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Abstract

Pediatric neuropathy poses significant challenges in pain management due to the limited availability of approved pharma-
cological options. Gabapentin, commonly used for neuropathic pain, offers therapeutic potential but necessitates careful
dosing due to its variable bioavailability. This study investigates the integration of Hot Melt Extrusion and Fused Deposi-
tion Modeling in the development of polycaprolactone-based implants for sustained release of Gabapentin. A preliminary
screening using Vacuum Compression Molding optimized formulations for Hot Melt Extrusion, enhancing material efficiency
and process streamlining. Filaments with a diameter of 1.75 mm were successfully extruded and used for 3D printing of
Gabapentin implants. Several tests were undertaken to characterize the prepared filaments and implants. Energy-Dispersive
X-ray spectroscopy confirmed the uniform distribution of Gabapentin within the implant matrix. Solid-state characterization
techniques were employed to assess the compatibility of implant components and to verify the solid-state of Gabapentin
within the implant structure. In vitro drug release studies were conducted. Filaments with varying drug loadings were exam-
ined, revealing that a 20% w/w drug loading achieved an optimal balance between rapid and sustained release. Addition-
ally, implants with different infill densities were analyzed, demonstrating that varying infill densities allow control over the
amount and percentage of drug released. The 100% infill density resulted in the most sustained release effect, achieving
approximately 40% drug release by day 28. These findings underscore the feasibility of 3D printing for producing personal-
ized implants, emphasizing the potential for tailored drug release profiles to meet specific needs of pediatric patients.
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Introduction

Baher A. Daihom and Hala M. Abdelhakk contributed equally to
this work. Pediatric neuropathy is a condition present in children,
where there is peripheral nerve malfunction. These nerves
play a very significant role in transmitting signals between
the central nervous system and the rest of the body [1].
Effects of neuropathy can be entirely different according to
the sensory, motor, or autonomic nerves involved and hence
lead to a highly varied set of symptoms [2]. Pediatric neuro-
pathic pain is very challenging for treatment in many ways,
as there are few medications approved for this condition [3,
4]. When determining appropriate dosage adjustments, the
child's age, weight, and developmental stage must be care-
fully considered [5].
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Gabapentin, a freely water-soluble medication [6], has
shown effectiveness as an adjunctive treatment for partial
epileptic seizures [7]. Additionally, it is widely used off-label
for the management of neuropathic pain [8]. In pediatric
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patients, Gabapentin has emerged as a valuable option for
treating neuropathic, pre-and post-operative pain [9]. It
works by modulating the release of specific neurotransmit-
ters involved in pain signaling, leading to relief from neuro-
pathic pain [10]. Numerous studies and clinical trials have
demonstrated positive results with Gabapentin use in pedi-
atric patients. It has been found to provide pain relief in burn
survivors, and it prevents postoperative pain [11, 12]. Based
on American Pain Society, Gabapentin should be included
in pediatric neuropathic pain condition, especially when
other relievers render a sedation effect. The recommended
dose is an initial of 2 mg/kg/day, and the average dose
ranges from 8 to 35 mg/kg/day in divided doses a day [13,
14]. Having a structural similarity to natural amino acids,
such as L-leucine, Gabapentin crosses the small intestine
through the active, saturable L-amino acid transport mecha-
nism. This transport mechanism has been identified as a
major determinant of the dose-dependent bioavailability of
Gabapentin. In this case, it has been determined that the bio-
availability of Gabapentin is inversely proportional to dos-
ing. That is, the higher the dose, the lower the bioavailability
of Gabapentin. For example, while at doses as low as 900
mg/day, its bioavailability is around 60%, the bioavailability
at a higher dose of 4800 mg/day is significantly reduced to
about 27% [11, 15]. There were also reports that repeated
administration of Gabapentin leads to oscillations in plasma
levels which, in turn, causes impairment in memory in mice
[16, 17].

Additive manufacturing, widely called 3D printing, is an
additive process of building an object layer by layer, using
thermoplastic polymers [18]. The relevance of 3D printing
technology in formulating long-acting medicinal implants
lies in their capability to customize personalized implants
with specified designs in their constituents according to a
patient's preference [19-21]. 3D printing enables customi-
zation, incorporating multiple medications, and controlling
drug release kinetics [22—-24]. Fused Deposition Modeling
(FDM) is one such commonly used form of 3D printing
technology where a melted polymer is deposited through a
heated nozzle into the desired object shape. The extrusion
nozzle melts the polymer, which is deposited with precision
on the build plate and allowed to solidify. This layering pro-
cedure allows for deposition of the softened polymer, with
the softened polymer solidifying before adding a new layer
to build up a 3D structure [25, 26]. This comes with several
distinct advantages, including ease of operation, low-cost
manufacturing, and the ability to create intricate structures
without using any form of solvent [20, 27].

