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Abstract: High-dose methotrexate (HDMTX) is one of the chemotherapeutic agents used to treat a
variety of cancers in both adults and children. However, the toxicity associated with HDMTX has
resulted in the spread of infections and treatment interruption. Further, poor bioavailability due to
efflux pump activities mediated by P-glycoprotein has also been linked to poor therapeutic effects of
methotrexate following oral administrations. D-α-Tocopheryl poly-ethylene glycol 1000 succinate
(TPGS) is known to improve the bioavailability of poorly soluble drugs by inhibiting P-gp efflux
activities, thus enhancing cellular uptake. Therefore, to achieve improved bioavailability for MTX,
this study aimed to design and develop a novel drug delivery system employing TPGS and a
biodegradable polymer, i.e., PLGA, to construct methotrexate-loaded nanoparticles fixated in alginate-
gelatine 3D printable hydrogel ink to form a solid 3D printed tablet for oral delivery. The results
indicated that high accuracy (>95%) of the 3D printed tablets was achieved using a 25 G needle.
In vitro, drug release profiles were investigated at pH 1.2 and pH 7.4 to simulate the gastrointestinal
environment. The in vitro release profile displayed a controlled and prolonged release of methotrexate
over 24 h. The in silico modeling study displayed P-gp ATPase inhibition, suggesting enhanced MTX
absorption from the gastrointestinal site. The 3D-printed hydrogel-based tablet has the potential to
overcome the chemotherapeutic challenges that are experienced with conventional therapies.

Keywords: 3D printed systems; cancer therapy; methotrexate; drug delivery; nanocomposites;
biodegradable

1. Introduction

Methotrexate (MTX) is a commonly used chemotherapeutic drug for different types
of cancer including childhood acute lymphocytic leukemia (ALL) and autoimmune dis-
ease [1,2]. A high dose (≥500 mg/m2) of MTX (HDMTX) is used to achieve an effective
plasma concentration in the target organs to treat several adult and pediatric malignancies,
including ALL, osteosarcoma, and lymphomas [3–5]. MTX inhibits cancer cell growth by
blocking the enzyme dihydrofolate reductase (DHFR), necessary for DNA synthesis [3].
However, variable pharmacokinetics profile intricate dosing schedules compromise the
drugs’ bioavailability and therapeutic efficacy [6,7]. As an alternative, clinicians have re-
sorted to the use of intramuscular injections of HDMTX per week, which can negatively
impact patients’ compliance [8]. The development of drug delivery systems (DDS) contin-
ues to demonstrate hope in the field of medicine as the alternative to addressing therapeutic
challenges associated with the use of conventional HDMTX formulation for cancer therapy
and other disease conditions [1].
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NPs have been shown to achieve superior tumor targeting, improve drug bioavail-
ability, and increase cellular uptake efficiency through surface functionalization [9,10].
While oral drug administration is considered the most desirable route of administration
due to its convenience and high tolerance by patients, especially in the case of chronic
diseases that require frequent administration [11,12]. However, poor aqueous solubility
and bioavailability, enzymatic stability, gastrointestinal absorption, and susceptibility to the
efflux pumps in the gastrointestinal tract (GIT) remain the key challenges in achieving the
desired therapeutic effect upon oral drug administration [13]. In addition, cancer cells can
upregulate P-glycoprotein (P-gp) expression in order to resist chemotherapy-induced cell
death. P-gp acts as the primary efflux pump for most anticancer drug molecules, becoming
the main contributing factor to the multidrug-resistant phenotype in cancer by reducing
the accumulation of chemotherapeutics after oral administration [14]. To date, no effective
multi-drug resistance (MDR) treatment approach is available for clinical use to reverse
the activity of P-gp [14,15]. However, d-α-tocopheryl polyethylene glycol 1000 succinate
(TPGS) has demonstrated some ability to overcome the effects of P-gp through ATPase
inhibition [16]. TPGS is an amphiphilic molecule derived from vitamin E and polyethylene
glycol (PEG) 1000 [17,18]. Over the years, researchers have demonstrated that the exten-
sive use of TPGS in drug delivery can be attributed to its biological and physicochemical
properties such as high biocompatibility, enhanced solubility, enhanced permeation, and
selective antitumor activity [19,20]. Hence, more nanoformulation systems modified with
TPGS have been shown to improve the efficacy of orally delivered anticancer drugs through
inhibition of drug efflux by TPGS 1000, along with enhancing cellular uptake.

Biodegradable poly (lactic-co-glycolic acid) (PLGA) is a well-known biocompatible
synthetic co-polymer and it is one of the extensively researched polymers as a drug carrier
due to its ability to encapsulate hydrophobic and hydrophilic drugs [21,22]. PLGA nanopar-
ticles (NPs) have demonstrated the ability to improve the antitumor activity of anticancer
drugs by increasing bioavailability through protection against bio and chemical degra-
dation, enhancing intracellular penetration, and drug absorption [23,24]. Hence, PLGA
has been widely employed as a stable and effective delivery carrier for a range of cancer-
targeting treatments of diverse dimensions [22]. Despite the effectiveness of PLGA NPs in
overcoming the inherent limitations of systemic drug delivery [25,26]. However, due to
the hydrophobic nature of PLGA, they can be easily eliminated via the reticuloendothelial
system (RES). To overcome this challenge, PLGA NPs have been decorated through surface
modification with a range of polymers such as TPGS, chitosan, and poloxamers to evade
possible elimination by the internal biological system [27].

