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Abstract: Filaments loaded with griseofulvin (GF), a model poorly water-soluble drug, were pre-
pared and used for 3D printing via fused deposition modeling (FDM). GF was selected due to its
high melting temperature, enabling lower temperature hot-melt extrusion (HME) keeping GF largely
crystalline in the filaments, which could help mitigate the disadvantages of high HME processing
temperatures such as filament quality, important for printability and the adverse effects of GF recrys-
tallization on tablet properties. Novel aspects include single-step fusion-assisted ASDs generation
during FDM 3D printing and examining the impact of tablet surface areas (SA) through printing
multi-mini and square-pattern perforated tablets to further enhance drug supersaturation during
dissolution. Kollicoat protect and hydroxypropyl cellulose were selected due to their low miscibility
with GF, necessary to produce crystalline filaments. The drug solid-state was assessed via XRPD, DSC
and FT-IR. At 165 ◦C HME processing temperature, the filaments containing ~80% crystalline GF
were printable. Fusion-assisted 3D printing led to GF supersaturation of ~153% for cylindrical tablets
and ~293% with the square-pattern perforated tablets, indicating strong monotonous impact of tablet
SA. Dissolution kinetics of drug release profiles indicated Fickian transport for tablets with higher
SA, demonstrating greater SA-induced drug supersaturation for well-designed 3D printed tablets.

Keywords: FDM 3D printing; amorphous solid dispersions (ASDs); tablet design; tablet surface area;
drug supersaturation; release kinetics; filament quality

1. Introduction

An increasing number of new drug entities being discovered are poorly water-
soluble [1,2] which result in poor bioavailability such as the Active Pharmaceutical In-
gredients (APIs) [3] Biopharmaceutic Classification System (BCS) class II drugs. One of
the most successful and common strategies to address solubility limited bioavailability is
the formation of amorphous solid dispersions (ASDs). This approach relies on the disper-
sion of a drug within hydrophilic carriers leading to an amorphous mixture [4–12] that
potentially enhances the dissolution rate since kinetic solubility of the amorphous drug is
greater than the crystalline counterpart [13,14]. Amongst several technologies to produce
ASDs [11,13,15–18], hot-melt extrusion (HME) is a widely used method as it offers one-step,
continuous and solvent-free manufacturing [6,18–22] and has been a method of choice for
use in fused deposition modeling (FDM)-based three-dimensional (3D) printing [23–27].

FDM-based 3D printing has become a popular drug delivery platform owing to its
ability to produce on-demand flexible dosages. In the FDM technique, a feed-material,
usually a filament produced by HME, is fed into a heated nozzle and deposited layer
by layer to form a 3D printed dosage form or device [23–25,28–33]. Previous studies
have examined the influence of tablet design, tablet size, infill density and polymer type
on the drug dissolution rate [23–26,31,33,34]. For controlling the drug release rates, 3D
structure design parameters, i.e., infill density and shell thickness, were found to be
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critical [23,25,34], where thicker and denser structures led to slower drug release. In
addition, filament preparation is an important step in FDM printing and most studies
have discussed the challenges involved with filaments where the drug was present in its
amorphous form [26,35]. Interestingly, few studies also considered crystalline drug form
within a filament prior to 3D printing, while relying on generation of the amorphous form
during the printing through the transient heating effects [27,36].

For successful FDM-based 3D printing, the filaments should have uniform diameter,
sufficient mechanical resilience, lack of voids and bubbles and thermal stability [26,35,37–40].
All of which are greatly impacted by several factors such as melt rheology, HME processing
temperature and individual properties of drug and polymer [20,41,42]. The same factors
are also critical for designing and producing high quality ASDs regardless of their intended
use. Developing the formulation and processing conditions for ASDs loaded filaments
becomes challenging to simultaneously satisfy the requirements imposed by high quality
ASDs production and filament printability. In particular, the best choices of polymers for given
drugs and processing temperatures to generate and maintain the ASDs form [25] may not lead
to acceptable filament printability. For instance, Govender et al. [35] manufactured filaments
using a miscible drug-polymer formulation that generated amorphous solid dispersion.
Unfortunately, filament brittleness prevented automatic feeding, leading to failure of 3D
printing. Further, manual filament feeding resulted in poor dispensing precision at all of the
print volumes [35]. Another example is when a drug is not fully miscible with a polymer,
requiring relatively high HME processing temperatures for the API to melt and form an
amorphous phase [43]. Consequently, such high processing temperatures have adverse effects
on the filament quality, as reported in several studies [38,40,43,44]. Hence, producing ASDs
loaded filaments that are compatible with FDM 3D printing presents several challenges.