A drug-loaded polymer filament can be manufactured
using Hot Melt Extrusion technology [28, 29]. HME, a
continuous manufacturing technique, enables the uniform
incorporation of active pharmaceutical ingredients (APIs)
into a polymer matrix, ensuring precise dosage control
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and enhanced drug release profiles [30]. During the Hot
Melt Extrusion process, the magnitude of material loss is
substantial, characterized by a significant proportion of
the material being dissipated during the startup phase or
retained within the non-operational region of the extrude
[31]. Vacuum Compression Modeling serves as a valu-
able preliminary technique to be employed before Hot
Melt Extrusion, functioning as a small-scale screening
tool that offers advantages such as minimizing material
consumption and time savings. By implementing Vacuum
Compression Modeling in the initial stages, material usage
can be optimized, and the total processing time can be
considerably shortened. This approach aids in efficiently
evaluating the feasibility and performance of various for-
mulations, enabling researchers to make informed deci-
sions and streamline the subsequent Hot Melt Extrusion
process [31, 32]. Polycaprolactone is among the most
widely used polymers in the Hot Melt Extrusion process. It
is biocompatible, biodegradable, not soluble in water, and
has a relatively low melting point, between approximately
50 and 60°C [33]. Existing literature has identified PCL
as a viable polymer carrier for 3D printing facilitated by
FDM technology [34, 35].

Pediatric implants have shown efficacy in treating various
medical conditions in children. One notable example is the
histrelin implant, used to treat central precocious puberty
(CPP). This subcutaneous implant, marketed as Supprelin
LA, releases histrelin acetate, a GnRH agonist, over 12
months, effectively delaying early puberty. The minimally
invasive procedure for implant insertion, typically per-
formed under local anesthesia, underscores the feasibility
and safety of such interventions in pediatric patients. The
histrelin implant helps children develop in line with their
age, showing how pediatric implants can improve health and
quality of life [36]. Our goal is to develop PCL implants for
the localized delivery of Gabapentin. This aims to overcome
the bioavailability challenges associated with oral adminis-
tration while reducing the need for high doses and frequent
dosing. Additionally, the implants will help maintain stable
plasma levels of Gabapentin, minimizing side effects.

Materials

Gabapentin (GABA) was obtained from TCI America
(Tokyo Chemical Industry Co., Portland, Oregon, USA).
Polycaprolactone (PCL) MW 50000 was provided by
Polysciences, Inc. (Warrington, PA, USA). Polyethylene
glycol (PEG) 3350 and HPLC grade acetonitrile were pro-
vided from Sigma-Aldrich Inc (St. Louis, Missouri, USA).
KH,PO,, KOH, and all other chemicals are of analytical
grades.
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Methods

Chromatographic Conditions for Determination
of Gabapentin

The quantification of the samples was done using a reverse-
phase high-performance liquid chromatography (RP-HPLC)
method (Thermo Fisher Vanquish HPLC system, Thermo
Fisher, Waltham, MA, USA) equipped with a C-18 column
of dimensions L X I.D.=250Xx4.6 mm and a particle size
of 5 pm (Discovery® C-18 HPLC column, Supelco™,
Millipore Sigma, MA, USA). The mobile phase consisted
of a buffer mixture (1.2 g KH,PO, in one-liter water, pH
adjusted to 6.9 with KOH) and acetonitrile, with a ratio of
90:10 (v/v) for the aqueous and organic phases, respectively.
The elution was carried out at a flow rate of 1 ml/min, with
a sample injection volume of 20 pL. The signals from the
samples were detected using a UV-Vis spectrophotometer
detector (ThermoFisher Vanquish HPLC system, Waltham,
MA, USA) at A=200 nm [37].

Vacuum Compression Modeling (VCM)

Vacuum Compression Modeling (VCM) is a crucial pre-
liminary tool for optimizing formulations before proceeding
with Hot Melt Extrusion. It is integral to ensuring that the
formulations are viable and effective before proceeding to
more advanced stages of development.

Discs (25 mm diameter) were created using the Melt-
Prep® VCM technique. Pre-weighed mixtures were added
to molds with separation foil, heated to 80 °C for 5 min,
then cooled to room temperature using compressed air. The
discs were then manually removed for analysis [31, 38]. The
specific compositions of various formulations can be found
in (Table I).

Hot Melt Extrusion (HME)
Different formulations (Table I) were created. Pre-weighed
mixtures were extruded through a Leistritz ZSE 12 HP-PH

12 mm twin-screw corotating extruder (Leistritz Advanced
Technologies Corp. in Nuremberg, Germany). This

Table | Formulation Composition Details

Gabapentin (% PCL (% wiw) PEG3350
w/w) (%w/w)
F1 10 80 10
F2 20 70 10
F3 30 60 10
F4 50 40 10

advanced extruder is equipped with eight distinct zones,
each optimized for specific processing conditions. To com-
ply with the specifications of the Fused Deposition Mod-
eling (FDM) printer, a 1.75 mm die was employed during
the extrusion procedure. The Extruder, the screw design and
temperature profile used for the extrusion process are shown
in Fig. 1. The screw speed was adjusted at 50 r.p.m. The
produced filaments were kept at room temperature in sealed
bags before printing [39, 40].