In addition, RES elimination, transport across the intestinal epithelium remains the
most critical barrier to achieving efficient oral delivery. The extreme acidic conditions
within the gastric region (pH 1–2.5) are also another factor that significantly reduces the
bioavailability and efficacy of the drug via chemical degradation [28]. However, several
studies have shown that the use of NPs incorporated in hydrogels may be able to withstand
the harsh acidity to preserve sensitive drugs [29]. However, one of the drawbacks of
using hydrogels such as alginates is the large pore sizes and low mechanical strength that
often result in burst release in regions of extreme pH due to protonation and relaxation
of crosslinked chains [30]. Such limitations in the use of hydrogels reduce the ability to
provide controlled and sustained drug release over extended periods [31]. One approach
to precisely controlling the design process is via the use of 3D-(bio)printing. Recently, there
has been a growing interest in fabricating 3D (bio)printed drug delivery systems due to
their advantages for personalized medicine [32].

The 3D (bio)printing is a specialized additive manufacturing approach for produc-
ing aqueous-based hydrogels such as alginate-gelatine composites. Using this method
will allow more robust control of the porosity and mechanical strength of the hydrogel
to control the release of embedded drug-loaded NPs. Studies have shown that modifi-
cations of pore density and structure can alter diffusivity pathways for superior control
of drug release [32]. Alginate and gelatine form a liquefied gel at room temperature and
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thus can be used as a bio-ink at low temperatures. Incorporated temperature-sensitive
anticancer drugs can be stably printed using alginate and gelatinous bio-inks without
destroying drug activity [33,34]. According to a study by Luo and co-workers (2018), a
sodium alginate-gelatine (SA-GL) bio-ink was developed using 3D-(bio)printing with a
temperature-controlled printing platform. Gelatine-based hydrogels are well suited for 3D
(bio)printing and hence were selected in this study as the primary polymeric framework
due to their proven thermolability, biocompatibility, biodegradability, non-immunogenicity,
and structural integrity [35,36]. To benefit from the individual properties of sodium al-
ginate and gelatine, these were co-fabricated to form a liquefied hydrogel and rendered
suitable as a bio-ink for 3D (bio)printing as an approach to control the physicochemical
design parameters and subsequent drug release from embedded TPGS-PLGA NPs. We
propose the design of TPGS modified PLGA NPs loaded with the model anticancer drug
methotrexate (MTX) with the aim of improving the efficiency and the release profile of
high-dose MTX (HDMTX).

Therefore, to overcome the poor oral bioavailability of HDMTX, this study explored
the synthesis of TPGS-PLGA NPs that were embedded within a 3D-(bio)printed alginate-
gelatin hydrogel matrix. The 3D (bio)printing was used to have superior control over
the system design parameters via physicochemical and physicomechanical modifications,
leading to a controlled release of HDMTX after oral administration. Although MTX has
an oral bioavailability in the region of 64–90%, this decreases significantly at oral doses
>25 mg due to saturation of the carrier-mediated transport of MTX [6]. Dose-dependent GIT
absorption is one of the major concerns as a mechanism for the low bioavailability of oral
MTX tablets when used as an anticancer agent. Therefore, the use of NPs as the delivery
vehicle will promote a better tissue penetration of HDMTX through the extracellular space
as studies have shown that drug distribution in tissue may be limited [37,38]. Besides being
a P-gp inhibitor, the inclusion of TPGS in the formulation of PLGA NPs has demonstrated
high cellular uptake, which can significantly improve the adsorption/permeation of drugs
with poor bioavailability [39,40].

2. Materials and Methods
2.1. Materials

D-α-Tocopherol polyethylene glycol 1000 succinate (TPGS1000), Poly (D, L-lactide-co-
glycolide) (PLGA), methotrexate (MTX), distilled water, HPLC grade acetone, ethanol and
acetonitrile, mannitol were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA).
A simulated gastrointestinal environment (at buffer pH 1.2 and 7.4) was prepared from
analytical grade reagents according to the method reported by Sardo et al., 2019 [41]. All
of the reagents procured were of the highest analytical grade. Alginic acid sodium salt
from brown algae (sodium alginate), methotrexate, phosphate-buffered saline, hydrochlo-
ric acid, gelatine powder, and calcium chloride dihydrate were purchased from Sigma
(Sigma-Aldrich, St. Louis, MO, USA). All of the reagents procured were of the highest
analytical grade.

2.2. Phase 1: Synthesis of Methotrexate-Loaded Tocopheryl Polyethylene Glycol
Succinate-Functionalized Polylactide-Co-Glycolic Acid Nanoparticles
2.2.1. Preparation of Methotrexate-Loaded TPGS-PLGA Nanoparticulate System

The MTX-loaded TPGS-functionalized PLGA NPs were prepared using a modified
nanoprecipitation technique adapted from Cerqueira and co-workers [42]. Briefly, 200 mL
of deionized water was mixed with ethanol (80 mL) to prepare a 40% w/v ethanol-aqueous
solution. TPGS (2 mL) was then dissolved in 100 mL of the ethanol-aqueous solution using
continuous magnetic stirring at 90 ◦C for 2 h until TPGS was completely dissolved. After
that 50 mg of MTX was dissolved in 100 mL of the TPGS solution using a magnetic stirrer
set at 30 ◦C for 20 min. A PLGA acetonitrile mixture was prepared separately by dissolving
PLGA (700 mg) in acetonitrile (100 mL). The PLGA solution was then added dropwise
(1 mL/min) in a volume ratio of 1:10 to the TPGS solution under gentle magnetic stirring
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for 20 min at 35 ◦C to allow the self-assembly of the NPs. The excess organic solvent was
removed by evaporation using a heated magnetic stirrer set at 80 ◦C for 2 h under a fume
hood. The nanoparticle solution was then filtered thrice using a 0.45 µm Millipore syringe
filter and immediately lyophilized and stored at 2 ◦C.

