and another one at 16.2◦, which also belonged 
to the drug (Fig. 6), whereas these peaks were not present in blends 
prepared by cryogenic milling. It can also be noted that the PCL pattern 
remains unchanged for all blends, regardless of the preparation way. 

The PEBP temperatures of the blends were determined using DSC 
results. Since the melting point of PP was shown at 97 ◦C for PCL_5PP_PM 
blend, the temperature at 100 ◦C was selected as the minimal printing 
temperature. This allowed the melting of both polymer and API. In 
addition, as PCL_5PP_CM blend contained the same amount of drug, a 
temperature of 100 ◦C was also used. For the blend containing 10% w/w 
of PP prepared by mortar and a pestle, DSC curve showed a melting 
point at 106 ◦C. This let us to set the minimum extrusion and printing 
temperature at 110 ◦C. This printing temperature was also used for 
PCL_10PP_CM as it contains the same amount of PP as PCL_10PP_PM. 
Compared to the TGA results, no weight loss was observed for the 
polymer and PP under 100 ◦C or 110 ◦C (Fig. 2). Moreover, these tem-
peratures are in relationship with those found in the literature for 
printing PCL (Holländer et al., 2016; Yang et al., 2018). 

3.3. Implants printing 

The PEBP process was performed with the Hyrel® System 30 M as 3D 
printer, which was equipped with a VOL 25 modular head (Fig. 7). The 
mixture was filled into the reservoir, heated and then printed following 
the .gcode file. However, prior to the printing, the blend must be 

0 10 20 30 40 50

In
te

ns
ity

 (C
.S

)

PCL

PP

Fig. 4. X-Ray Powder Diffractogram of PCL (blue curve) and Paliperidone 
Palmitate (red curve). 

Fig. 5. DSC results of different blends after physical mixture (PM) or cryogenic milling (CM).  
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properly homogenized as the VOL 25 modular head was not equipped 
with a mixing system. The homogeneity of the blend was assessed at the 
end of the process, on the 3D printed implants (HPLC results, Table 2). 
The blend was heated at the determined temperature for 10 min before 
the printing process to allow the complete melting of the formulation. 
Then, the syringe was upside down turned and the printing could 
resume. For each blend, two designs were printed, i.e., a ring and a disk 
(n = 3), which was previously designed with Tinkercad™ (Fig. 7). 

A printing speed of 10 mm/s was set and the building plate was 
heated at 40 ◦C to ensure a good adhesion of the dosage forms during the 
printing. 

Using these printing parameters, as well as the temperatures deter-
mined by DSC, i.e., at 100 ◦C for blends containing 5% w/w of PP and at 
110 ◦C for blends loaded with 10% w/w of PP, no blockage at the 
printing head was observed during the process. After printing, in addi-
tion to quantification of PP, the dosage forms were weighed to evaluate 
the reproducibility of the process (Table 2). 

However, the use of PEBP as 3D printing technique involved a po-
tential thermal stress, which may degrade the drug during the process. 
Such degradation cannot be evaluated by the uniformity of weight. 
Therefore, PP was extracted from the implants by a liquid–liquid 
extraction method and characterized by HPLC. 

As it can be seen, the standard deviations of the weighted printed 
implants remained relatively low (Table 2). Such results were encour-
aging as a poor mass uniformity is known to lead to different amounts of 
drug in the final dosage forms and can therefore have an impact on its 
release profile. 

The HPLC results obtained after extraction of the drug have showed a 
percentage of 4.58% and 4.45% for blends PCL_5PP_PM and PCL_5PP_CM, 
respectively. The percentage of loaded PP form blends PCL_10PP_PM and 

PCL_10PP_CM were found to be 9.29% and 10.10%, respectively. These 
results were closed to the expected theoretical values, which were 5% 
w/w from PCL_5PP_PM and PCL_5PP_CM and 10% w/w from 
PCL_10PP_PM and PCL_10PP_CM. The chromatographs did not show any 
degradation products of PP. 

3.4. Characterization of implants 

In addition to the PP quantification after the printing process, its 
crystallinity/amorphization must be evaluated as well. For that reason, 
DSC analysis after PEBP was interesting to evaluate any potential pres-
ence of PP crystals after printing. In addition, it was used to assess if the 
amorphization obtained after cryogenic milling was maintained after a 
thermal process. 