Fabrication of Gabapentin-loaded Implants
3D-Design of the Implant

A 3D model of the implant was created using Microsoft 3D
Builder (Microsoft, Redmond, WA, USA), and subsequently
exported in STL file format. The implant dimensions were
set at 25 X7 mm. The implant design is shown in Fig. 2.

3D printing of the Implant

The experimental setup utilized a MakerBot Replicator®
2X Experimental 3D Printer (MakerBot Industries, New
York, USA) to fabricate the implant structure. The STL file
was processed using MakerBot software, with optimized
printing parameters as follows: a layer thickness of 2 mm
and a linear infill pattern. The print head, with a 0.4 mm
diameter, operated at 110°C and a speed of 5 mm/s, while
the bed temperature was maintained at 30°C throughout the
printing process. To assess the impact of infill density on
implant properties, three distinct densities—25%, 50%, and
100%—were investigated.

Solid State Characterization
1. Differential Scanning Calorimetry (DSC)

The thermal behavior of the drug, excipients, physical
mixture, and the crushed powder of the prepared filaments
and implants was investigated using Differential Scanning
Calorimetry (DSC, DSCQ20, TA Instruments, New Castle,
DE, USA). Samples (5-10 mg) were weighed into DSC alu-
minum pans and sealed with lids. Samples were heated from
35°C to 220°C at 10°C/min with nitrogen purge gas at 50
mL/min. Data was collected using TA advantage software
[41].

2. X-ray Powder Diffraction (XRPD) Studies
X-ray Powder Diffraction patterns for the drug, excipi-
ents, physical mixtures, and the crushed powder of the pre-

pared filaments and implants were collected using a bench-
top Rigaku MiniFlex 600 (Rigaku Corporation, Tokyo,

@ Springer



224 Page 4 of 14 AAPS PharmSciTech (2025) 26:224

Zone 1 2 3 4 ) 6 7 8 9
Temp 40 50 60 80 80 80 80 70 60

Fig. 1 The extruder, screw design, and temperature profile used in the extrusion process

7381 74051900, 202306/07.11:3224] LN mm. Megnification:: 21,8 X 8.7,

1

Fig.2 A The implant 3D design B Photograph of the 3D-printed implant C 3D-printed PLA covers without and with the implant D Dino images
of 20% w/w Gabapentin 3D printed implants with 1) 25% infill density 2) 50% infill density 3) 100% infill density
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Japan) with a Cu Ko X-ray source (A=1.5418 1&). Samples
were loaded into magnetic cells and placed in the XRPD
instrument. Scanning covered a 20 range of 10-30° with a
0.04° step size and 2°/min speed. Measurements used 15
mA current and 40 kV voltage. Data was plotted as 20 vs.
intensity for analysis [41].

3. Fourier Transform Infrared (FTIR) Spectroscopic Analy-
sis

A Nicolet FT-IR spectrometer (Thermo Fisher Scientific,
Waltham, MA) was employed for the analysis. A few mil-
ligrams of the sample were carefully placed on the sample
holder, and the percentage transmittance was recorded over
a spectral range of 4000-700 cm™!, with a resolution of 4
cm! (averaged over 64 scans). The collected data were then
processed and analyzed using Omnic™ software [41].

Morphology Characterization
1. Optical Microscopy Images:

The general structure of the 3D-printed implants was
recorded with Dino-Lite™ and analyzed using the Dino
Capture software.

2. Scanning Electron Microscope (SEM)

Scanning Electron Microscope (Quanta 650 FEG SEM,
FEI Company, Hillsboro, OR USA) was employed to exam-
ine the surface and cross-section of the prepared filaments
and printed implants. Before observation under the SEM, the
samples were initially coated with a thin layer of gold using
vacuum sputtering achieved with an EM Sputter Coater
(EMS Sputter Coater, Hatfield, PA, USA). An accelerated
voltage of 10 kV was used to capture the image [42, 43].

Energy Dispersive- x-ray (EDX) Spectroscopy

To further investigate the elemental distribution, particu-
larly the presence of nitrogen atom (N) within the prepared
filaments and implants, Energy-Dispersive X-ray analysis
(EDX) was employed. The SEM used was equipped with
embedded EDX capability, enabling the collection of EDX
spectra to measure the elemental composition of the samples
[41].

Texture Analysis

Repka-Zhang test was used to conduct 3-point bending exper-
iments for assessing the flexibility of the filaments [44]. A
TA-XT?2 analyzer (Texture Technologies, Hamilton, MA,
USA) equipped with the HDP/3PB probe set was employed.

Filament samples were prepared as 6 cm rods and positioned
on the sample holder with a 25 mm width gap. The blades
were adjusted to operate at a speed of 10 mm/s until they
reached a position 20 mm below the tested sample. The test
was repeated ten times. PLA commercial filament was the
reference material for assessing differences between standard
commercial filaments and those produced through extrusion.