Assuming ASDs loaded filaments could be produced with adequate properties, an-
other challenge is in maintaining their physical stability for the duration of product shelf
life. The amorphous drug forms are known as being thermodynamically unstable and
tend to recrystallize [14,45,46], negating the solubility advantages of ASDs [6,23,44]. For
example, Wei et al. [23] discussed formulations using haloperidol and carvedilol to produce
ASDs loaded feed materials. Unfortunately, the incorporation of plasticizer into the formu-
lation with an intention to improve the melt extrusion led to recrystallization of the APIs
when tested under accelerated conditions. The physical stability could only be assured for
only one of these two drugs, i.e., carvedilol, but that required reducing drug-concentration
to half, about 10 wt%. One approach to circumvent the stability problems with ASD
drug-loaded filaments is to produce the filaments as well as the FDM printed tablets with
drug in crystalline form [47]. However, doing so would negate the advantages of the
ASDs loaded filaments. Fortunately, FDM’s inherent capability to provide controllable
heat energy during printing could be exploited to convert the crystalline drug loaded
filaments to ASD forms and, hence, achieve the enhanced dissolution properties through
simultaneous achievement of supersaturation and suppression of recrystallization. For
example, Chai et al. [27] utilized thermal energy generated during 3D printing to convert
the drug crystals in the filaments to amorphous form in the tablets. In principle, such
fusion-assisted approach may mitigate the stability problem with amorphous drug form
in the filament. Unfortunately, unless the HME process is well-designed and executed,
the produced filaments may have varying amounts of amorphous drug, which is likely
to recrystallize in a rather uncontrolled manner [23,48,49]. That then leads to the need
of controlled heat transfer for uniformly melting non-uniformly sized and distributed
drug crystals [50] and achieving full ASD conversion. Thus, ideally, the best approach
for numerous candidate drugs would be to prepare the filaments with the drug in its
crystalline form which simultaneously tackles the problems associated with printability of
the filaments and the drug stability during storage.

Considering the potential advantages in preparing filaments that contain largely crys-
talline form of drug i.e., >80%, the issues related to fusion-assisted amorphous conversion
during printing for generating ASDs in the printed tablets and most importantly the drug
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supersaturation during dissolution [6,51] are examined in this paper. It is hypothesized that
by avoiding any appreciable residual amorphous content during the filament preparation
step, uniform distribution of controlled sized crystalline drug particles in the filaments
could promote uniform heat transfer and more effective fusion-assisted conversion to
ASDs during printing. The success of this approach requires the drug to have adequately
high melting temperature and minimal miscibility with the polymers at the low process-
ing temperatures through HME operation to assure maintaining drug particles in their
crystalline form. At the same time, the drug needs to have adequate miscibility at higher
printing temperatures. In addition to considering these aspects, the factors affecting the
dissolution performance such as tablet surface area [47,52], tablet design [34,53] and dis-
solution testing conditions [10,14] are examined along with their impact on the degree of
drug supersaturation during dissolution.

Towards those objectives, griseofulvin (GF) is selected as a model BCS class II drug
that is considered fast-crystallizing [46]. Having a high melting point, GF may better retain
the drug in crystalline form and allows flexibility with setting the printing temperatures.
Hydroxypropyl cellulose (HPC) is used as the matrix-forming polymer while Kollicoat®

Protect (KP) is used to promote drug-polymer interactions at higher processing temper-
atures. Drug supersaturation under non-sink conditions is examined by considering the
factors affecting dissolution performance such as FDM processing temperatures, tablet
design options with varying surface areas including cylindrical tablets, square-pattern
perforated tablets and mini-sized tablets, as well as the dissolution vessel agitator speed.
Drug supersaturation behavior during dissolution for various cases is analyzed using the
Korsmeyer–Peppas model to identify better design options for the 3D tablets loaded with
drug ASDs. It is hoped that the proposed investigation addressing filament design as well
as tablet design aspects may further promote improved designs of FDM 3D printed tablets
to achieve desirable product performance.

2. Materials and Methods
2.1. Materials

Griseofulvin (GF; Letco Medical, Decatur, AL, USA) was used as the model Biophar-
maceutics Classification System (BCS) class II drug. GF is a crystalline drug with a melting
point (Tm) of 220 ◦C [54]. It is considered a challenging drug for the development of ASDs
given the fact that it rapidly crystallizes [46]. Hydroxypropyl cellulose (HPC, SL grade,
Nisso America Inc., New York, NY, USA) is a semi-crystalline polymer with the glass
transition temperature (Tg) of in range −25–0 ◦C and Tm of around 170–200 ◦C [42,54]. It
has been reported as a suitable polymer for FDM 3D printing [26,55,56] due to its ability to
produce filaments with satisfactory mechanical properties. In addition, it helps enhance the
wettability of hydrophobic GF particles [57]. Kollicoat® Protect (KP, BASF, Tarrytown, NY,
USA) is readily soluble in water and composed of polyvinyl alcohol-polyethylene glycol
graft copolymer, polyvinyl alcohol and fumed silica. It has a Tm of 205 ◦C and a Tg of 45 ◦C
and is known to improve protection against moisture [58]. Further, Kollicoat® Protect
lowers the surface tension of water i.e., surface tension is 61.6 mN/m for 0% solution and
42.3 mN/m for 15% solution [58]. An aqueous solution of sodium dodecyl sulfate (SDS)
(Sigma-Aldrich, Saint Louis, MO, USA) was used as a solvent at 7.2 g/L concentration for
assay testing.

