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Abstract

Studies have shown that 40 individuals out of 100,000 are diagnosed with rheumatoid arthritis
(RA) yearly, with a total of 1.3 million in the United States. Furthermore, the impact of

RA in some cases can extend to cardiovascular diseases (CVD), as the studies showed that

84% of RA patients are at risk of developing hypertension. This study aims to design and

develop different dosage forms (capsule-in-capsule and three-dimensional (3D) printed tablet)

of nifedipine/indomethacin fixed-dose combination (FDC). The hot-melt extrusion (HME) was
utilized alone and with fused deposition modeling (FDM) techniques The developed dosage
forms were intended to provide delayed-extended and immediate release profiles for indomethacin
and nifedipine, respectively. FDC dosage forms were successfully developed and characterized.
Nifedipine formulations showed significant improvement in release profiles, having 94% of the
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drug release at 30 minutes compared with pure nifedipine, which had a percent release of 2%.
Furthermore, the release of indomethacin was successfully delayed at a pH of 1.2 and extended at
a pH of 6.8. Differential scanning calorimetry results showed endothermic crystalline peaks at 165
°C and 176 °C for indomethacin and nifedipine, respectively. Moreover, the thermal analysis of
all formulations showed the absence of the endothermic peaks indicating complete solubilization
of indomethacin and nifedipine in the polymeric carriers. All formulations had post-processing
drug content in the range of 95% to 98%. Moreover, results from the stability study showed

that all formulations were able to remain chemically and physically stable with no signs of
recrystallization or degradation. The designed FDC dosage forms could improve the quality of life
by enhancing patient compliance and preventing the need for polypharmacy.
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1. Introduction

Geriatric patients have the highest rate of drug and supplement consumption in the

United States. This group of patients is susceptible to alterations in pharmacokinetics and
pharmacodynamics due to an increase in comorbidity, age-related changes in physiology,
and organ dysfunction.[1] In addition to challenges in geriatrics, such as adherence related
to frailty and cognitive disorders, the administration of multiple medicines (polypharmacy)
has been associated with increases in the health care cost because of adverse drug reactions.
Moreover, polypharmacy has negative impacts on patients’ compliance and adherence to
medication regimens.[2] Every year 40 individuals out of 100,000 are diagnosed with
rheumatoid arthritis (RA) with a total of 1.3 million in the United States. RA is a chronic
inflammatory disease that affects and damages the joints leading to a physical disability.
Additionally, the impact of RA in some cases can extend to cardiovascular diseases, since
the studies showed that 84% of rheumatoid arthritis patients are at risk of developing
hypertension.[3] This is caused by the increase in arterial stiffness and the reduction of
blood vessel elasticity caused by RA medications. Furthermore, RA patients suffer from
pain and morning stiffness that lasts for at least one hour, which can be a burden on the
patient’s health.[3]
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There are currently four classes of drugs used for the treatment of RA: nonsteroidal
anti-inflammatory drugs (NSAIDs), corticosteroids, disease-modifying antirheumatic drugs
(DMARDs), and biologic response modifiers. NSAIDs and DMARDs are the common
standard medications for RA treatment.[4] However, NSAID increases water and sodium
retention, and this side effect can lead to a decrease in the patient’s repones to some
antihypertensive drugs, including diuretics and angiotensin-converting enzyme (ACE)
inhibitors.[4] A clinical study was conducted to assess the drug-drug interactions of
indomethacin in patients treated with the ACE inhibitor enalapril and calcium channel
blockers amlodipine. Patients who received indomethacin and enalapril treatments have
shown significant increases in supine and systolic blood pressure (BP). On the other

hand, there were no significant increases in blood pressure in the patients who received
indomethacin and amlodipine treatments, compared to placebo.[5] Crossover studies
investigated the interaction between nifedipine and indomethacin.[6,7] It has been found
that there was no drug-drug interaction between the combination. Moreover, nifedipine’s
hypotensive effect was not altered by the inhibition of prostaglandin synthesis induced

by indomethacin. This makes nifedipine to be the appropriate drug candidate in patients
requiring concomitant therapy of calcium channel blockers with NSAIDs.[6,7] This can be
explained by the fact that indomethacin is a non-selective cyclooxygenase inhibitor, and it
can cause an increase in sodium retention by interfering with prostaglandin synthesis which
can affect the efficiency of the ACE inhibitors.[8,9] Furthermore, calcium channel blockers
such as amlodipine, and nifedipine are acting on the inhibition of voltage-dependent entry of
calcium ions. Therefore, indomethacin would be preferable with calcium channel blockers
for patients who have both arthritis and hypertension.[6]