2.2.2. Componential Analysis of Chemical Structure Integrity Post Nanoparticle Formation

In order to assess the chemical integrity of native and combined components of the MTX-
loaded TPGS-functionalized PLGA NPs, Fourier-Transform Infra-Red (FTIR) spectroscopy
(PerkinElmer Spectrum 100, Llantrisant, Wales, UK) was used to identify and characterize the
pharmaceutical stability of the MTX, TPGS, and PLGA in their native and combined state [43].
Moreover, this technique was used to determine the impact on the chemical stability of loading
MTX in the PLGA NPs and to observe any possible significant changes in functional groups.
The FTIR spectra were recorded at 20 ◦C ranging from 500 to 4000 cm−1 for samples of MTX,
PLGA, and the MTX-loaded TPGS-functionalized PLGA NPs.

2.2.3. Nanometric Characterization of the MTX-Loaded TPGS-Functionalized
PLGA Nanoparticles

Using various techniques, nanometric characterization was undertaken to determine
the surface morphology, particle shape, size, density, and surface energy. A Zetasizer
NanoZS (Malvern Instruments Ltd., Malvern, Worcestershire, UK) was used to determine
the particle size and zeta potential of the NPs. The NPs were dispersed in deionized
water, filtered (0.22 µm filter MilliporeSigma, Burlington, MA 01803, USA), and placed into
disposal cuvettes (for size measurement) or capillary cells (for zeta potential determination).
The viscosity and refractive index of the continuous phase were set to those specific to
deionized water. To obtain a size distribution and zeta potential profile, measurements
were taken in triplicate (n = 3) for each sample.

2.2.4. Morphology Characterization of MTX-Loaded TPGS-PLGA Nanoparticles

The nanoparticle morphology was examined using scanning electron microscopy
(SEM). Powdered samples of the nanoparticles were placed onto an aluminum specimen
stub covered with a double-sided carbon adhesive disc and sputter-coated with both
palladium and gold for 4 min at 20 KV. SEM images of the methotrexate-loaded TPGS-
PLGA nanoparticles samples were viewed using an SEM (SIGMA VP, Zeiss Electron
Microscopy, Carl Zeiss Microscopy Ltd.; Cambridge, UK).

2.2.5. Thermal Analysis of Methotrexate-Loaded TPGS and PLGA Nanoparticles

To characterize the thermal behavior of methotrexate-loaded TPGS-PLGA nanoparti-
cles, TGA (PerkinElmer STA 6000, Beaconsfield, UK) and a Mettler Toledo, DSC1, STARe
Instrument (Schwerzenbach, Switzerland) were used, respectively. The analysis was per-
formed for each reactant, drug, unloaded, and loaded nanoformulation sample. For TGA,
a 5–10 mg sample was carefully weighed and placed in a crucible. Prior to analysis, stan-
dard temperature mode was selected, and samples were tested in the range of 30–900 ◦C
with a 10 ◦C/min temperature rise and 20 mL/min rate of nitrogen purging. In total,
5–10 mg of each sample was carefully weighed and sealed in an aluminum crucible for
DSC. Standard temperature mode was selected, the baseline was optimized, and each
sample was tested at the −10–300 ◦C with a 10 ◦C/min temperature rise and 20 mL/min
rate of nitrogen purging.

2.2.6. In Vitro Release Evaluation of Methotrexate from the TPGS-PLGA Nanoparticles

To investigate the in vitro release of MTX from the TPGS-PLGA nanoparticles,
Methotrexate-loaded TPGS and PLGA nanoparticles (n = 3) were incubated in 30 mL
of PBS and positioned in an orbital shaking incubator at 37 ◦C for 24 h. The release of
MTX was determined at different pH conditions 1.2 and 7.4 to mimic the stomach pH and
intestinal pH, respectively. Sampling occurred at a specified time interval (5, 30, 60, 90,
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120, 180, 240, 300, 360, 420, 480, and 720 min); however, stomach release simulation was
conducted for up to 120 min. The 1 mL samples were collected as per time intervals and
a fresh buffer solution was added to maintain sink condition. Samples were centrifuged
at 5000× g for 10 min to allow nanoparticles to settle into pellets. Supernatants were
then analyzed for UV absorption of MTX at 303 nm using the Nanophotometer UV/Vis
spectrophotometer NP80 (Implen, München, Germany).