2.2. Preparation of Feed Materials (Filaments)

The compositions of the powder blends and HME processing parameters are shown in
Table 1. The blends were mixed by a high-intensity vibrational mixer (LabRAM, Resodyn
Acoustic Mixers, Inc., Butte, MT, USA) at a frequency of 61 Hz with an acceleration of 75 G
for 5 min. HME processing was carried out with an 11 mm diameter co-rotating twin-screw
extruder (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a round-shaped die
having a 2 mm opening. As similar to the procedure applied by (Moseson et al. [6], several
gradually increasing levels of the HME processing temperatures were utilized (see Table 1)
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in an attempt to prepare filaments at varying fractions of crystalline/amorphous GF. The
HME processing temperatures were selected to be lower than Tm of GF to ensure poor
drug-polymer miscibility for avoiding the temperature-induced dissolving of the drug.
The HME processing conditions were denoted with letter H and processing temperature,
e.g., H160 (see Table 1). The placebo filaments used H160 and GF loaded filaments utilized
H165 for printing all of the GF loaded tablets.

Table 1. Composition of powder blends and their processing parameters in hot-melt extrusion (HME).

Blend Composition Processing Parameters in HME
Final

ProductRun Drug
(Wt%)

Polymer (s)
(Wt%)

Temperature
(◦C)

Screw Speed
(Rpm)

Feed Rate
(g/min)

H160 - Placebo 160 30 0.7

Filament
H165

15% GF 75% HPC +
10% KP

165 35 1.1
H180 180 50 1.8
H190 190 60 2.4
H210 210 250 3.0

“H” implies HME processing. Placebo composed of 7.5:1.0 HPC: KP.

2.3. Mechanical Properties of Filaments

The mechanical properties of the filaments from varying HME processing tempera-
tures were assessed using 3-point bend testing in the Texture Analyzer (3-point bender
tester, Instron, Norwood, MA, USA). Modulus of elasticity (ME) and tensile strength (TS),
stiffness and breaking force, respectively, were considered for evaluating the filament
printability [26]. There were 5–6 filaments randomly selected and cut into 1 cm segments
while the diameters of the filaments were recorded using a digital caliper. The samples
were placed on two support pins a 4 mm distance apart. Force was applied with a constant
speed of 0.5 mm/min until samples broke. From the stress–strain plot, the slope of the
initial linear segment was used to calculate ME. TS was calculated using Equation (1) [59].

σf s =
Ff L
ΠR3 (1)

Here, the flexural strength (σfs) is defined for a circular cross-section; Ff is the load at
fracture; L is the distance between support pins and R is the specimen radius. The diameter,
TS, and ME of the filament were plotted as the function of HME processing temperatures.

2.4. Printing Dosage Forms

The objective was to produce fusion-assisted ASDs using the transient thermal en-
ergy [6] due to increased drug-polymer interactions [40], leading to formation of hydrogen
bonds [60] between GF and HPC-KP. Hence, to test the effect of printing temperature on
the extent of ASD formation, the temperatures above and below the melting point of GF
were selected to print cylindrical tablets (see Table 2). In Table 2, the letters F and P denoted
FDM 3D printing conditions. For instance, F165 represented the printed tablets laden
with GF at the printing temperature of 165 ◦C, while P165 implied the placebo tablets.
There are two design options with enhanced surface area, namely, multi mini-tablets and
square-pattern perforated tablets. Therefore, these two options were utilized to prepare the
tablets intended for testing the influence of tablet surface area (SA) on the supersaturation
performance of GF during dissolution as shown in Table 3 in terms of relative SA values,
which are normalized by the SA of regular cylindrical tablet, F240. The graphical depictions
of the filament (H165), regular tablet (F240) and the tablet with the highest SA (F240d), are
presented in Figure S1, Supplementary Material. The tablet designs were created using
Autodesk Fusion 360 Ultimate (Autodesk 3D design software), exported as STL files and,
converted to X3G files using FlashPrint software (Version 4.3.0; Jinhua, Zhejiang, China)
as the slicer. The FDM 3D printer (Flashforge, Creator Pro 3D, 2016, Jinhua, Zhejiang,
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China) used a 0.4 mm nozzle opening for printing the tablets. The following operating
parameters [47] were kept constant for all the tablets in Tables 2 and 3; printing speed,
35 mm/s; nozzle traveling speed, 80 mm/s; layer height, 0.20 mm; infill percentage, 100%.
As per the software (Autodesk 3D design software), the printing times of the tablets were
estimated as F240: 4 min, F240 b: 1 min and F240 d: 18 min.

Table 2. FDM 3D processing temperatures for GF-loaded and placebo tablets.

Run Filament Used
for Printing

FDM Printing
Temperature (◦C) Final Product

F165

H-165

165

FDM 3D Printed
Tablet

F210 210
F230 230
F240 240

P165
H-160

165
P240 240

“F” implies FDM 3D processing; “P” implies FDM 3D printed placebo tablets. The set tablet dimensions for all the
printed tablets: ø: 16 mm and H: 2 mm.

Table 3. Dimensions and relative surface areas for various 3D tablet designs, number of samples per dissolution vessel
along with the agitator speed.

Run
3D Printed Tablets Agitator Speed

Design Size 1 Relative SA 2 Quantity (Rpm)

F240 Cylinder 16 × 2 1.0 1 50
F240a Cylinder 16 × 2 1.0 1 250
F240b Multi-mini w sinker 3 × 2 2.2 33 50
F240c Structured w sinker 16 × 16 × 4.2 7.9 1 50
F240d Structured w/o sinker 16 × 16 × 4.2 7.9 1 50

1 The units for the tablet size: Cylindrical geometry: mm × mm; slab geometry: mm × mm × mm. 2 Relative surface areas are dimensionless,
as they are normalized by the SA of the regular cylindrical tablet, F240 (502.66 mm2).