Fixed-dose combination (FDC) is a well-known approach for combining at least two
different active pharmaceutical ingredients in a single unit to provide treatment for
different pathologies. From a poly-medicated patient’s point of view, FDC improves
patient adherence and decreases dosing frequency. Besides, it’s cost-effective. From an
economical point of view, manufacturing drug combinations as FDC has benefits in reducing
the cost of manufacturing, distribution, and packaging.[10] Moreover, the FDC approach
was successfully applied in the treatment of several conditions including hypertension,
immunodeficiency viral infections, diabetes, and tuberculosis. Depo-Testadiol® was the
first FDC drug approved in 1954, it contains a combination of estradiol and testosterone.
According to the Physicians’ Desk Reference and the United States Pharmacopeia
compendium, there were 150 FDC products available in the market in 2005.[11] Recently,
there are more than 600 clinical studies to evaluate FDC products for different diseases,
and this can emphasize the importance and the need for FDC products by pharmaceutical
industries to improve patient health outcomes.[12] However, there are a few drawbacks

to this approach. These include the need for considering the dose titrations of the drugs
based on the patient’s need, and if an adverse drug reaction occurs from the FDC, it may
be difficult to identify which active pharmaceutical ingredient (API) is responsible for the
reaction.[13,14]

Several pharmaceutical techniques such as hot-melt extrusion (HME), spray drying, and
three-dimensional (3D) printing are commonly used for combining drugs in different
systems to achieve different release profiles.[15] These systems are monolithic, multi-layer,

J Drug Deliv Sci Technol. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Althobaiti et al.

Page 4

and multiarticulate systems.[15-17] The HME process involves three major steps, melting,
mixing, and shaping. First, the mixture (usually a carrier and an active pharmaceutical
ingredient) is fed through a feeder. Then, the mixture softens due to the high extrusion
temperature and shear force, and it moves to the mixing, where the drug is dispersed within
the polymer. [18] The shaping zone is important in reducing the pulsation flow and giving
and maintaining extrudate uniformity. Extruders come in various sizes that include 11mm,
16 mm, 24 mm, and 36 mm, among others, in which the number refers to the diameter of
the twin screw used in the instrument. In terms of applications, the HME technique has been
used to develop different dosage forms for different drug delivery systems. These include
sustained released tablets, pellets, granules, transdermal dosage forms, and implants.[19]

Additive manufacturing (AM) is an alternative approach utilized to develop personalized
drugs or complex dosage forms.[20] The interest in AM for pharmaceutical applications
has grown since it has benefits for both the patient and the economy.[20] Different AM
approaches have been utilized for developing pharmaceutical products. Examples of these
techniques include inkjet, laser-based, and nozzle-based printing. Nozzle-based printing is
the most used since it is a straightforward process. Advantages include lower equipment
costs compared to other printing techniques, the ease of producing dosage forms, and

the availability of numerous choices for compatible excipients. The nozzle-based printer

is subdivided into pressure-assisted microsyringe (PAM) and fused deposition modeling
(FDM).[21-23] 3D printing technology has shown the potential to revolutionize the
pharmaceutical manufacturing process by providing a path for personalized medicine and
complex dosage forms such as fixed-dose combinations, implants, and microneedles for
transdermal routes.[24] Three steps are involved in the 3D printing process: designing

the product (using specific software), slicing the design into several layers, and finally
printing the drug product using the desired processing parameters such as printing

speed, temperature, and infill percentage. [25] Interestingly, the oral disintegrating tablet
SPRITAM® (levetiracetam) was the first 3D-printed drug approved by U.S. Food and Drug
Administration (FDA) using the ZipDose® technology. Recently, using HME and FDM has
shown the potential to improve the bioavailability of the drugs and simplify the downstream
process for economic purposes.[26] By these two techniques, the downstream process is
reduced to only three steps; a) preparation of filaments utilizing HME, b) designing the
dosage form using software and translating the design to a printable format, and c) printing
the desired dosage form. [25]