2.3. In Silico Analysis of P-gp Inhibition by TPGS

P-gp is one of the adenosine triphosphate (ATP)-binding cassette (ABC) transporter
proteins and, at the gastrointestinal tract site, it is expressed in the apical site of the gastroin-
testinal (GI) mucosa [44–46]. This protein has two coordinated homologous halves each
with a transmembrane domain (TMD) and a cytosolic nucleotide-binding domain (NBD).
The TMD is made of six transmembrane helices that form a large hydrophobic cavity that
has a capacity to bind a broad range of substrates molecules while the NDB binds and
hydrolyses ATP [47–49]. TPGS is a non-ionic surfactant with a hydrophilic polar polyethy-
lene glycol (PEG) chain and a lipophilic α-tocopherol head joined by a succinate linker.
Interestingly, TPGS is known to inhibit the ATPase activity of P-glycoprotein [16,50,51].
Though TPGS has been shown to inhibit P-gp in cellular studies [16,52,53], the molecular
interaction of TPGS and P-gp has not been intensely explored. Using homology modeling to
generate human P-gp 3D structure, Liu et al. [51] investigated the possible binding profiles
of TPGS through molecular dynamics simulations. Recently, various electron microscopy
and X-ray diffraction studies optimized the human P-gp 3D structure in various states
such as inward-facing where NBDs are far apart, the transition state, and outward-facing
conformation where the NBDs are closer to each other [49,54–56]. P-gp undergoes these
conformational changes during the catalytic cycle process [57]. The outward-facing con-
formation of P-gp is reported to efficiently model the substrate efflux capability and this
transporter assumes this state upon ATP binding [54]. Given this, the current study, for the
first time, assessed the TPGS binding potential on the outward-facing 3D structure of P-gp
(PDB ID: 6C0V). Furthermore, given that TPGS inhibits the ATPase activity of P-gp and in
accordance with previous studies [50,51], one ATP-binding site was chosen for receptor
grid generation and TPGS docking.

Schrödinger Release 2018-2 docking suite, Maestro version 11.6, (Schrödinger LLC,
New York, NY, USA) was used for the docking assay. This molecular modeling program
has been effectively used in the docking of polymers and surfactants [58–60]. The polymeric
structures of PEG and TPGS were built through the Maestro Polymer Builder tool. For both
PEG and TPGS, PEG was selected as a repeat monomer for the formation of a decamer.
The succinate linker was employed when introducing the α-tocopherol head into the TPGS
polymer. The final polymers were cross-linked and allowed to form amorphous cells. For
the docking operation, however, PEG length depended on the maximum highest molecular
weight accepted on the Maestro’s 2D sketcher platform. The P-gp protein was retrieved
from Protein Data Bank (PDB ID: 6C0V) while PEG and TPGS chemical structures were
downloaded from PubChem. The receptor and ligands were separately prepared using
Glide’s protein preparation wizard and ligand preparation function, respectively, before
the docking process. The Glide extra precision (XP) scoring mode, previously proven
to effectively discriminate between P-gp substrates and inhibitors [61,62], was used for
ligand-receptor docking in accordance with our previous study [63].

2.4. Phase 2: Synthesis and Optimization of the Sodium Alginate-Gelatine Bio-Ink as a 3D
Printable Matrix for Nanoparticle Fixation
2.4.1. Optimization of Printing Parameters

Several factors are important in producing the optimal printed tablet. The printing ink
was optimized using various formulations of sodium alginate and gelatine under controlled
conditions to determine the most accurate combination. The optimum printing parameters
were obtained using various tests for printing head temperature, platform temperature,
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printing precision tip size, printing pressure, pre-flow delay, post-flow delay, the time
between layers, and printing speed. The tests with results outlined are discussed in the
following sections.

2.4.2. Printability and Optimization of Sodium Alginate Gelatine Bio-Ink

Sodium alginate gel solutions of 3%, 5%, 8%, and 10% were prepared by mixing 100 mL
of deionized ultrapure water with sodium alginate powder. The mixture was stirred on
a magnetic stirrer for 1 h. The mixture was then placed in the fridge at 4 ◦C for 24 h to
obtain a smooth homogenous gel. Gelatine gel solutions of 5%, 8%, and 10% were mixed in
warm phosphate-buffered saline preheated to 60 ◦C on a magnetic stirrer for 30 min. The
sodium alginate-gelatine printing ink was then prepared using 50 mL of warmed sodium
alginate gel and 50 mL of warm gelatine mixture at different concentrations, the sodium
alginate gelatine mixture was kept at a temperature of 60 ◦C. Previous studies have shown
that maintaining gelatine gel at a stable high temperature before cooling increases strength
and rigidity [64]. It was hypothesized that a higher concentration of gelatine increases the
solidity of the devices after printing and before crosslinking in CaCl2. The combinations of
mixtures were tested with higher concentrations of gelatine than sodium alginate.

2.4.3. Optimum Hydrogel Printable Ink of Sodium Alginate/Gelatine

A 17 mm diameter × 3 mm (height) round template was designed to evaluate the
printing accuracy of different concentrations of printing ink. The different concentration of
bio-inks was loaded into a 30 mL plastic syringe. Three spherical tablet-shaped devices
were printed with each bio-ink using a printing speed of 35.0 mm/s with a stainless steel
0.25 mm precision tip. The minimum pressure that continuous extrusion occurred was
selected. Printed devices were measured with a caliper and the area of the devices was
calculated as follows:

A = πr2 (1)

The printing accuracy was then determined by analyzing the actual area of the device,
Ai (X mm2), against the designed area, A (227 mm2), using the following equation (Di
Giuseppe et al., 2018):

Printing Accuracy (%) = [1− |A1 −A
A
|] × 100 (2)

2.4.4. Determination of the Effect of Needle Gauge on 3D Printing Accuracy

Multi-purpose stainless steel precision tip needles were used for 3D printing of the
matrices. The optimized needle size for 3D printing of the bio-ink was determined by
conducting printability tests using needles with a range of gauge sizes (G). Needle diam-
eters used for printing were as follows (ID = inner diameter): 20 G (ID = 0.61 mm); 21 G
(ID = 0.51 mm) 22 G (ID = 0.41 mm); 25 G (ID = 0.25 mm); 27 G (ID = 0.20 mm). Visual
examination of the 3D printed strands was used to determine the optimal printing pressure
for each needle size. The initial printing pressure was set at 500 kPa and the pressure during
printing varied until a continuous uniform strand was printed. The minimum pressure
that resulted in constant extrusion was then selected. The printing speed for each matrix
was set at 30 mm/s. To evaluate the printing accuracy between the different needle sizes, a
15 × 15 × 3 mm square template was designed, and square-shaped matrices were printed
using stainless-steel precision tips. The printed matrices were measured with a digital
caliper and the matrix area was calculated using Equation (3).