2.5. Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR analysis was performed with as-received GF powder, physical mixture (PM)
and the printed tablets to assess the extent of drug-polymer interactions. An attenuated
total reflectance (ATR) infrared spectra was collected using Agilent Cary 620 FT-IR (Santa
Clara, CA, USA) equipped with single bounce diamond crystal and Golden Gate type ATR
unit. Each spectrum was acquired with 32 scans with a resolution of 4 cm−1. The spectral
data were reported in the range 1550–1750 cm−1 wavenumber.

2.6. Solid State Characterization

As-received GF, HPC and KP powders, the filaments and the printed tablets were
examined via X-ray powder diffraction (XRPD) (PANalytical, Westborough, MA, USA) to
measure the extent of crystalline state of GF after thermal processing in HME and FDM
3D printing. To fit the samples to the XRPD sample holder (internal diameter, ø: 16 mm,
thickness, H: 2.4 mm), tablets were printed with the set dimensions of ø: 15.5 mm and H:
1.7 mm. Slightly small dimensions were printed to take an account of polymer swelling,
leading to potential increases in tablet size [47,61]. For the filaments, they were milled
to prepare the compacted samples suitable for the sample holder dimensions as per the
instrument specifications. The samples were scanned for 2θ angle ranging from 5◦ to 35◦

(0.01◦ step). To determine the % crystallinity of GF in the samples, OriginPro (Version
2020b) software (Northampton, MA, USA) was used following the previously established
method reported by Rahman et al. [62]. Further, to examine the physical transformations
of the drug during printing, the raw samples and the printed tablets were tested using
differential scanning calorimeter (DSC 6000, Perkin Elmer, Inc., Waltham, MA, USA). In a
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standard aluminum pan, 5–8 mg of the sample was heated from 25 to 300 ◦C at a rate of
10 ◦C/min. Nitrogen with a flow rate of 20 mL/min was used as a purge gas.

2.7. Morphology

The morphology of the particles within as-received GF and KP powders, filament
(H165, Table 1) and the printed tablets (F240 and P240, Table 2) were tested via a scanning
electron microscopy (JSM-7900F, JEOL Ltd., Peabody, MA, USA). The samples were placed
on an aluminum stub using carbon tape and coated with gold via a sputter coater (Q150T
16017, Quorum Technologies Ltd., Laughton, East Sussex, England). The images from
each sample were recorded. To further examine the morphology of the GF particles in the
filament (H165, Table 1) and printed tablet (F240, Table 2), the polarized light microscopy
(PLM, Axio Scope.A1, Carl Zeiss Microscopy GmbH, Göttingen, Germany) was used at
10X resolution. For better visualization, thinner tablets of ~0.1 mm thickness were printed,
corresponding to cases F165 and F240.

2.8. Thermal Analysis

Thermo-gravimetric analysis (TGA) was performed using a TGA/DSC1/SF STARe
system (Mettler Toledo Inc., Columbus, OH, USA) to assess the extent of thermal degrada-
tion of the compounds. Tested samples included as-received GF, HPC and KP powders,
their physical mixture (PM) and the printed tablet, F240. Testing involved placing 5–8 mg
sample in a standard ceramic crucible, heated from 25 to 300 ◦C at a rate of 10 ◦C/min and
cooled back to 25 ◦C under a nitrogen flow.

2.9. Determination of Drug Concentration

It was hypothesized that the drug content uniformity (CU) of the larger size tablets is
almost certain if such small size tablets achieved excellent CU. Thus, for better discernment
of content uniformity and reducing the need for the required solvent usage during assay
testing in numerous cases, smaller tablets with the set dimensions of ø: 5 mm × H: 1 mm
were considered and accordingly printed at the same printing parameters described in
Section 2.4. The samples were dissolved in 150 mL of 7.2 g/L SDS solution and stirred via
magnetic bars overnight. A Thermo Scientific Evolution 300 UV–vis spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to measure the UV absorbance
at a wavelength of 297 nm for the dissolved samples. The tablet mass and dimensions
were recorded. The relative standard deviations (RSDs) in the drug concentrations were
calculated for each set containing a minimum of 3 samples (n = minimum 3 and up to 5 in
a few cases).