The aim of our study is to design and develop a fixed-dose combination (FDC) of
nifedipine/indomethacin. Two different approaches were used to prepare FDCs, a capsule-
in-capsule dosage form and a 3D-printed tablet utilizing HME alone and with fused
deposition modeling (3D printing). The FDC dosage forms were designed to achieve an
extended-release profile of indomethacin for up to 10 hours and an immediate-release profile
of nifedipine. The prepared FDCs can be administered once a day at bedtime, thereby
providing pain relief for RA patients that often suffer from morning stiffness.
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Nifedipine (NIF) and indomethacin (IND) were purchased from Fisher Scientific (Fair
Lawn, NJ, USA) and Sigma-Aldrich (Milwaukee, WI, USA), respectively. Polyethylene
oxide N80 grade was gifted from Coloron Inc (West Point, PA, USA). Hydroxypropyl
cellulose (HPC LF) and Polyplasedone were donated from Ashland (Ashland, Wilmington,
DE), and Kollidon grades (12 PF, SR, VA 64, and CL) were gifted from BASF
(Ludwigshafen, Germany). All other solvents and reagents used in this study were of
analytical grade and obtained from Fisher Scientific (Fair Lawn, NJ, USA).

Methods

2.2.1. Hot-melt extrusion

2.2.1.1. Capsule-in-capsule dosage form: Polymeric carriers were different for each
drug. Kollidon® SR and Kollidon® VA 64 was selected for indomethacin, and Kollidon®

12 PF was selected for nifedipine. The hot-melt extrusion processes were conducted using
11 mm twin-screw co-rotating extruders (Thermo Fisher Scientific, Waltham, MA, USA). A
standard screw configuration consisting of three mixing zones and four conveying zones was
utilized. Furthermore, an extrusion temperature of 180 °C with a screw speed of 100 rpm
(for NIF formulations) and 75 rpm (for IND formulations) was applied.

2.2.1.2. 3D printed tablets dosage form: Two physical mixtures for NIF and IND
formulations were prepared. The first consisted of 10% of NIF, 10% (w/w) polyplasdone,
and 80% of polyethylene oxide N80, while the second consisted of 30% of IND, 45.5%
HPMC E4, 19.5 % HPC LF, and 5% Kollidon® CL. NIF and IND filaments were extruded
using 11 mm twin-screw co-rotating extruders (Thermo Fisher Scientific, Waltham, MA,
USA) with a standard screw configuration consisting of three mixing zones and four
conveying zones selected for all formulations. Extrusion temperatures were 140 °C for NIF
and 180 °C for IND, and the screw speed was kept at 100 rpm for both formulations.

2.2.2. 3D Printing process—The 3D designs of the tablets were created using
Tinkercad software, then exported to std files. All tablets had a diameter of 12 mm and
IND had a thickness dimension of 2 mm, while NIF’s diameter was 2.1 mm. The tablets
were fabricated using the Ultimaker 3 dual extrusion with a 0.4 mm nozzle (Ultimaker,
Geldermalsen, Netherlands). Different printing settings were optimized to achieve the best
fabrication for NIF and IND tablets, as seen in Table 5.