In Vitro Release Study

A series of In vitro release studies were conducted to opti-
mize the performance of 3D-printed implants by customiz-
ing design parameters and gaining a deeper understanding
of the key factors influencing drug release profiles. Specifi-
cally, we examined the effects of infill density, drug loading
(expressed as the drug-to-polymer ratio), and the surface
area of the implant on drug release characteristics. These
parameters were systematically varied to evaluate their indi-
vidual and combined impacts on the release behavior.

Prepared filaments, MeltPrep discs, and 3D-printed
implants were immersed in 20 mL of phosphate-buffered
saline (PBS, pH 7.4) [45]. The soaking was performed in a
temperature-controlled incubator set at 37°C, with continu-
ous agitation at 100 rpm. At predetermined time intervals,
1 mL samples were manually withdrawn and immediately
replaced with an equal volume of fresh buffer to maintain
sink conditions. All In vitro release experiments were con-
ducted in triplicate (n=3) to ensure reproducibility and reli-
ability of the results.

Although a saturation solubility study was not for-
mally conducted, Gabapentin’s high aqueous solubility is
well established. To confirm this experimentally, 0.5 g of
Gabapentin was completely soluble in 5 mL PBS at both
room temperature and 37°C, corresponding to a solubility of
approximately 100 mg/mL. This ensured that sink conditions
were consistently maintained throughout the in vitro release
studies. These findings are consistent with literature data
reporting Gabapentin solubility exceeding 100 mg/mL [6].

To further investigate the influence of surface area on
the sustained release of gabapentin from the 3D-printed
implants, a cover was fabricated using commercially availa-
ble PLA filaments, featuring an opening on one side (Fig. 2).
Implants with 100% infill density were inserted into this
cover to assess their drug release performance under modi-
fied surface exposure conditions.

Results and Discussion
Solid State Characterization

DSC was utilized to examine the thermal properties and
solid-state features of 3D-printed implants and their

@ Springer



224 Page 6 of 14 AAPS PharmSciTech (2025) 26:224
Fig.3 Solid State Characteriza- 5
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constituent materials. The DSC thermograms, as depicted in
Fig. 3, provide a comparative analysis between the Gabapen-
tin implants and their components. The thermograph of pure
Gabapentin exhibited two distinct endothermic peaks. The
first peak, observed at 179.59°C, corresponds to the melting
of Gabapentin, with a heat of fusion measured at 49.92 kJ/
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mol. The second peak, occurring at 196°C, is attributed to
the thermal decomposition and subsequent loss of the drug
[46]. The PCL and PEG 3350 thermograms exhibited well-
defined endothermic peaks at temperatures of 58.66°C, and
59.55°C, respectively [16]. These peaks denote the crystal-
line melting transitions of GBP, PCL, and PEG 3350.
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The DSC curve of the physical mixture showed the endo-
thermic peak characteristic of Gabapentin but with a smaller
area, reflecting the proportion of each component in the
mixture. The melting points of gabapentin in the filament
and implant were observed to shift to lower temperatures,
specifically 177°C and 172°C, respectively. This phenom-
enon, known as melting point depression, occurs because the
presence of the polymer (PCL) reduces the thermodynamic
activity of gabapentin. The drug's molecules are more dis-
persed and less ordered within the polymer matrix, which
lowers the energy required for the transition from a solid to
a liquid state. Consequently, the chemical potential of gabap-
entin in the amorphous drug-polymer mixture becomes
equivalent to that of the crystalline drug at a temperature
lower than the pure drug's melting point. These interactions
between Gabapentin and the polymer disrupt the crystalline
structure, facilitating a reduced melting point [47].

To assess the residual crystallinity of Gabapentin in the
formulated implants compared to the pure Gabapentin used
in our study, we measured the enthalpy of melting of Gabap-
entin in the implants by integrating the endothermic curve,
which yielded a value of approximately 44.216 J/g. The
crystallinity of Gabapentin in the implants was then calcu-
lated by comparing the melting enthalpy of pure Gabapentin
with that of Gabapentin in the formulation, considering the
weight fraction of Gabapentin in the formulation. This anal-
ysis revealed that the residual crystallinity of Gabapentin in
the formulated system was reduced to 75.84% relative to the
pure Gabapentin sample used in this study [48].

The XRPD results are shown in Fig. 3. The X-ray diffrac-
tion pattern of Gabapentin confirms its crystalline nature,
showing distinct peaks at 26 values of 7.8, 13.3, 15.0, 17.0,
20.4, 21.3, 23.1, 23.6, 25.7, 27.0, and 28.2° [37]. The dif-
fraction pattern of PCL demonstrates its semi-crystalline
nature, with distinct peaks observed at 20 angles of 21.9
and 24.2°, indicating its crystalline structure [49]. For PEG
3350, the diffractogram shows distinct peaks at 19.25° and
23.40° [50]. The diffractograms obtained from the physical
mixing state, filament state, and implant state showed that
the characteristic peaks of Gabapentin remained detectable
at their original positions, despite being diluted with excipi-
ents, indicating the presence of residual crystallinity in the
formulated implants as confirmed by the DSC data.