2.10. In-Vitro Dissolution, Supersaturation and Release Kinetics of GF Tablets

Printed GF tablet designs, discussed in Section 2.4, namely, cylindrical tablets, as well
as multi mini-tablets and square-pattern perforated tablets were tested for their dissolution
performance. Dissolution of ASDs under non-sink conditions can generate supersaturated
solution which is thermodynamically metastable or unstable [63], which may give rise to
nucleation, crystal growth and eventually recrystallization [63]. Thus, non-sink dissolution
condition, a common characterization method for assessing the supersaturation perfor-
mance and recrystallization behavior of a drug, was selected. The tablets were designed
and printed with a high dose of GF (~90 mg) [64] and, hence, large size of ø: 16 mm × H:
2 mm. This could be considered nearly extreme non-sink dissolution conditions as per Sun
et al. [10,51]. This moderately high supersaturation condition would enable assessment of
both dissolution and recrystallization behaviors by providing robust non-sink conditions
with respect to crystalline solubility [6]. Deionized (DI) water was selected as a dissolution
medium as it better discriminates the GF formulation [57,65,66] and is a second commonly
used dissolution medium for ASDs [14]. The dissolution paddle apparatus (USP II, Sotax,
Basel, Switzerland) was used. The samples were added to 1000 mL of DI water at 37 ◦C.
The paddle speed of 50 rpm was used for testing all the printed tablets except one case,
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i.e., F240a (see Tables 2 and 3). The paddle speed for F240a testing was at 250 rpm [23,67].
The higher agitator speed was expected to give rise to a faster disintegration of the printed
tablets; hence, it served as a control for testing the effect of faster increase in drug dis-
solution on the supersaturation behavior. The supersaturation performance of PM and
H165 served as non ASD control options. Supersaturation behaviors of the tablets having
enhanced tablet surface areas were also tested. Dissolution testing of the multi-mini tablet
design, F240b, could not be reliably done without using the sinkers owing to their very
small size. However, for the square-pattern perforated tablet design, testing was done
with (F240c) and without (F240d) basket sinkers. It is noted that floating is considered to
be biorelevant [28]. Aliquots were withdrawn over 24 h and filtered with 0.45 µm nylon
membrane-type syringe filters (Celltreat scientific products, Pepperell, MA, USA). The
filtrates were diluted with the dissolution medium. The 3–4 replicates were performed
for each sample. The average amount of drug dissolved was plotted as a function of time
(minute). As previously reported by Rahman et al. [64], the relative % supersaturation was
calculated such that GF concentrations at ~12 h of dissolution were normalized with the
thermodynamic solubility of as-received GF (14.2 mg/L).

The Korsmeyer–Peppas model, depicted in Equation (2), was employed for mechanis-
tically analyzing the dissolution profiles of the printed tablets, Table 3, to better understand
the supersaturation performance of GF. This model is commonly applied for describ-
ing the drug release behavior from dense polymeric matrices, such as FDM 3D printed
tablets [28,34,47,68]. The model was fitted to dissolution profiles for the first 4 h, which
represent about 60% of total GF dissolution for the case with the highest supersatura-
tion, F240d.

F = k × tn (2)

where F is the percentage of the drug dissolved at time t, k is a constant incorporating
structural and geometric characteristics of the drug dosage form and n is the release
exponent, indicative of the drug release mechanism. The exponent represents Fickian
diffusion for n = 0.45, Case II transport with n = 0.89 and, anomalous transport with
0.45 < n < 0.89 for cylindrical geometry while the lower and the upper limits of n are 0.5
and 1 for the slab geometry, respectively [69]. It is noted that all tablets are cylindrical,
while the square-pattern perforated tablet designs, F240c and F240d, could be assumed to
have a thick slab (film) geometry as per Alhijjaj et al. [70].

2.11. Stability Testing

The stability testing was carried out for the samples H165 and F240. The samples
were placed in a plastic bag and stored at room temperature (20–25 ◦C) and humidity
(35 ± 5% RH) for one month. The samples were analyzed through dissolution tests as
discussed in 2.10.

3. Results
3.1. Fabrication of Filaments

Filaments were produced by adjusting the processing parameters (Table 1) to vary the
fractions of crystalline/amorphous GF. As mentioned earlier, the processing temperature
was kept lower than Tm of GF [6] and the minimum operable temperature for successful
HME processing was 165 ◦C. Further lowering the temperature detrimentally increased
the required torque, which is not recommended for the instrument safety [23,38]. The
processing temperature was gradually elevated to produce filaments containing amorphous
GF. However, at 210 ◦C (H210, Table 1), the filament was liquid-like at the point of extrusion
from the die owing to the reduced viscosity by the temperature. In addition, a substantially
high rotation speed (Table 1) for the screws was required to properly convey the material
through the barrel. Thus, increasing the temperature further was found ill-advised. The
filaments produced at the temperature in the range of 165–190 ◦C (H165–H190) were
opaque, while those produced at 210 ◦C (H210) were clearer, implying the formation of the
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amorphous structure [6]. The degree of GF crystallinity in the filaments is an important
attribute that will be further discussed in the following sections.

3.2. Filaments Quality

The effect of HME processing temperatures on the filament printability was assessed
by analyzing their mechanical resilience, i.e., tensile strength (TS) and modulus of elasticity
(ME), as well as the uniformity of filament diameters (see Figure 1). Although there are no
established standards for acceptable values of mechanical properties to assure printability,
attaining high breaking stress, high stiffness, long breaking distance, as well as diameter
uniformity indicate better printability [26,71]. The TS and ME were the lowest for the
placebo filament, H160, and increased in the presence of drug particles. The higher ME,
which means increased stiffness, for the drug-loaded filaments, H165–H210, could be
attributed to the polymer network being disrupted in presence of the drug [72]. As the
processing temperature increased, the filaments, H165–H210, exhibited increasing TS but
similar ME, which may indicate ME was influenced more by the existence of GF particles
than the processing temperature. The increasing TS could be attributed to the drug-
polymer interactions, where stronger interactions were expected at the higher processing
temperatures due to the melting of the drug, which potentially forms more homogenous
matrix. This outcome is in line with Yang et al. [38], where a similar trend of increasing TS
with increasing temperature was reported. Further, as the processing temperature increased,
the standard deviations in diameters of the filaments were considerably increased, with
H210 being the largest (see Figure 1). Therefore, H210 was not printable even when it,
like all others, possessed satisfactorily high mechanical properties. The lack of uniformity
in the diameter was due to its propensity to spread out upon exit from the die. It was
either too thick for the transfer column through heater or too thin for the conduction rolls
inside the print head of the 3D printer. Such poor quality for the filaments associated with
high processing temperatures has been previously reported, which included dispensing
imprecision, dosing inaccuracy, or poor mechanical resilience [35,38,40]. Consequently,
H165 was selected for printing the tablets due to its satisfactory mechanical resilience
and highly uniform diameter. Such results demonstrate the challenges in producing ASD
loaded filaments that also have satisfactory filament quality necessary for printing.
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Figure 1. Mechanical properties and diameters of the filaments with varying HME processing
temperatures, ranging 160–210 ◦C.