2.2.3. Differential scanning calorimetry (DSC)—The physical states of the
components before and after the extrusion processes were evaluated using differential
scanning calorimetry (DSC) (TA instruments DSC 25 Discovery series) with a heating

rate of 10 °C /min and a temperature ranging from 20 °C to 200 °C. Furthermore, the two
compartments in the 3D-printed tablet were separated and analyzed. All formulations were
blended, the weights of the samples were between 3 to 6 mg, and the samples were placed in
aluminum pans. The Trios software was used to analyze the thermograms of the samples.
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2.2.4. Scanning electron microscopy (SEM)—The printing efficiency of the NIF
and IND tablets was evaluated using the JSM-7200FLV Field-Emission Scanning Electron
Microscope (JOEL, Peabody, MA, USA) with an accelerating voltage of 5 kV. For acquiring
cross-sectional images of the 3D-printed tablets, the samples were mounted on a carbon pad,
placed on an aluminum stub, and sputter-coated with platinum under an argon atmosphere
using a fully automated Denton Desk V TSC Sputter Coater (Denton Vacuum, Moorestown,
NJ, USA) before imaging.

2.2.5. Filament characterization—The TA-XT2i analyzer (Texture Technologies,
Hamilton, MA, USA) with a TA-95N 3-point bend probe set (Texture Technologies) were
used to characterize the mechanical properties of the filaments. Seven samples from each
formulation were placed on the 3-point test holder with a 25 mm gap, and the blade’s speed
was set at 10 mm/s.[27] The Exponent software 6.15.0 (Stable Micro Systems, Godalming,
UK) was used to analyze the data.[27]

2.2.6. Drug content—Three samples from each formulation were dissolved in 20 mL

of acetonitrile, followed by vortex stirring (Scientific industries vortex genie-120V) for

one minute. Standard calibration curves were generated with r2 being between 0.99 and 1.
The HPLC consisting of a Waters 2695 separation Module and a Waters 2489 UV/Visible
detector (Waters Technologies Corporation, Milford, USA) was used. Two different HPLC
methods were applied to separately analyze nifedipine and indomethacin. The mobile phases
for both APIs consisted of acetonitrile (ACN) and water (H,0), as seen in Table 1. The
retention times were 6.7 min and 5.3 min for nifedipine and indomethacin, respectively.
[28,29]

2.2.7. In-vitro drug release studies—Drug release studies of the APIs (NIF and IND)
and the formulations were performed using the USP apparatus Il. The dissolution medium
was 800 mL of 0.1 N HCI (pH 1.2) with 0.5% of Sodium lauryl sulfate (SLS).[29] After
two hours, 100 mL of 0.2 M sodium phosphate dibasic (pH 9) was added to the medium to
provide a final pH of 6.8 for the remaining 10 hours. The pH of the medium after adding

0.2 M sodium phosphate buffer was checked. The dissolution medium was kept at 37 °C
and a speed of 50 rpm. A sample volume of 2 mL was retrieved at time points 0.25, 0.5,
0.75,1,15, 2,3, 4,5, 6, and 12 hours. A 2 mL of fresh medium was added each time

to maintain a total volume of 900 mL. The samples were centrifuged for 10 min at 13,000
rpm, then the supernatants were analyzed using the HPLC. All dissolution experiments were
conducted in triplicates. Statistical analysis was performed using ¢test (SPSS Inc, Chicago,
IL, USA). The confidence interval set for the statistical analysis was 95%, and the p-value
for the significant difference should be less than 0.05.

2.2.8. Stability studies—All formulations were sealed in vials with screw caps and
stored in the stability chamber under conditions of 25 °C / 60% RH. DSC and drug content
tests were performed at 0, 1, 2, and 3 months. The purpose of the studies was to evaluate the
physical and chemical integrity of the formulations under specific storage conditions.
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3. Results and discussion

3.1. Hot-melt extrusion
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3.1.1. Capsule-in-capsule dosage form—Different physical mixtures of NIF and
Kollidon® 12PF with varying ratios were prepared (Table 2). Formulations NIF-1 and NIF-2
with drug loading of 30 and 25 % (w/w), respectively, could not be extruded using an
extrusion temperature of 180 °C and a 100 rpm screw speed. The mixtures were entrapped
inside the HME instrument due to high drug loading and exceeding the polymer’s capacity.
Formulation NIF-3 with the ratio of 20 % NIF and 80 % Kollidon® 12PF was successfully
extruded indicating that 20% is the acceptable drug loading for the formulation to be
extruded using the applied parameters, as seen in table 2. Moreover, two physical mixtures
of IND formulations IND-1 (IND and Kollidon® SR) and IND-2 (IND and Kollidon® SR,
Kollidon® VA 64) were prepared with a drug loading of 30 % and 25 %, respectively.
Formulation IND-1 had the highest torque (65%) during the extrusion process. On the other
hand, formulation IND-2 was successfully extruded with a lower torque around 20% (Table
2). Furthermore, the final weight of the formulations combined was 350 mg containing 75
mg of IND and 10 mg of NIF (Figure 1). The drugs’ doses were chosen based on the
marketed products of IND and NIF.