Volume = length×width (3)
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2.4.5. Crosslinking of Sodium Alginate

Sodium alginate formed a crosslinked gel when added to a calcium chloride solution
due to the cross-linker through the exchange of sodium ions (Na+) and calcium ions (Ca2+).
(Figure 1).
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2.4.6. Temperature-Induced Crosslinking of Gelatine

Park Heon et al. reported the transition from solution to a gel to be 10% gelatine
solution at 29 ◦C after cooling from 45 ◦C for approximately 5 min [65]. Time also plays
a role in the gelation of a gelatine solution and as time increases, the gelatine solution is
more likely to transition to gel at lower temperatures. Printing head temperatures were
set at either 30, 35, or 40 ◦C (maximum head temperature 40 ◦C) to determine whether the
printing ink’s temperature does not transition to gel within the cartridge during printing.
Printing ink was loaded into a cartridge and used to print at 5, 10, 15, 20, 30, 45, 60, 90, and
120 min (min) through a 0.25 mm needle at a pressure of 2000 kPa until the ink gelation
had occurred sufficiently to prevent extrusion. The printing needle was cleaned between
each printing session to prevent possible clogging.

2.4.7. Determination of Optimum Printing Speed and Pre- and Post-Flow Delay Times

The most precise 3D printing of sodium alginate-gelatine nanoparticle formulation
was at a printing speed of 25.0, 30.0, 35.0, and 40.0 mm/s at a pressure of 1.4 kPa bar with a
stainless steel 0.25 mm precision tip. Pre- and post-flow delays were set at intervals of 0.01 s
and printed layers were observed to determine the optimum pre- and post-flow delays,
resulting in the layers not exhibiting any gaps.

2.5. Phase 3: Design and Synthesis of an Oral Chemotherapeutic 3D Printed Nanocomposite
Hydrogel Tablet
2.5.1. Preparation of Sodium Alginate-Gelatine Nanoparticle Formulation Printing Ink

The sodium alginate-gelatine (8% sodium alginate and 10% gelatine (w/v)) was stirred
for 30 min at 60 ◦C. A polymeric combination of TPGS and PLGA containing 50 mg of MTX
was dispersed into the 50 mL of sodium alginate-gelatine under constant stirring at 60 ◦C
for 30 min to form nanocomposite hydrogels. The sodium alginate-gelatine nanoparticle
formulation printing ink was formed.

2.5.2. Design of 3D Printed Tablets

Changing the shape and dimensions of a tablet can alter the way patients perceive
medication and lead to greater willingness to adhere to treatment. Several studies have
shown a link between the shape of oral medication tablets and the patient’s perception of
the medication. Spherical tablets were preferred over angular tablets and were regarded as
easier to swallow. Patient well-being can be increased by using the shape and color of pills
to change how they perceive the overall sensory experience [66–68]. Therefore, the tablets
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in this study were designed to be disk-shaped tablets with a mean diameter of 15.0 mm
and a height of 3.60 mm.

The average volume of the tablets was calculated using the following formula:

Volume = πr2 × height (4)

2.5.3. Thermal Analysis of 3D Printed Tablets

Thermogravimetric analysis (TGA) was performed on the sodium alginate-gelatine
nanoparticle formulation for oral drug delivery and blank sodium alginate-gelatine print-
ing ink without nanoparticle formulations. Samples were heated at 10 ◦C/min in open
aluminum pans, using nitrogen as a purge gas (25 mL/min). The percentage mass loss
and/or onset temperature was calculated.

2.5.4. In Vitro Analysis of the 3D Printed Sodium Alginate-Gelatine Hydrogel-Nanoparticle
Formulation for Oral Drug Delivery

Nanophotometer UV/Vis spectrophotometer was utilized to determine the maximum
wavelength of an MTX and then plot the calibration curve to determine the release profile.
In vitro, drug release studies were performed at both gastric and intestinal pH conditions.
The 3D printed sodium alginate-gelatine nanoparticle formulation oral drug delivery
devices were placed in 10 mL of simulated gastric (pH 1.2) and intestinal (pH 6.8) phosphate-
buffered saline for a duration from 0 to 2.5 h. Samples were incubated during the release
duration using an Orbit shaker incubator (LM-530-2, MRC Laboratory Instruments LTD.,
Hahistadrut, Holon, Israel) at 37 ± 0.5 ◦C and 30 rpm. Samples (0.5 mL) were withdrawn
from simulated gastric release buffer every half an hour for 2.5 h simulated gastric samples,
and at 30 min, then hourly for the first 12 h and at 24 h. The withdrawn liquid was replaced
by a 0.1mL control solution at 37 ◦C for compensation. All extracted samples were filtered
using a 0.45 Millipore Millex filter and stored at 4–8 ◦C. Ultraviolet-Visible spectroscopy
was employed to determine the concentration of methotrexate.