3.3. FT-IR Spectroscopy

The FT-IR spectra of as-received GF, PM and printed tablets are presented in Figure 2 to
assess molecular interactions, if any, between the drug and polymers. The FT-IR spectrum
of as-received GF exhibited characteristic peaks in the region 1550–1800 cm−1 correspond-
ing to the C=O stretching vibrational frequencies, which are in line with Bennett et al.
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and Yadav et al. [73,74]. It is expected that the hydroxyl groups of HPC and KP can po-
tentially form hydrogen bonds with the carbonyl groups of GF [54,75]. The IR spectra
indicating hydrogen bonding often contain peaks that are shifted, broadened, or had lower
intensity, signaling the formation of amorphous structure and strong drug-polymer interac-
tions [54,60]. As seen in Figure 2, the skeleton stretches of the PM and as-received GF had
similarity while the PM had inappreciably lower intensity, indicating no evidence of strong
molecular interactions [76]. For H165, the peak at 1606 cm−1 no longer existed and the
neighboring peaks broadened and shifted. In addition, the peak at 1658−1, C=O stretching,
broadened and split into two sub-peaks of 1652 and 1662 cm−1. The broadening refers
to the distribution of free and bound carbonyl groups of GF [73,77]. This may suggest a
disruption in drug-drug interactions in favor of drug-polymer interactions, most likely
due to the increased mobility in chains during melt extrusion [32,40]. As the processing
temperature increased through F210–F240, the peak intensities decreased. Particularly, the
peak at 1652 cm−1 monotonically decreased and eventually diminished in the spectrum of
F240. Similarly, as the processing temperature increased, examination of the C–H stretching
in 2800 to 3150 cm−1 range [73,76], exhibited peaks that are both decreased in intensity
and shifted from 2973 to 2969 cm−1 (see Figure 2). This could be attributed to the lack of
long-range order and enhanced hydrogen-bonding interactions [73,78]. That suggested
hydrogen bonding was proportional to the increasing processing temperatures through
210–240 ◦C, being strongest at 240 ◦C. As hydrogen bonds refer to the amorphization, these
outcomes imply that the degree of amorphization in the printed tablets was in the order of
F240 > F230 > F210.
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F165–F240.

3.4. Crystallinity

The PM, filaments and printed tablets were examined using XRPD and DSC to identify
any solid-state changes to GF after thermal processing in HME and FDM of as-received GF,
HPC and KP. The XRPD diffractograms were presented in Figure 3. As-received GF showed
characteristic peaks [62], whereas polymers exhibited a halo pattern indicating their either
amorphous nature or non-detectable amount of crystallinity, Figure 3a. The PM showed
similar characteristic peaks, yet with lower intensity (see Figure S2, Supplementary Material
for XRPD diffractograms of the GF and PM with the same scale range). This is expected
due to the surface coverage and dilution of GF particles with the polymers [54,57]. The
diffractograms of H165 and PM resembled along with their comparable peak intensities.
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The % crystallinity of GF in H165 was estimated to be 83.06%. That confirmed that
GF particles mostly distributed [79] within the polymeric matrix and remained largely
crystalline. The reduced % crystallinity of GF, approximately ~17%, for H165 could be
explained with the formation of amorphous GF stemming from temperature-induced drug-
polymer miscibility [79] (see Section 3.3). Further increasing the processing temperature in
HME further lowered the peak intensities of H180 and H190, indicating a further reduction
in % crystallinity of GF. Eventually, H210 showed a halo pattern, as the characteristic
peaks of GF disappeared. Therefore, at 210 ◦C, ASDs loaded filament was produced. A
similar observation was valid for FDM printed tablets F210 through F240, as all showed a
halo pattern (see Figure 3b). These halo patterns confirmed that largely crystalline GF in
the filament was successfully transferred to ASDs by fusion-assisted melting via FDM 3D
printing at the temperature range of 210–240 ◦C. These outcomes were further supported by
the DSC results, presented in the supplementary material to conserve space (see Figure S3,
Supplementary Material).
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3.5. SEM Images

The SEM images of as-received GF and KP powders, the filament (H165) and printed
tablets (P240 and F240) are presented in Figure 4 to assess the morphology of the particles
after thermal processing in the HME and FDM. The as-received GF had an irregular shape
while KP was spherical. The SEM image and enlarged view of H165 (Figure 4) also exhibit
similar morphology of what appears to be GF (irregular) and KP (spherical) embedded
particles in the matrix of H165. It is noted that the particles with irregular shapes did not
appear in the cross-sections of printed placebo and drug-loaded tablets, P240 and F240,
while spherical particles were observed in both, as GF would have melted in those cases
at the processing temperature of 240 ◦C during 3D printing while KP particles remained
intact to some extent. These outcomes are supported by the optical microscopy images
(Figure S4, Supplementary Material).
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3.6. Thermal Stability