3.1.2. 3D-Printed tablet dosage form—Different physical mixtures were prepared
for NIF and IND to obtain formulations that can be both extrudable and printable, as

seen in Table 3. Two physical mixtures of IND with different formulation compositions
were prepared. Formulations IND-3D-1 and IND-3D-2 were successfully extruded at 130
°C and 180 °C, respectively, and the screw speed was kept at 100 rpm. High extrusion
temperatures were applied for formulation IND-3D-2 since HPMC EA4 has a high glass
transition temperature (165 °C). Moreover, both formulations have an extrusion torque lower
than 20 % due to the low shear force that was been generated during the extrusion process.
For NIF formulations, two physical mixtures with different compositions were prepared
(NIF-3D-1, and NIF-3D-2). An extrusion temperature of 130 °C was used for NIF-3D-1,
while a temperature of 145 °C was used for NIF-3D-2. A speed screw of 100 rpm was used
for the extrusion of both formulations. Furthermore, two different extrusion dies were used
(2.4 mm, and 1.94 mm) for IND and NIF, respectively.

Filament characterization

The study was conducted to evaluate the mechanical properties of the filaments. Brittleness
and softness are important factors that can affect the filament’s printability. The ability of the
filament to withstand deformation after applying force was tested, and two parameters were
used for that (breaking force, and breaking distance).[30] Formulation IND-3D-2 showed a
high breaking force and a low breaking distance, compared to formulation NIF-3D-2 (Figure
2).[27] This finding indicates that IND-3D-2 had low ductility. Formulation NIF-3D-2
showed high resistance to the applied force and deformed plastically before it fractured due
to the high ductility. Both filaments had good mechanical properties for 3D printing.[31]

J Drug Deliv Sci Technol. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Althobaiti et al. Page 8

3.3. 3D printing process

Extrusion filaments with adequate mechanical properties (stiffness and brittleness) can

be fabricated using the 3D printer. These two parameters can help determine filament
printability. Different printing settings were used for formulations IND-3D-1 and NIF-3D-1;
however, neither of them could be successfully printed, and further work was not carried
out on these formulations. On the other hand, formulations IND-3D-2 and NIF-3D-2 were
successfully printed using the settings seen in Table 4, since they have good mechanical

and rheological properties. Filament swelling was measured by comparing the filament
diameter to the HME die diameter. NIF filaments had higher swelling (0.8 mm) compared
to IND filaments (0.4 mm). A high printing temperature (250 °C) was applied for the
IND-3D-2 formulation since HPMC E4 has a high glass transition temperature (165 °C).[30]
In previous work, the extrusion of HPMC E4 produced non-printable filaments since it

has a high molecular weight (80,000 Da) and melt viscosity. [32] Moreover, incorporating
HPC improved the flexibility and stickiness of IND formulation filaments. [30,32] NIF and
IND tablets were designed and printed as a stack of two tablets, the first compartment had
the IND-3D-2 formulation and the second one had the NIF-3D-2 formulation. The total
thickness of both compartments was 4.1 mm with an average weight of 350 mg containing
75 mg of IND and 10 mg NIF, as seen in Figure 3.