The FT-IR analysis was employed to analyze the chemi-
cal interactions among the components of the Gabapentin
implant. Figure 3 shows the FT-IR curves of Gabapentin,
PEG 3350, PCL, their physical mixtures, and the prepared
filaments. Gabapentin in its solid state forms a zwitte-
rion, which means it doesn't show the usual infrared peak
for — NH stretching (3500-3300 cm — 1). Instead, it absorbs
in the 3100-2800 cm — 1 range due to the — NH3 stretching
vibration. The peaks within the 2300-2400 cm — 1 range are
associated with the unique stretching vibration of the side

chain and/or CN group. Between 1700 and 1500 cm — 1,
the IR bands may be attributed to the ionized asymmetric
carboxylate and NH3 deformation vibration, respectively.
The IR bands between 1500 and 1350 cm — 1 were linked
to the asymmetric carboxylate band and/or CH2 deforma-
tion band [51]. PCL typically demonstrates absorption peaks
at distinct wavelengths, such as the stretching of asymmet-
ric and symmetric (~-CH2) bonds at 2944 cm — 1 and 2866
cm — 1, respectively. Additionally, carbonyl (C = O) stretch-
ing appears at 1702 cm — 1, while the asymmetric (C-O-C)
bond stretch is observed at 1236 cm—1 [52]. PEG 3350
exhibits characteristic peaks at 2970 and 2820 cm — 1, indi-
cating the stretching of C-H bonds; and 1050-1000 cm — 1,
linked to the C-O stretching of the alcohol [51]. The spectra
from both the physical mixture and the filament state indi-
cated that characteristic peaks of the components remained
in their usual positions, suggesting that there was likely no
chemical interaction between Gabapentin and any of the
forming constituents.

Morphology Characterization
Optical Microscopy Images

The images captured by the DINO camera of three differ-
ent implants with varying infill percentages (25%, 50%, and
100%) reveal the distinct structural characteristics of each
implant. Figure 2 demonstrates the variations in infill densi-
ties of the printed implants. The implants with a 25% and
50% infill density exhibit noticeable openings throughout
the structure, enhancing the available surface area in con-
tact with the release media, which leads to faster dissolution
rates. Conversely, the 100% infill density implant presents
no gaps, resulting in a slower dissolution rate.

Scanning Electron Microscope

As shown in Fig. 4, SEM images of the filament illustrate a
cross-sectional diameter that is in line with the die diameter
(1.75 mm), indicating minimal to no enlargement during
the extrusion process. The surface texture of the filament
shows a smooth finish, free from visible imperfections such
as cracks or roughness. This smooth surface is crucial for
ensuring optimal extrusion through the 3D printer nozzle
and even layer deposition during printing.

Transitioning to the implant produced by FDM with a
50% infill, the SEM images provide a detailed view of the
overall structural integrity and internal infill structure. The
implant shows a well-defined layer structure with consist-
ent layer thickness, indicative of stable printing parameters.
The adhesion between successive layers is another critical
factor observed in the SEM images. Strong layer adhesion is
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Fig.4 SEM images of A extruded filaments (F2 formulation) with 1.75 mm die and B 3D printed implants with a detailed view of the infill

structure (50% infill density)

essential for ensuring the durability and mechanical robust-
ness of the implant. Surface features like roughness or voids
can impact performance, especially in biomedical applica-
tions where smoothness influences tissue integration and
biocompatibility [53].

Energy-dispersive X-ray Spectroscopy

Energy Dispersive X-ray (EDX) spectroscopy was used to
examine the uniform distribution of Gabapentin within a fil-
ament. Nitrogen (N) distribution was specifically analyzed to
confirm the presence and uniformity of Gabapentin, which
contains nitrogen atoms, within the polymer matrix.

The EDX spectra were obtained from multiple regions
across the filament cross-sections to assess the elemental
distribution of nitrogen. The presence of nitrogen peaks in
the EDX spectra provided a direct indication of Gabapentin
distribution.

As shown in Fig. 5, the EDX maps showed a consistent
distribution of nitrogen throughout the filament, suggest-
ing that Gabapentin was uniformly distributed within the
PCL-PEG matrix. Comparisons of nitrogen distribution in
different sections of the filament (outer surface, mid-section,
and core) revealed no significant variation This uniform-
ity is crucial for ensuring consistent drug release profiles
in potential pharmaceutical applications. Previous studies
have shown similar successful uniform distribution using
Hot Melt Extrusion for low-dose drugs, demonstrating the
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viability of this method for homogeneous drug dispersal [54,
55].

However, EDX analysis was not sufficient to differenti-
ate the physical state of Gabapentin within the PCL matrix.
While DSC and XRD confirmed that Gabapentin retains par-
tial crystallinity, suggesting the presence of visible crystal-
line aggregates, the EDX mapping appeared to show a more
uniform, potentially molecularly dispersed distribution. This
apparent contradiction is likely due to the limited spatial
resolution of the EDX technique, which may not be sensitive
enough to detect micron-sized crystalline domains. To more
accurately assess both the physical state and spatial distri-
bution of Gabapentin, future studies should consider using
higher-resolution techniques such as X-phase mapping.