DSC results showed very small endothermic peaks at 83 ◦C for 
PCL_5PP_PM 3D and at 90 ◦C for PCL_10PP_PM 3D (Fig. 8). Those tem-
peratures were lower than those observed from the physical mixtures 
which were 97 ◦C and 106 ◦C from PCL_5PP_PM and PCL_10PP_PM, 
respectively (Fig. 5). After 3D printing, the crystallinity of PP in 
PCL_5PP_PM and PCL_10PP_PM, based on the melting enthalpy, remained 
6% and 17% respectively. Indeed, heating above its melting temperature 
and the rapid cooling of the material after extrusion through the nozzle 
of the printer resulted in the partial amorphization of the drug. In this 
case, the amorphization was partial, as residual crystals were present 
after the process. Nevertheless, PCL_5PP_CM and PCL_10PP_CM did not 
show another melting point than that corresponding to PCL. Therefore, 
it could be concluded that cryogenic milling allowed maintaining the 
amorphous state of PP after a 3D printing step. 

In addition, XRD showed the absence of characteristic peaks at 5.1 
and 7.1◦ of the crystalline state of PP for PCL_5PP_CM and PCL_10PP_CM 
after 3D printing (Fig. 9). For the other blends, which were prepared 
with a mortar and a pestle, both characteristic peaks remained present. 
Nevertheless, there could be a slight decrease in crystallinity as the peak 
as previously observed at 16.2◦ was not found herein. Such observation 
confirmed a partial amorphization of PP from blends A and C as well as 
the preservation of its amorphous state from PCL_5PP_CM and 
PCL_10PP_CM. 

Moreover, the crystalline residues that were present in PCL_5PP_PM 
and PCL_10PP_PM could be visually observed by using a hot stage 
polarized microscope. Indeed, from 60 ◦C, the polymer was in the 
molten state and only PP crystals remained in the solid state. Using 
polarized glass, any light-diffracting residues could be seen (Fig. 10). 

As it can be osberved, large crystals and agglomerates of PP were still 
present in the 3D printed dosage forms from PCL_5PP_PM and 
PCL_10PP_PM (Fig. 10B and 10F). These were also visible with the use of 
a polarized glass (Fig. 10A and 10E). 

In contrast, no crystalline structure was noticed in the 3D printed 
dosage forms from PCL_5PP_CM and PCL_10PP_CM. The use of cryogenic 
milling avoided the presence of cristalline residues after PEBP (Fig. 10C, 
D, G and H). 

3.5. In vitro drug release from 3D printed implants 

In order to evaluate the PP percentage that can be released from the 
3D-printed implants, a dissolution test was performed. The different 3D- 
printed dosage forms were placed in the dissolution media adapted from 
the FDA dissolution database (Dissolution Methods Database, 2021) and 
placed in a heated bath at 37 ◦C with a constant horizontal shaking fixed 
at 50 RPM. The dissolution medium were completely replaced at 
different periods of time and analyzed by HPLC to quantify the amount 
of PP that was released. 

Fig. 11 represents the cumulative percentage of PP released over 
time from implants made with blends PCL_5PP_PM & PCL_5PP_CM which 
were loaded with 5% w/w PP (Fig. 11, I) and with blends PCL_10PP_PM 
& PCL_10PP_CM which loaded with 10% w/w of PP (Fig. 11, II). 

Rings and disks printed from PCL_5PP_PM (Fig. 11, I) had an initial 

A 

B C 15mm 15mm 

Fig. 7. 3D printing of an implant on the Hyrel System 30 M (a), 3D printed ring 
shape (b) and 3D printed Disk shape (c). 
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release of 25.6 ± 2.4% and 16.1 ± 0.9% of PP after 1 day, respectively. 
For PCL_5PP_CM (Fig. 11, I), the rings and disks released 20 ± 0.3% and 
14.3 ± 1.2% of PP after 1 day. From the outset, a lower percentage of PP 
was released from the disks than rings independently of the blend. 
However, implants printed from PCL_5PP_PM showed a slightly higher 

percentage of drug released after 1 day. After 3 months, rings and disks 
printed with PCL_5PP_PM released 79 ± 3% and 63 ± 3% w/w of PP, 
respectively. 

At the same time, implants printed from PCL_5PP_CM released 67.7 ±
0.4% and 57.8 ± 3.6% w/w of PP for the rings and disks. Even after 3 
months, the difference in the percentage of PP released remained 
similar. Indeed, a higher percentage of PP was released from the rings 
compared to the disks. In terms of preparation way, the amorphous state 
of PP in PCL_5PP_CM did not accelerate the release of the drug. However, 
the design of the printed object had the major impact on the release 
profile of the drug. 

On the other side, rings and disks printed with PCL_10PP_PM (Fig. 11, 
II) released 14.1 ± 0.5% and 7.8 ± 1.2% of PP after 1 day. While the 
initial released for rings and disks printed with PCL_10PP_CM showed 
equivalent drug released than PCL_10PP_PM. For formulations loaded 
with 10% of PP, the highest percentage of PP that was released was 
achieved by the rings. In this case, both formulations released the same 
drug percentage after 1 day unlike blends loaded with 5% w/w of PP. 
From the first day, the release profiles between the rings and disks 
printed with PCL_10PP_PM and PCL_10PP_CM were almost identical until 

Fig. 8. DSC results of the different blends after 3D printing.  
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PP
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Fig. 9. XRD results of raw PCL, PP and the different blends after 3D printing.  