3.4. Differential scanning calorimetry (DSC)

The thermal analysis was conducted to evaluate the physical state before and after

the extrusion process. The DSC results showed thermal peaks at 165 °C and 176 °C
corresponding to the melting points of IND and NIF, respectively which indicate the
presence of the APIs in the crystal states. Moreover, thermal analysis of formulations NIF-2,
IND-2, NIF-3D-2, and IND-3D-2 revealed the absence of the APIs melting peaks, which
indicates that the APIs were in amorphous states. The thermogram of NIF-3D-2 showed

a melting point peak at 70 °C for PEO N80 (Figure 4). This is because PEQ is classified

as a semicrystalline polymer with two-phase spherulitic crystals scattered in an amorphous
state.[33] The glass transition temperatures of the polymer blends of formulations IND-3D-2
and IND-2 were difficult to determine due to the similarities in the chemical structures of the
polymer blends used.[34]

3.5. Scanning electron microscopy (SEM)

In this study, the 3D-printed tables were split to have a deeper understanding of the tablet
layer structure. The SEM images showed that NIF-3D-2 and IND-3D-2 tablets have tight
layer structures (Figure 5). This can be attributed to several factors including filament
homogeneity and diameter, feeding rate, and melt viscosity during the HME process.
Moreover, SEM images of the IND-3D-2 tablet showed that the layers are rough which
be due to high drug loading (30 %) or the high printing temperature.[35]

3.6. Drug content

Formulations NIF-2 and IND-2 had an average drug of contents of 95% and 97%,
respectively. Furthermore, drug content studies for formulations NIF-3D-2 and IND-3D-2
were conducted before and after the printing process, to evaluate the effect of the printing
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temperature on the APIs degradation. Results showed that formulations NIF-3D-2 and
IND-3D-2 had average drug contents of 98% and 95%, respectively, indicating that the
printing temperature did not affect the formulation content.

In-vitro drug release studies

3.7.1. Capsule-in-capsule dosage from—IND was encapsulated in a delayed
release-acid-resistant capsule (inner capsule) to minimize its release in the stomach, thereby
lowering the potential for adverse effects such as stomach irritation. NIF was encapsulated
in the outer capsule. Before the release study, the acid-resistant capsules were evaluated in
terms of the ability of the capsule to resist the acidic medium before reaching deformation.
Three capsule-in capsules were tested in a dissolution medium of 800 mL with a pH of 1.2
and paddle speed of 50 rpm, to mimic the stomach conditions. The average time for resisting
the acidic medium was calculated. Results showed that the average time was around 90
minutes.

The release study was conducted in a dissolution medium of 800 mL with a pH of 1.2

for the first two hours, then the pH was adjusted to 6.8 pH with a final volume of 900

mL. For the first two hours, only 2% of pure NIF was released, which can be explained

by the low solubility of NIF and its presence in the crystal state, as seen in solubility and
DSC results. Kollidon® 12PF (polyvinylpyrrolidone) was chosen to be the matrix for NIF
due to its low molecular weight (2500 g/mol), low glass transition temperature (90 °C),
extrudability, and high water solubility to provide an immediate release of the drug.[36]
Moreover, formulation NIF-2 showed a significant improvement in the release of NIF;
around 100% in 30 min (Figure 6). This improvement can be caused by the presence of

the NIF in an amorphous state within the polymer, which requires lower energy to break
the crystal lattice compared to the crystal state (pure NIF).[37] Furthermore, the distributive
and dispersive mixing during the extrusion can cause a reduction in the APIs particle size,
which leads to an improvement of the wettability due to the increase in the surface area
and reducing the agglomeration. [38] Additionally, the solubilizations and formation of
hydrogen bonds between NIF and the water-soluble carrier (Kollidon® PF12) can improve
the drug release in the dissolution medium.[39] Indomethacin release was successfully
delayed in the acidic medium with a release of only 5 % in the first two hours, caused by its
encapsulation in the acid-resistant capsule. Furthermore, extending IND’s release in a basic
medium (pH 6.8) is challenging because of its weakly acidic nature and its significantly
enhanced solubility in the basic medium (pH 6.8). Kollidon® SR is a combination of
polyvinyl acetate and polyvinyl pyrrolidone (80% / 20%), which is suitable for prolonged
drug release. The purpose of polyvinyl pyrrolidone is to form small pores so that the API
can slowly diffuse into the dissolution medium.[40] As seen in Figure 6, an extended drug
release of up to 10 hours in the basic medium was successfully achieved for formulation
IND-2 (API 25%, Kollidon® VA 30%, and Kollidon® SR 45%).