Texture Analysis

Mechanical properties are considered one of the most
important parameters for achieving good printability. The
three-point bend test is a fundamental mechanical test used
to evaluate the flexural properties of filaments commonly
employed in 3D printing. In this test, a filament sample is
placed horizontally on two support points with a defined dis-
tance between them. A load is then applied to the midpoint
of the filament, causing it to bend until it fractures.

To ensure filament printability, the material must achieve
an optimal balance between flexibility and brittleness.
Excessive softness can cause problems such as clogging
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Fig.5 EDX spectrum of the 3D-printed Gabapentin filament show-
ing the elemental composition. Peaks corresponding to the major
elements (C, O, and N) are labeled, indicating the presence of Poly-
caprolactone (PCL) and Gabapentin within the filament B EDX
elemental mapping of the cross-section of a 3D-printed Gabapentin
filament. The distribution of nitrogen (N) is shown, confirming the

and weak layer adhesion during printing. On the other hand,
excessive brittleness can lead to frequent breakage during
feeding and handling, disrupting the printing process and
causing inconsistencies. Therefore, maintaining the right
level of flexibility and durability is crucial for dependable
and high-quality 3D printing.

The Repka-Zhang test applied in our study is designed to
assess the breaking force, breaking distance, and breaking
stress of a filament. In our study, the filament didn’t break
so we recorded the peak force. Generally, a greater breaking
distance indicates better flexibility of the filaments. Stress
can be calculated by dividing the force (g) over the stress
area (mm?) of the filament. Stress area can be calculated as

2

provided by the Exponent software as 2 where d is the

diameter of the filament (mm) and g is th: gap which repre-
sents the distance between the two supporting points (mm).
In our case, it is 25 mm.

Table II shows the results of the test. PLA (1.75
mm diameter) was chosen as the reference material in
our study as it is one of the most commonly available

uniform dispersion of Gabapentin within the PCL matrix C SEM
image of the surface morphology of a 3D-printed Gabapentin fila-
ment with an overlay of EDX elemental mapping. The mapping high-
lights the distribution of nitrogen (N) within the matrix, correlating
with the presence of Gabapentin

Table Il The Repka-Zhang Test (Mean + SD)

Filament Peak Force Stress

® (g/mm?)
20% drug loaded PCL 168.9+22.7 2007.7+269.2
Plain PCL 304.8+36.1 3622.9+408.9
Plain PLA 1440.8 £149.9 17124.0+1781.9

commercial materials. Incorporating the drug and PEG
3350 into the PCL polymer decreases the peak force with-
out impacting its printability. When comparing the pre-
pared PCL filaments to the commercial PLA filament, it
was observed that the Gabapentin-loaded PCL filaments
showed considerably reduced peak force and peak stress
about 168.9 +22.7 and 2007.7 +269.2, respectively. This
observation is in line with the results reported by Zhang et
al., [56] who found that filaments prepared using HPMC
ES and HPC LF, with a peak force of 243.75 and a peak
stress of 2371.49, were also printable.
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In this study, the filaments remained intact throughout the
process. Previous studies [57] indicate that filaments with
a displacement exceeding 1.09 mm without being broken
remain suitable for printing.

Release Studies

A. The Validity of Using Meltprep for Early Prediction of
the Release Profile of the Implant

In the early stages of this study, our primary objective
was to develop Gabapentin-loaded implants using Fused
Deposition Modeling 3D printing. This required the pro-
duction of drug-loaded filaments via Hot Melt Extrusion,
a process that is both time-consuming and demands a
substantial amount of material. Given these limitations,
especially during formulation screening, we adopted melt
preparation as a practical and efficient alternative for pre-
liminary evaluation. By preparing Gabapentin-loaded
discs through melt prep, initial drug release studies were
conducted without the need for filament extrusion or 3D
printing. This approach was used to quickly assess whether
(PCL) could effectively sustain the release of Gabapentin
over time. The release profiles obtained from these discs
provided valuable insight into the drug’s behavior within
the polymer matrix and served as a predictive model for
the performance of 3D-printed implants with 100% infill
density. Following these preliminary results, we proceeded

Fig.6 Drug release study A

with HME and FDM printing of the final implant design.
Notably, the release profile of the 3D-printed implants
closely mirrored that of the melt-prepared discs, confirm-
ing that melt prep was a reliable tool for early-stage screen-
ing. This strategy helped us conserve materials, reduce
development time, and ensure drug-polymer compatibility
before committing to full-scale filament production.

The 100% infill implant (20% drug loaded) was com-
pared to the 20% drug-loaded melt prep discs. As shown in
Fig. 6A, in the initial release phase (0-5 days), the 100%
infill implant demonstrated a rapid release, reaching about
30% by day 5. Similarly, the 20% Meltprep disc showed
a comparable initial release, slightly lagging behind the
100% infill implant, reaching around 28% by day 5. This
indicates that both formulations have a significant burst
release, likely due to the high concentration of Gabapentin
near the surface of the polymer matrices.