Fig. 10. HSPM of 3D printed implants: at 60 ◦C of PCL_5PP_PM (A,B), PCL_5PP_CM (C, D), PCL_10PP_PM (E, F), PCL_10PP_CM (G, H). Upper pictures present the results 
with a polarized glass. 
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the third week. Afterwards, a noticeable difference was observed and the 
implants that were printed from PCL_10PP_CM released a higher per-
centage of PP. After 3 months, PCL_10PP_PM released 57.6 ± 0.9% and 
38.8 ± 3.2% of PP from the rings and disks, respectively. At the same 
time, PCL_10PP_CM, containing the amorphous form of PP, released 68 
± 3.7% and 48 ± 0.8% of drug from the rings and disks, respectively. It 
could be also noted that the dissolution curves of PP from the rings and 
disks that were printed with PCL_10PP_PM showed a bimodal release. 
The first phase started from day one and ended with a slower release 
after 2 months. After 70 days, a new phase started, which corresponded 
to an acceleration of the release of PP. The dosage forms containing the 
amorphous PP (PCL_10PP_CM) did not show this two-phase release. In 
this case, the design of the dosage forms as well as the preparation 
method had an impact on the release profile of PP. 

A difference in terms of percentage of drug released was highlighted 
in comparison with the results observed in Fig. 11,I. Indeed, 
PCL_10PP_PM & PCL_10PP_CM, released the same percentage of PP after 
1 day, which was not the case with PCL_5PP_PM & PCL_5PP_CM. In 
addition to this, PCL_10PP_CM, released a higher percentage of drug with 
time. At the end of 3 months, the dissolution test continued for 
PCL_10PP_PM to reach the same percentage released as PCL_10PP_CM. It 
took 180 days for the rings and disks printed from PCL_10PP_PM to 
release an equivalent amount of drug than PCL_10PP_CM after 3 months. 
However, here again, from the release profiles of the rings and disks 
printed from PCL_10PP_PM & PCL_10PP_CM, the ring shape implant have 
released the highest percentage of PP. 

The impact of design on drug delivery has already been highlighted 
in the literature. Indeed, 3D printing allows a large versatility in terms of 
internal and external design. These parameters might have an impact on 
the amount of drug that may be released from the 3D printed dosage 
form. Goyanes et al., have printed tablets of paracetamol with different 
geometries, such as cubes, cylinders, torus, pyramids and a sphere. They 
have shown that the higher the surface/volume ratio, the higher the 
amount of drug released (Goyanes et al., 2015). In our case, the same 
results could be observed, independently of the preparation way, the 
rings have released more PP than disks. Moreover, it was also demon-
strated that the rings have released the drug faster than the disks. 

However, blends loaded with 10% w/w of PP released the drug less 
quickly than those loaded with 5% w/w of PP. This effect has already 
been observed several times in the literature, in articles on drugs-loaded 
PCL. For example, Hollander et al observed the same effect with an in-
trauterine system based on indomethacin-loaded PCL prepared by Fused 
deposition modeling (Holländer et al., 2016). Wang et al, observed the 
same results with hollow core fibers of polycaprolactone loaded with 
different amount of ketoconazole by coaxial electrospinning (Wang 
et al., 2016). Rychter et al, worked on cilostazol-loaded polycaprolactone 
by electrospinning and observed a decrease in drug release with higher 
drug-loaded formulations (Rychter et al., 2018). It can be observed that 
this phenomenon was repeated when BCS class II drugs were loaded in 
PCL. This class of drugs concerns molecules with a low aqueous solu-
bility and high permeability (Tsume et al., 2014). Several hypotheses 
can explain this slower release when the amount of the loaded drug 

increases. 
A higher quantity of drugs may be present at the surface of the 

implant (Rychter et al., 2018). Increasing the amount of drugs, increases 
the hydrophobicity of the system and slow down the diffusion of water 
into the dosage form. Another hypothesis would be an increase in drug- 
drug interactions within the system which may lead to decrease their 
diffusion/release through the matrix (Wang et al., 2016). Finally, more 
drugs could be entrapped in the crystalline regions of the polymer, 
making it more difficult for water to diffuse into these regions which 
slow down the release of the drug (Rychter et al., 2018). 