3.7.2. 3D tablet dosage form—NIF-3D-2 tablets showed an immediate drug release
(95 % after 30 minutes) compared to pure NIF (2 % after two hours). The faster drug
release of 3D-printed tablets contributed to the dispersion of the poorly water-soluble API
in the hydrophilic polymer forming a homogenous solid dispersion, and the formation of
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hydrogen bonds between the formulation components. Furthermore, the drug release rate
can be significantly affected by the infill density. A tablet with 100% infill density can show
a delay in the API release due to the lack of pores and prevention of the dissolution medium
from passing through the tablet.[41] Based on that, the infill density for tablet NIF-3D-2
was set at 40% to achieve an immediate release profile (Figure 7). Furthermore, IND-3D-2
tablets showed delayed-extended release profiles (for 12 hours), which can be caused by the
combination of HPMC and HPC. Moreover, HPMC is considered a more hydrophilic matrix
compared to HPC LF, due to the differences in their molecular weights (80,000 Da, and
95,000 Da), respectively. Moreover, a polymer blend of HPMC and HPC may influence the
matrix hydration and erosion rate to provide retardation in the drug release profile compared
to a single polymer system. [42—44] The tight 3D structure and the infill density (100%)
also have roles in extending the API release.[30] IND-3D-2 tablets with components ratios
of 30% of the API, 45.5% HPMC E4, 19.5% HPC LF, and 5 % of Kollidon® CL were found
to be printable and successfully provided a delayed release in the first two hours with (only 8
%), and an extended-release profile for 12 hours (Figure 7).

The statistical analysis of IND formulations (IND-2 and IND-3D-2) and NIF formulations
(NIF-3 and NIF-3D-2) showed p values above 0.05. The p values indicate that there is no
significant difference between the release profiles. The release kinetics of all formulations
were evaluated using the DDSolver program and the data were fitted into four release
models zero-order, first-order, Higuchi, and Korsmeyer-Peppas. Moreover, the release
kinetics were determined by the coefficient of determination (R2) for each formulation,
the highest coefficient of determination (R?) is the proper model for describing the release
kinetics.[45] The results showed that formulations NIF-2 and NIF-3D-2 best fit in the
Hixson-Crowell model which suggests that the release of the API contributed to the decrease
in the surface area as a function of time (Table 6).[46] Formulations IND-2 and IND-3D-2
had the highest coefficient of determination (R2) with the Korsmeyer-Peppas model which
describes some release mechanisms including diffusion of the API from the matrix to the
dissolution medium or by the matrix erosion, as seen in table 6. Furthermore, the release
exponent (n) of formulations IND-2 and IND-3D-2 were calculated to characterize the
release mechanisms. Both formulations IND-2 and IND-3D-2 had release exponent (n)
higher than 1.0 which is considered as a super case Il transport in which erosion is the
predominant release mechanism.[47,48]

3.8. Stability studies

The purpose of the stability study was to evaluate the physicochemical properties of

the formulations during storage time. Results from drug content studies (Figure 8) and
thermal analysis (Figure 9) were similar for the initial formulations and the third month.
This indicates that all formulations remained physically and chemically stable during this
period, with no signs of degradation or recrystallization. Furthermore, the improvement in
their stability is attributed to the formation of hydrogen bonds between the components
and the ability of the carrier to keep the APIs in amorphous states, thereby inhibiting
recrystallization during storage time.
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Conclusion

The fixed-dose combinations (capsule-in-capsule and 3D-printed tablet) were successfully
developed and characterized using hot-melt extrusion alone and with fused deposition
modeling (3D Printer). NIF release profiles in both formulations (NIF-2 and NIF-3D-2)
were significantly improved compared to the pure drug. Moreover, formulations IND-2
and IND-3D-2 showed delayed-extended release profiles for 10 hours. All formulations
remained chemically and physically stable with no signs of recrystallization or degradation.
The designed FDCs could improve the quality of life by reducing morning stiffness,
enhancing patient compliance, and preventing the need for polypharmacy.
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Figure 1.
Images of the overall (a) and cross-section (b) for the capsule-in-capsule dosage form.
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Figure 2.
Mechanical properties of 3D-filaments; a) breaking distance, b) breaking force.
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Figure 3.