During the mid-term release phase (5-15 days), both
profiles exhibited a steady release rate. The 100% infill
implant achieved approximately 35% release by day 10,
while the Meltprep sample reached about 33% in the same
period. In the long-term release phase (15-30 days), the
release from the 100% infill implant stabilized at around
40-42% by day 25. The Meltprep disc followed a closely
matching release profile, stabilizing at approximately
38-40% by day 25. This long-term stability further sup-
ports the potential of the Meltprep technique to predict
the release characteristics of the final 3D-printed product.

Comparison of the release —8—20% drug loaded disc —8—10% GABA loaded filament
profiles of 3D printed 20% —8—20% GABA loaded filament
w/w Gabapentin implants with 100 +ﬁ3‘|%li :;l:»gs 'ltt;l;ded implant (100% 100 :m g:x z:::: :::xnmt
100% infill density vs disc with o 80 o 80
the same composition prepared § g
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Modeling B Release profiles w w
from hot-melt extruded fila- g® £

a o
ments with different Gabapentin 20 R 2
loadings C Release profile from
3D printed Gabapentin implants 0 ° . i e = e . o
(20% drug loaded) with dif- Time(days) R ey © =
ferent infill densities D Effect
of surface area on Gabapen-
tin release from 3D printed c ==9=2000/Infil{ Implant D —8—uncovered implant
implants with and without cover pre= —o—50% infillimplant e —o— covered implant
(n=3) —e—100% infill implant

'§8O -§ 80

360 3 o0

s °

20 2 :

o a !

@ Springer

10 15 20
Time(days)

25 30 25 30

0 15 20
Time(days)



AAPS PharmSciTech (2025) 26:224

Page 110f 14 224

To quantitatively compare the similarity between the two
dissolution profiles, the similarity factor f; is used. The simi-
larity factor f, is defined by the equation:

T -05
f2:50X10g<{1+ZZ[=1(Rf_Tt)2} x100>

where Rt and Tt indicate the cumulative percentage of drug
released at each time point for the reference product (100%
infill implant) and the test product (Meltprep disc), respec-
tively, with n representing the total number of time points. If
the f2 value is between 50 and 100, the two profiles are con-
sidered similar [58]. f2 was found to be equal to 66.8 indi-
cating the similarity between the two dissolution profiles.

B. Effect of Drug Loading on the Release Profile

This study examines the impact of varying drug load-
ings on release rates, a crucial factor in optimizing implant
performance. The release data revealed distinct patterns
influenced by drug loading, highlighting the need to balance
initial burst release with sustained drug delivery. Drug con-
tent values were determined through theoretical calculations
based on formulation composition and weight, as experi-
mental analysis was not conducted in this study [59, 60].

Filaments with different drug loadings were manufac-
tured, and In vitro release data was collected. As shown in
Fig. 6B, During the initial phase, rapid drug release was
observed across all formulations, primarily due to the dis-
solution of surface-associated drug. Higher drug-loaded fila-
ments (30% and 50%) exhibited faster initial release rates,
driven by steeper concentration gradients that enhance
diffusion. The 50% filament showed the most pronounced
burst, releasing approximately 40% of its drug content by
Day 5, followed by the 30% filament at~35%. In contrast,
the 20% and 10% filaments released about 30% and 20%,
respectively, over the same period. These results suggest that
higher drug loadings increase the availability of the drug at
or near the surface, accelerating early release.

Between Days 5 and 15, the 30% and 50% filaments main-
tained steady release rates, reaching approximately 50-55%
cumulative release. Interestingly, although the 50% filament
had a higher total drug content, its release rate began to slow
compared to the 30% and 20% formulations. This behav-
ior is likely due to the physical state of the drug within the
polymer matrix. At lower loadings, a high % of Gabapentin
is more likely to be molecularly dispersed, promoting faster
diffusion. In contrast, higher loadings may exceed the solu-
bility limit of PCL, resulting in undissolved drug crystals
that dissolve more slowly. This explanation aligns with find-
ings reported by Holldnder et al. [61].

Among the tested formulations, the 20% gabapentin-
loaded filament emerged as a promising candidate. It

achieved approximately 35% drug release by Day 5, indi-
cating sufficient initial availability for therapeutic action,
and reached a cumulative release of around 50% by Day 28,
supporting a sustained release profile. This balance between
an effective initial burst and prolonged delivery makes it
well-suited for applications requiring both immediate and
extended drug availability.

C. Effect of Infill Densities of the Implant on the Release
Profile

Figure 6C shows that adjusting the infill density is a
useful way to control drug release from the manufactured
implants. Lowering the infill density from 100 to 50% and
25% increases internal porosity and surface area, which
enhances water penetration and accelerates drug release.
Within the first 10 days, the 100% infill implants released
about 30% of the drug, compared to approximately 46%
released by the 25% and 50% infill implants over the same
period.