3. Results and Discussion
3.1. Phase 1: Synthesis of Methotrexate-Loaded Tocopheryl Polyethylene Glycol
Succinate-Functionalized Polylactide-Co-Glycolic Acid Nanoparticles
3.1.1. Assessment of MTX-Loaded TPGS-Functionalized PLGA Nanoparticles

The nanoprecipitation method used in this study to synthesize the MTX-loaded TPGS-
functionalized NPs nanoparticles produced stable nano-constructs with desirable yields
and unimodal particle distribution. The nanoparticle solution was collected as a white,
free-flowing powder post lyophilization. Upon storage at 2 ◦C, the nanoparticle powder
bed was easily reconstituted for further nanometric characterization.

3.1.2. Assessment of Nanoparticle Size and Zeta Potential

It has been shown that the cellular uptake of nanoparticles loaded with a drug is
influenced by their shape and size. Nanoparticles with spherical shapes are significantly
more likely to exhibit cellular binding and internalization than nanoparticles with different
configurations. In this study, a nano-sized spherical nanoparticle (186.9 nm) with a particle
size distribution (PDI) of 0.157, as demonstrated in Figure 2 was measured. Nanoparticles
generally should be less than 150 nm to traverse the endothelial barrier; however, in cancer
cells, the optimum nanoparticle size was found to be between 70 and 200 nm [69]. Therefore,
the synthesized MTX-loaded TPGS-functionalized NPs were in a desirable range for the
effective cellular uptake and internalization. In addition to size, a higher surface charge of
particles prevents the aggregation of nanoparticles due to the increase in repellent energy.
Zeta potential values of above ±30 mV have been proven to provide good stability of
the nanoparticles in suspension with reduced aggregation and good dispersion. The zeta
potential measured for the nanoparticle formulations in the current study was −31.4 mV,
as seen in Figure 3. The higher surface charge of the nanoparticle formulations improved
stability and reduced the risk of excessive aggregation and poor distribution.
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3.1.3. Assessment of Nanoparticle Morphology

The polydispersity index (PDI) and zeta potential parameters were analyzed, and
it was determined that the sample and molecule distribution was uniform. The average
particle size and PDI were found to be less than 200 nm and 0.2, respectively. The size
was found to be in an acceptable range for cellular uptake, and also PDI was within the
optimum range of 0.1 ≤ PDI ≤ 0.5, which indicates the uniformity of the system [70]. The
zeta potential values were -31.4 mV on average, indicating the colloidal stability of the
system. The higher the surface net charge, the higher the repulsive forces to prevent particle
aggregation during storage. The image in Figure 4 was captured by the scanning electron
microscope (SEM), and the nanoparticle formulations were well distributed with spherical
morphologies that had a size between 91 nm and 200 nm. The particle size established in the
SEM was considerably aligned to those established in the zeta particle size analysis results.

3.1.4. Thermogravimetric Analysis of MTX-Loaded TPGS-Functionalized
PLGA Nanoparticles

The TGA thermogram of unloaded TPGS-PLGA nanoparticles displayed a decom-
position pattern, as shown in Figure 5. Initially, 30% of the weight was lost up to 350 ◦C,
followed by a rapid decomposition at 430 ◦C, resulting in approximately 98% weight loss.
Similarly, MTX-loaded TPGS-PLGA nanoparticles also exhibited two-stage weight loss. Ini-
tially, less than 30% of the weight was lost up to 350 ◦C, followed by a rapid decomposition
with a weight loss of approximately 95% from a temperature of approximately 360 ◦C to
440 ◦C. The TGA of MTX showed a moderately different thermogram where there was a
slight decomposition from 40 ◦C to 200 ◦C, approximately 15% weight loss. Then, followed
by a rapid decomposition from approximately 210 ◦C to 250 ◦C, approximately 40% of
the weight was lost, and the final decomposition took place at approximately 300 ◦C, with
approximately 90% weight loss. This is also confirmed by the TGA thermogram reported
by Dixit et al. [71].
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SEM of optimized methotrexate loaded nanoparticle formulation showing sphericity, smooth surface
of nanoparticles.
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3.1.5. Differential Scanning Calorimetry Analysis of MTX-Loaded TPGS-Functionalized
PLGA Nanoparticles

The TPGS-PLGA nanoparticles prepared were analyzed by DSC to investigate the
crystal habit of MTX. Heat flow curves (DSC curves) depicted in Figure 6 for thermal
characterization of methotrexate-loaded in polymeric TPGS-PLGA nanoparticles showed
big endothermic peaks. Identifiable differences in melting temperatures of transitions
were obtained. DSC thermogram of TPGS-PLGA nanoparticles (Blank) showed a sharp
endothermic peak, the melting point at a temperature between 30 and 40 ◦C, as shown in
Figure 6, this maybe be due to the low melting point of TPGS. The MTX melting temperature
peak was noted, with broad endothermic peaks visible between 130–160 and 190–230 ◦C.
This is also confirmed by the DSC thermogram reported by Pereira et al., 2013 [72]. MTX-
loaded in polymeric TPGS-PLGA nanoparticles only showed a sharp endothermic peak at
30–40 ◦C for TPGS-PLGA, suggesting that MTX was transformed into an amorphous form.



Biomedicines 2022, 10, 1470 11 of 23

Biomedicines 2022, 10, x FOR PEER REVIEW  11  of  24 
 

characterization of methotrexate‐loaded in polymeric TPGS‐PLGA nanoparticles showed 

big  endothermic peaks.  Identifiable differences  in melting  temperatures  of  transitions 

were obtained. DSC thermogram of TPGS‐PLGA nanoparticles (Blank) showed a sharp 

endothermic peak, the melting point at a temperature between 30 and 40 °C, as shown in 

Figure 6, this maybe be due to the low melting point of TPGS. The MTX melting temper‐

ature peak was noted, with broad endothermic peaks visible between 130–160 and 190–

230 °C. This is also confirmed by the DSC thermogram reported by Pereira et al., 2013 [72]. 