The dimensions of the 3D-printed tablet.
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Figure 4.

Thermograms of IND, NIF, and the formulations (NIF-2, IND-2, NIF-3D-2, and IND-3D-2).
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Figure 5.
SEM images for formulations NIF-3D-2 (a), and IND-3D-2 (b).
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Figure 6.

The release profiles of pure NIF, formulation NIF-2 (a), and formulation IND-2 (b).
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Figure 7.

The release profiles of pure NIF, formulation NIF-3D-2 (a), and formulation IND-3D-2 (b).
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Figure 8.

Percent drug content of NIF and IND during the stability study.
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Figure 9.

Thermogram analysis to assess the stability of the formulations in the third month.
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Table 1.

HPLC parameters used in the /n-vitro drug release studies.

APIs | Mobile phase ACN:H,0 % (v/v) | Column | Flow rate (mL/min) | Wavelength (nm) | Injection volume (uL)
IND 70:30 c18 1.2 225 10
NIF 60:40 c18 1 235 10
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Table 2.

The composition of capsule-in-capsule formulations.

Page 24

HME processing parameters

Formulation API % Kollidon® 12PF % Kollidon® SR % Kollidon® VA 64 %
(w/w) (wiw) (w/w) (wiw) Temperature (°C) Screw speed
(rpm)
NIF-1 30 70 . - 100
NIF-2 25 75 - - 100
NIF-3 20 80 - - 180 100
IND-1 30 - 70 - 75
IND-2 25 - 45 30 75
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Table 3.

The composition of 3D-printed tablet formulations.

HME processing parameters

PEO N80 (80)

Formulation | API % (w/w) | Composition % (w/w)
Temperature (°C) | Screw speed (rpm)
TPGS (10)
IND-3D-1 25 130 100
Kollidon® SR (65)
HPMC E4 (45.5)
IND-3D-2 30 HPC LF (19.5) 180 100
Kollidon® CL (5)
PEG (20)
NIF-3D-1 20 Kollidon® 12PF (30) 130 100
Kollidon® VA 64 (30)
Polyplasedone™ (10)
NIF-3D-2 10 145 100
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3D printing settings of NIF and IND formulations.

Printer settings NIF-tablet | IND-tablet
Printing temperature (°C) 200 250
Layer height (mm) 0.2 0.2
Wall thickness (mm) 0.8 0.8
Infill density (%) 40 80
Print speed (mm/s) 50 50
Infill speed (mm/s) 20 50
Travel speed (mm/s) 50 50
Build plate temperature(°C) — 60
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Table 5

Page 27

Values of the coefficient of determination (R2) of zero-order, first-order, Higuchi, and Korsmeyer-Peppas.

Formulation  Zero-order Firstorder Higuchi Korsmeyer-Peppas Hixson-Crowell
NIF-2 0.8897 0.6089 0.8255 0.8786 0.9317
NIF-3D-2 0.9038 0.7374 0.8339 0.8904 0.9374
IND-2 0.9081 0.9289 0.8519 0.9774 0.9546
IND-3D-2 0.9633 0.8902 0.8610 0.9767 0.9230
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Values of the coefficient of determination (R2) of zero-order, first-order, Higuchi, and Korsmeyer-Peppas

Table 6.

Formulation | Zero-order | Firstorder | Higuchi | Korsmeyer-Peppas | Hixson-Crowell
NIF-2 0.8897 0.6089 0.8255 0.8786 0.9317
NIF-3D-2 0.9038 0.7374 0.8339 0.8904 0.9374
IND-2 0.9081 0.9289 0.8519 0.9774 0.9546
IND-3D-2 0.9633 0.8902 0.8610 0.9767 0.9230
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