The results for the thermo-gravimetric analysis (TGA) are presented in Figure 5.
The weight loss for all the tested samples was less than 2.7% at 100 ◦C, which could
be attributed to the free or bound water [23,80]. Similarly, Wei et al. [23] reported that
2–5% weight loss referred to the loosely bound moisture at temperatures up to 100 ◦C. At
240 ◦C, corresponding to the highest FDM processing temperature, the highest weight loss,
approximately 3.8%, was seen for the PM. Since no additional weight loss was observed for
the printed tablet, F240, it could be attributed to the loss of loosely bound moisture during
thermal processing rather than thermal degradation, which is in line with Goyanes et al.
and Wei et al. [23,61]. Therefore, no thermal degradation was observed for the printed
tablets in the present study.

3.7. Content Uniformity of Printed Tablets

The variation (RSDs) in the tablet mass, thickness, diameter and drug concentration
for the printed tablets are presented in Table 4. The RSD values in drug concentrations
for all the tablets (F210–F240) were less than 1%, which corresponds to pharmaceutically
acceptable content uniformity. Further, the tablet mass and dimensions had RSD values of
less than 5.5%, indicating printing successfully produced accepted tablets at the printing
temperatures 210 through 240 ◦C.
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Table 4. Post-printing dimensions and drug content uniformity of the FDM 3D printed tablets.

Run Diameter (mm) RSD Height (mm) RSD Tablet Weight (mg) RSD DC 1 (%) RSD

F165 5.57 1.11 1.29 3.31 26.46 1.33 15.79 0.33
F210 5.68 1.07 1.21 2.66 30.33 3.43 15.98 0.32
F230 5.47 0.95 1.60 1.44 34.73 1.09 15.66 0.64
F240 5.47 2.25 1.56 5.42 33.86 5.36 15.81 0.32

1 DC: Drug concentration.

3.8. Drug Supersaturation and Dissolution Kinetics
3.8.1. Effect of Printing Temperature

The drug dissolution profiles of all the printed tablets, discussed in Section 2.4, were
tested under non-sink dissolution conditions and are presented in Figure 6. As a control, the
physical mixture (PM) led to the lowest level of released GF. However, the mere presence of
HPC-KP polymers enhanced the extent of GF released with respect to the thermodynamic
solubility of GF (14.2 mg/L) [64]. The enhancement is likely due to the dissolution of
the water-soluble polymers in the dissolution medium, which is in line with the previous
reports [64,81]. The H165 and PM showed comparable dissolution rates and extent of GF
released, with H165 being slightly higher. This could be attributed in part by the presence
of small fraction of amorphous GF in H165 (refer to Sections 3.3 and 3.4), which has higher
kinetic solubility than its crystalline counterpart and partly by deagglomeration of as-
received GF particles into polymer matrix due to HME processing. Deaaglomeration of
GF seems to also evident in the content uniformity results (Table 4). For 3D printed tablets
(Figure 6a), several trends were observed: (i) Initial GF release was slower for F210–F240
as compared to PM and H165, which is typical for most FDM 3D printed tablets because
they are inherently dense and require longer time for drug dissolution [26,28,82]. (ii) There
was no desupersaturation of GF, likely due to the gradual GF release from the matrix
having water-soluble polymers, acting as crystallization inhibitors. (iii) All F210–F240
printed tablets had a higher extent of GF supersaturation compared to H165 and PM (also
see Table S1, Supplementary Material) because of fusion-assisted ASDs formation, which
increased with the printing temperature due to higher drug-polymer interactions (refer to
Section 3.3) implying an increasing amount of amorphization (amorphous fraction of GF);
F240 being the highest (153%). In addition, it is likely that the incorporation of 10 wt% KP
into the formulation forged strong bonds via drug-polymer interactions, provided high
miscibility with GF-HPC and reduced surface tension [58]. F240, after being stored over one
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month at the ambient conditions, had comparable drug release performance to the freshly
prepared F240, Figure 6a, indicating the presence of strong drug–polymer interactions.
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Figure 6. Dissolution profiles of (a) physical mixture (PM), filament (H165) and 3D printed tablets
with varying FDM processing temperatures (F210–F240) and (b) 3D printed tablets with varying
tablet surface area (F240b–d), as well as with the control options (F240 and F240a).

3.8.2. Effects of Tablet Designs and Agitator Speed

Next, the impact of increased relative surface area (SA) for various tablet design
options was examined. The tablet masses of the tested samples and their corresponding
drug doses could be found in Table S2, Supplementary Material. The two designs, F240b
and F240c (see Table 3), generated similar profiles (Figure 6b) and about the same level of
GF supersaturation, ~215–226%, despite significantly different relative SA values (Table 3),
suggesting the effect of using sinker that slowed down the water imbibition into F240c
tablets. When the sinker was not used (case F240d) for the same tablet design as F240c, a
further increase in GF supersaturation (293%) was achieved. The increase is likely due to
increased mass-transfer because of higher available surface area that could have promoted
faster water imbibition into ASDs, accelerating the drug release from the matrix. As an
important outcome of the impact of tablet design, the level of GF supersaturation of these
tablets (F240, F240b and F240d) monotonously increased with respect to the relative surface
areas (see Figure 6b and Figure S5, Supplementary Material). Another key observation
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regarding the perforated tablet design option tested without a sinker (F240d), probably
more bio-relevant [28], was that no evidence of GF recrystallization was seen.