MTX‐loaded in polymeric TPGS‐PLGA nanoparticles only showed a sharp endothermic 

peak at 30–40 °C for TPGS‐PLGA, suggesting that MTX was transformed into an amor‐

phous form.   

 

Figure 6. DSC curves of the methotrexate‐loaded in polymeric TPGS‐ PLGA nanoparticles. 

3.1.6. Evaluation of the Chemical Stability and Integrity of the Various Nanosystem 

Components 

The FTIR spectra of PLGA, MTX, and the MTX‐loaded TPGS‐functionalized PLGA 

NPs are shown in Figure 7. MTX showed a typical waning of the broad signal from 3500 

to 3000 cm−1 and sharpening of signals corresponding to O–H stretching from carboxyl 

groups and N–H stretching. Peaks at 1600–1670 cm−1 were linked to C=O stretching (‐C=O 

stretching from the carboxylic group and C=O stretching from an amidic group) and 1400–

1200 cm−1 corresponded to ‐C‐O stretching from the carboxylic group, which is associated 

with ‐OH, C=C, and C‐O functional groups of MTX (Figure 7A). All the bands identified 

in  the FTIR spectrum are  in accordance with  the molecular structure of MTX [73]. The 

FTIR spectrum of PLGA‐TPGS exhibited absorption peaks between 1000 and 1260 cm−1 

related to C‐O single bond extensions, and the broad absorption band at 2700 and 3000 

cm−1  assigned  to O‐H  stretching  and  implies  the  existence of  free hydroxyl groups of 

PLGA (Figure 7B). The carbonyl band of TPGS appears at 1739 cm−1. The peaks seen at 

1650–1100 cm−1 are attributed to O–H stretching vibrations as reported  in the  literature 

[74]. The FTIR spectrum of the MTX‐loaded TPGS‐functionalized PLGA NPs displayed 

harmonious peaks to PLGA and MTX (Figure 7C), with the NPs imbibing similar chemical 

composition,  suggesting  no  significant  chemical  interaction  between  the  functional 

groups of MTX and PLGA during the formation of the NPs. This is supported by similar 

studies in the literature [24].   

Figure 6. DSC curves of the methotrexate-loaded in polymeric TPGS- PLGA nanoparticles.

3.1.6. Evaluation of the Chemical Stability and Integrity of the Various
Nanosystem Components

The FTIR spectra of PLGA, MTX, and the MTX-loaded TPGS-functionalized PLGA
NPs are shown in Figure 7. MTX showed a typical waning of the broad signal from 3500
to 3000 cm−1 and sharpening of signals corresponding to O–H stretching from carboxyl
groups and N–H stretching. Peaks at 1600–1670 cm−1 were linked to C=O stretching
(-C=O stretching from the carboxylic group and C=O stretching from an amidic group)
and 1400–1200 cm−1 corresponded to -C-O stretching from the carboxylic group, which
is associated with -OH, C=C, and C-O functional groups of MTX (Figure 7A). All the
bands identified in the FTIR spectrum are in accordance with the molecular structure of
MTX [73]. The FTIR spectrum of PLGA-TPGS exhibited absorption peaks between 1000
and 1260 cm−1 related to C-O single bond extensions, and the broad absorption band at
2700 and 3000 cm−1 assigned to O-H stretching and implies the existence of free hydroxyl
groups of PLGA (Figure 7B). The carbonyl band of TPGS appears at 1739 cm−1. The
peaks seen at 1650–1100 cm−1 are attributed to O–H stretching vibrations as reported
in the literature [74]. The FTIR spectrum of the MTX-loaded TPGS-functionalized PLGA
NPs displayed harmonious peaks to PLGA and MTX (Figure 7C), with the NPs imbibing
similar chemical composition, suggesting no significant chemical interaction between the
functional groups of MTX and PLGA during the formation of the NPs. This is supported
by similar studies in the literature [24].
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3.1.7. Drug Release Kinetics of Methotrexate from TPGS and PLGA Nanoparticles

In vitro release of MTX from TPGS-PLGA nanoparticles was performed in a phos-
phate buffer system at pH 7.4 (PBS) and hydrochloric acid pH 1.2 (HCL), simulating the
physiological and gastric pH conditions. MTX release from the TPGS-PLGA nanoparticles
occurred in two phases, with an initial uniform rapid release of up to 80% within 5 h
followed by a slow continuous cumulative fractional release phase over 24 h across the pH
media of 7.4, as seen in Figure 8. The sample in a gastric (pH 1.2) simulated environment
was sampled for up to 2.5 h because the administered content would have passed through
the stomach at around this time. The MTX release pattern observed from the TPGS-PLGA
nanoparticles indicates that the formulation is suitable for oral dosing.
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There were no significant MTX release differences between pH 1.2 and 7.4 up to 2.5 h.
The MTX was released up to 85% in 24 h in a simulated intestinal environment of pH 7.4.

3.2. Phase 2: Synthesis and Optimization of the Sodium Alginate-Gelatine Bio-Ink as a 3D
Printable Matrix for Nanoparticle Fixation
3.2.1. Optimization of Sodium Alginate/Gelatine Printing Ink

Three matrices of round devices were 3D printed with varying concentrations of bio-
inks as listed in Table 1, using a printing speed of 35.0 mm/s with a stainless steel 0.25 mm
precision tip. The minimum pressure at which constant extrusion occurs was selected.
Table 1 shows the different combinations of sodium alginate and gelatine bio-printing ink
prepared. The results revealed that the highest printing accuracy was obtained with 8%
sodium alginate and 10% gelatine as the bio-gelatine ink.