Interestingly, the 25% and 50% infill implants showed
a very similar release behavior, and a similarity factor
(f,) value of 78.7 confirmed that their overall release pro-
files were statistically equivalent. These findings suggest
that varying the infill density between 25 and 50% does
not significantly impact the drug release kinetics, as both
designs exhibit statistically similar release profiles. How-
ever, increasing the infill to 100% results in a noticeably
slower and more sustained release, likely due to the reduced
porosity and longer diffusion path. This highlights the poten-
tial of using infill density as a design parameter to tailor
release rates, with 25% and 50% infill suitable for moderate
release needs, and 100% infill better suited for applications
requiring prolonged drug delivery, making it more appropri-
ate for applications requiring prolonged drug delivery.

To better understand the kinetics of drug release, we
examined the In vitro drug release profiles using several
mathematical models. We evaluated how well these models
fit the data by calculating the coefficient of determination
(r%) and used the release exponent to gain insights into the
drug release mechanism [61].

As seen in Table III, the Korsmeyer-Peppas model
appears to best fit the release profiles of Gabapentin from the
PCL filaments and implants, as indicated by the highest r2
values. This suggests that the drug release is governed by a
diffusion-controlled process. Furthermore, the release expo-
nent (n) values obtained from the Korsmeyer—Peppas model
were consistently below 0.5, indicating that the release of
Gabapentin followed Fickian diffusion. In this mechanism,
drug molecules diffuse through the hydrated polymer matrix,
and the rate of release is primarily controlled by the con-
centration gradient and the diffusivity of the drug within
the polymer.
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Table Il Kinetics of Gabapentin Drug Release: Coefficient of Deter-
mination (r?) and Release Exponent (n)

Zero  First  Higuchi Korsmeyer

peppas
12 12 n
F1 Filament 0.8690 0.2067 0.9773 0.9932 0.4513
F2 Filament 0.8703 0.1573 0.9609 0.9651 0.3903
F2 implant (25% infill) 0.7361 0.2024 0.9047 0.9818 0.3129
F2 Implant (50% infill) 0.7068 0.2086 0.8830 0.9682 0.3685
F2 Implant (100% 0.8427 0.2126 0.9636 0.9917 0.3778
infill)
F3 Filament 0.7713 0.1546 0.9236 0.9765 0.5523
F4 Filament 0.7402 0.1949 0.9068 0.9547 0.4997

D. Effect of Surface Area on the Release Profile

Figure 6D compares the release profiles of Gabapentin
from covered and uncovered implants. The two profiles
appear nearly identical, which is supported by a similar-
ity factor (f,) value of 72.8, indicating statistical equiva-
lence. This suggests that the drug release from the implants
is primarily governed by diffusion through the polymer
matrix rather than by the surface area exposed to the release
medium. Once the implant core becomes hydrated, drug
diffusion proceeds through the swollen PCL matrix, and
masking certain surfaces has minimal impact on the overall
release behavior.

Clinical Limitations and Future Work
1. Implant Dimensions

The dimensions of the developed implant were slightly
larger than those of commercially available pediatric
implants, such as Supprelin® LA, which measures approxi-
mately 3.5 cm in length and 2 mm in diameter. However, this
limitation can be readily addressed through customization
using 3D printing technology, allowing for precise tailoring
to patient-specific anatomical and therapeutic needs.

2. Gabapentin Loading

The gabapentin load in the implant was significantly
lower than typical oral doses. This is due to the subcuta-
neous route of administration, which bypasses the variable
gastrointestinal absorption and first-pass metabolism asso-
ciated with oral delivery. As a result, the therapeutically
effective dose is expected to be lower. Nevertheless, in vivo
studies are necessary to validate the pharmacokinetics and
therapeutic efficacy of the implant formulation. In cases
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where higher drug doses are required, the use of multiple
subcutaneous implants offers a practical and scalable solu-
tion [62]. To support such applications, implant geometry
can be optimized for patient comfort and drug delivery effi-
ciency. This customization is readily achievable through 3D
printing technology.

3. Drug Release Duration

The current formulation exhibits a relatively short dura-
tion of drug release, which may limit its utility for chronic
conditions. Future work will focus on optimizing the release
profile by exploring alternative biodegradable polymers and
incorporating degradable barrier coatings. The goal is to
extend the release period to at least 8 weeks, making the
system more suitable for long-term therapeutic applications
[63].

Conclusions

In our research, we have successfully engineered Gabap-
entin implants by combining Fused Deposition modeling
3D printing with Hot-Melt Extrusion. Utilizing Vacuum
Compression Modeling, we accurately predicted drug
release profiles and employed Hot Melt Extrusion to pro-
duce filaments with varying Gabapentin concentrations. The
printability of these filaments was confirmed through the
Repka-Zhang test, and they were subsequently used in FDM
printing to fabricate implants with diverse infill densities.
The physicochemical analysis of the 3D-printed implants
revealed strong compatibility between Gabapentin and the
excipients. This study underscores the efficacy of 3D print-
ing technique in creating implants with highly customizable
release profiles, offering significant advances in personalized
medicine. It also enables tailored drug release and loadings
to meet individual patients’ needs.
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