In addition, according to the results obtained from the dissolution 
tests, it was observed that the release of PP from the 3D printed dosage 
forms was never completed. Drug remained inside the implants after 3 or 
even 6 months. Since PCL is known to be used as a polymer to reach 
long-term drug release, two well-known mechanisms are described to 
allow this prolonged drug release. They are both based on the degra-
dation/erosion of the polymer and diffusion of the drug through the 
polymer matrix (Repanas and Glasmacher, 2015). Several factors 
interact with these mechanisms, such as the molecular weight of the 
polymer and that of the loaded drug. Navitha et al. have made implants 
by Hot-Melt extrusion of risperidone-loaded PCL. They have shown that 
the use of PCL derivatives characterized by different molecular weights 
could modulate the dissolution profile of risperidone (Navitha and 
Jogala, 2014). 

For their part, Potrč et al, compared the drug release of ibuprofen and 
carvedilol-loaded PCL nanofibers which were prepared by electro-
spinning. The results of the in vitro dissolution tests showed that the 
nanofibers loaded with ibuprofen released the drug faster than those 
loaded with carvedilol. This observation was independent of the drug 
crystallinity or nanofibers morphology. Therefore such result could be 
explained by the molecular weight of ibuprofen, which was half that of 
carvedilol, facilitating the diffusion of the drug that was characterized 
by the lowest molecular weight (Potrč et al., 2015). 

In order to understand the release of PP from the 3D printed dosage 
forms with time, two evaluations were made. The first evaluation 
focused on the decrease in molecular weight (Mw) of PCL at different 
times during the dissolution test (Fig. 12A). The second evaluation 
concerned the measurement of the contact angle to evaluate the impact 
of hydrophobicity of PP on the blends (Fig. 12B). Indeed, as an increase 
of its concentration led to a decrease of its release, it was relevant to 
evaluate the potential effect of its presence at the surface of the 3D 
printed dosage forms, which was supposed to increase the global hy-
drophobicity of the implants, on its own release. 

As it can be observed, the mean Mw values of PCL after 1 day of 
dissolution were 94,900 ± 600, 95,200 ± 100, 95,800 ± 700 and 
98,600 ± 2100 g/mol for PCL_5PP_PM, PCL_5PP_CM, PCL_10PP_PM and 
PCL_10PP_CM, respectively (Fig. 12A). After 90 days, an average loss of 
18.3 ± 0.8% was observed of the initial Mw for all blends. These results 
indicate that PCL derivative slowly degraded and/or eroded over time. 
This effect is partly responsible for the release of the drug, which may 
explain the very slow release of the drug with time. Nevertheless, the 
loss in mass is homogeneous for all blends, which does not explain why 
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blends containing 5% w/w PP release faster than formulations con-
taining 10% w/w PP. 

The contact angle measured were 78.3 ± 1.6◦, 75.2 ± 2.5◦, 76.2 ±
1.9◦, 82.9 ± 3.8◦ and 78.9 ± 2.3◦, respectively for PCL alone and 
PCL_5PP_PM, PCL_5PP_CM, PCL_10PP_PM and PCL_10PP_CM (Fig. 12B). 
The angles measured for PCL_5PP_PM & PCL_5PP_CM containing 5% w/w 
of PP are slightly lower than those obtained for PCL alone. On the other 
hand, the values observed for PCL_10PP_PM & PCL_10PP_CM loaded with 
10% w/w of PP are slightly higher than the polymer alone. However, 
these results did not show large differences between the blends. Even if 
PCL_10PP_PM, containing 10% PP, which had the highest contact angle 
value, has shown the slowest drug release, the contact angles could not 
be used to explain the mechanism of drug release. 

Nevertheless, the release of PP from a polymeric matrix such as PCL 
remains a complex phenomenon as it is the result of a combination of 
factors. 

4. Conclusion 

In conclusion, 3D printing by PEBP has shown to be an interesting 
alternative when the preparation of a printable filament is not possible. 
Using this technique, it has been possible to highlight the versatility of 
3D printing in design by creating 3D printed dosage forms with different 
shapes. Indeed, during the in vitro dissolution test, the release profile of 
the PP has been modulated according to the shape of the implants. It was 
also possible to observe that cryogenic milling allowed the preparation 
of amorphous PP and the state was maintained after 3D printing. When 
the blends contained 10% w/w of PP, the amorphous form of the drug, 
in addition to the design, had an impact on the amount of drug that was 
released overtime. Long-acting implantable devices proved to be an 
interesting alternative form to improve compliance of patients suffering 
from schizophrenia. Also, the tunability obtained by PEBP allowed the 
obtention of different release profiles from a single formulation. How-
ever, the understanding of the phenomena leading to the release of PP 
has yet to be elucidated with additional analyses such as solid-state 
NMR, x-ray computed tomography or Raman spectroscopy along the 
different stages of the dissolution test. Further studies need to be carried 
out to better predict the release of PP according to the design used, and 
to best meet the needs of patients. 
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