As an alternate to increased SA for tablet F240, faster agitator speed of 250 rpm was
used to promote increased mass transfer and faster tablet disintegration. For that experi-
ment, termed case F240a, higher GF supersaturation to ~250% was achieved (Figure 6b).
Interestingly, speeding up the dissolution rate in this manner may have resulted in a small
extent of GF desupersaturation within 4h. This result may be in line with previous work
indicating that a faster rise in the dissolution rate for an amorphous drug would inevitably
lead to a higher maximum supersaturation, but could also lead to a sharper drop during
the desupersaturation phase [83,84]. In contrast, a slower dissolution rate could avoid a
sudden surge of supersaturation resulting in slower recrystallization, but lower maximum
supersaturation [83,84]. While the results from F240d may support such prior observation,
further work would be required to better understand the potential advantages of improved
tablet design to achieve higher SA values while avoiding recrystallization.

As per bootstrap similarity (ƒ2) test [85,86], the majority of the dissolution profiles in
Figure 6b were dissimilar to each other. However, as could be anticipated from the close-
ness of their dissolution profiles in Figure 6b, F240a–F240d (ƒ2 = 65.15) and F240b–F240c
(ƒ2 = 63.80), were similar to each other. It is notable that F240a required higher rpm during
testing to achieve its performance close to F240d, whereas F240c was lower due to the
sinker and just happened to provide similar dissolution profile as F240b.

3.8.3. Release Kinetics

The release kinetics of GF dissolution data were analyzed to mechanistically analyze
the supersaturation performance of various designs by employing the Korsmeyer–Peppas
model, Equation (2). Please refer to Table S1, Supplementary Material, to view the details
of the fitting parameters including the R2 values. The results (see Figure 7) that show
Cmax and release exponent, n, suggested three different release mechanisms based on
the exponent values for relevant geometry (refer to Section 2.10): (i) zero-order for F240,
(ii) anomalous release transport for F240a–c and (iii) Fickian diffusion for F240d. In conjunc-
tion with the level of GF supersaturation and Cmax, Fickian transport appeared to be the
most pharmaceutically relevant where the high extent of supersaturation was sustainable.
The presence of dissolved polymers might have acted as crystallization inhibitors in the
dissolution media, promoting the higher, sustained GF supersaturation during Fickian
transport. These outcomes are in line with Sun et al. [83], where diffusion-controlled
release mechanism represented the gradually increasing, yet sustained supersaturation.
Nonetheless, further investigation would be required to better understand the confounding
effects of the apparatus type and speed, dissolution pH and medium [51,84] as well as the
extent of printed tablet density, on dissolution and supersaturation behavior.
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4. Conclusions

The proposed methodology of lower HME processing temperature to produce fil-
aments containing largely crystalline GF, followed by single-step fusion-assisted ASDs
generation during FDM 3D printing, could achieve GF supersaturation during in vitro dis-
solution. This strategy significantly minimized the disadvantages of high HME processing
temperatures on filament quality, important for printability and the confounding effects
from GF recrystallization on tablet properties. Most importantly, avoiding large amounts of
amorphous GF in the filaments led not only to improved filament diametric uniformity, but
also facilitated more uniform conversion of the drug within the filaments to its amorphous
form during 3D printing despite the low process shear. As a major contribution, this
work showed that the tablet designs that lead to higher relative surface area (SA) could
achieve higher levels of drug supersaturation. Specifically, while GF supersaturation of
~153% was possible for cylindrical tablets, with the square-pattern perforated tablets, it was
nearly doubled to ~293%, indicating strong monotonous impact of tablet SA. Dissolution
kinetics of drug release profiles were examined via Korsmeyer–Peppas model indicated
Fickian transport for tablets with higher SA. Overall, the proposed innovative approach
highlights the importance of carefully considering both the feed material processibility and
printability as well as generation of single-step fusion-assisted ASDs that exploit higher SA
tablet designs for achieving high drug supersaturation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13111857/s1, Figure S1: Digital images of the filament, H165 (left) and FDM 3D
printed tablets for cases F240 (middle) and F240d (right), Figure S2: XRPD pattern of as-received GF
and physical mixture (PM), Figure S3: DSC thermograms of as-received GF, physical mixture (PM),
placebo (P165 and P240) and GF loaded (F165–F240) printed tablets, Figure S4: Microscopy images of
3D tablets printed at 165 ◦C and 240 ◦C, Table S1: Extent of GF supersaturation for various tablet
designs along with the fitting parameters of the corresponding fitting dissolution curves, Table S2: 3D
printed tablets along with their corresponding tablet masses and theoretical drug amounts, Figure S5.
Relative surface areas (SA) of 3D tablets (F240, F240b and F240d) and corresponding level of GF
supersaturation. The trendline depicts monotonously increasing % GF supersaturation as a function
of relative SA.
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