Table 1. Printing accuracy of different concentrations of sodium alginate/gelatine in printing ink.

SA-GL Blend Printing Pressure (kPa) Matrix Size (mm2) Printing Accuracy (%)

3%SA-5%GL 800 175.12 ± 15.03 77.15 ± 6.62
5%SA-5%GL 800 197.74 ± 21.05 87.11 ± 9.27
5%SA-8%GL 900 247.23 ± 24.82 91.09 ± 8.91

8%SA-10%GL 1300 219.92 ± 5.44 96.88 ± 2.40
10%SA-10%GL 1500 250.65 ± 6.35 89.58 ± 2.80
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Increasing the concentration of SA resulted in higher printing accuracy, with bio-
ink blends of 8% SA and 10% GL producing the best accuracy at 96.88%. The same was
observed when the concentration of GL was increased, with no significant difference
observed between concentrations of 5% and 8% GL (p > 0.05). Higher (10%) and lower (3%)
concentrations of SA significantly reduced the printing accuracy for low (5%) and high
(10%) concentrations of GL (Figure 9).
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3.2.2. The Influence of Printing Needle Size on 3D Printing Accuracy

The printing accuracy (%) of varying needle sizes was determined as described in
Section 3.2.1 by analyzing the average area of three square 15 mm× 15 mm× 3 mm printed
matrices per needle size. The results indicated that the highest printing accuracy (including
a 15 s dwell time between layers) was achieved using a 25 G needle (Table 2).

Table 2. Assessment of 3D printing needle size and printing accuracy (%) of matrices.

Needle Gauge (G) Needle Inner Diameter (mm) Optimal Printing Pressure (kPa) Printing Accuracy (%)

20 0.61 100 73.3
21 0.51 300 76.7
22 0.41 800 87.9
25 0.25 1400 95.6
27 0.20 2000 82.3

3.2.3. Optimization of Crosslinking Time of Sodium Alginate-Gelatine Devices in CaCl2
To further strengthen them after 3D printing, the tablets were transferred to a deep

well petri dish and covered with 3 mL of 2% CaCl2 solution for 15 min. A study showed
that crosslinking of the sodium alginate in the 3D printed devices significantly increases
the hardness. The optimum crosslinking time determined was 15 min of immersion in
CaCl2 [75]. The device was removed from the CaCl2 solution and placed in a petri dish to
dry at 4 ◦C for 1 h.

3.2.4. Determination of Optimum Printing Temperature

At 30 ◦C, the printing ink was too thick to be extruded after 15 min. At 35 ◦C, the
printing ink could be extruded for a maximum of 90 min. The printing ink remained fluid
at 40 ◦C for more than 2 h, and printing was conducted with the printing headset at this
temperature. The results are summarized in Table 3.
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Table 3. Extrudability of printing ink at different temperatures.

Extrusion at 5 min 10 min 15 min 20 min 30 min 45 min 60 min 90 min 120 min

30 ◦C X X × × × × × × ×
35 ◦C X X X X X X X × ×
40 ◦C X X X X X X X X X

Keys: X(achieved); ×(not achieved).

The printing platform temperature was reduced to 0 ◦C since this was ideal to ensure
rapid cooling of the printing ink once printed. Temperatures lower than 0 ◦C were found
to stimulate premature crosslinking within the printing syringe during printing due to
the proximity of the syringe to the printing platform. This resulted in the printing ink
solidifying within the tip of the printing syringe and the inability of the printing ink to be
extruded from the syringe.

3.2.5. The Influence of Printing Speed and Pre- and Post-Flow Dwell Times on 3D
Printing Accuracy

Using a 15 × 15 mm square template and printing 3 layers, a 3D printed matrix per
printing speed was produced using a printing speed of either 25 mm/s; 30 mm/s; 35 mm/s;
40 mm/s (max) as described in Section 3.2.1. The best printing speed was established as
35 mm/s (Table 4). A pre- and post-flow dwell time of 0.05 s was the most accurate to
adjust appropriately for bio-ink flow lag.

Table 4. Influence of 3D printing speed on printing accuracy.

Printing Speed (mm/s) Printed Matrix Size (mm2) Printing Accuracy (%) Visual Inspection

25 N/A N/A
Bio-ink was viscous and L2
resulted in printing needle

extrusion into L3.
30 262 84 Bio-ink was over-extruded

35 227 99 Matrix was well-formed with
no structural defects

40 212 94 Matrix had several
structural defects

45 N/A N/A
Matrix had several structural
defects and was not capable of

L formation

3.2.6. The Influence of Temperature on 3D Printing Accuracy

A bio-ink blend comprising 8% SA and 10% GL was loaded into a 3D printing car-
tridge and loaded into the 3D Bioplotter. Three layers of the bio-ink were printed using a
15 × 5 mm square template at 5, 10, 15, 20, 30, 45, 60, 90, and 120 min through a 0.25 mm
needle at a pressure of 2000 kPa. This process was repeated three times (n= 3) for printing
cartridges set at 30 ◦C, 35 ◦C, and 40 ◦C. The results are summarized in Table 4 and showed
that at 30 ◦C, the bio-ink was too viscous to be extruded after 15 min. At 35 ◦C the bio-ink
was extruded for a maximum of 90 min, and it remained fluid at 40 ◦C for >2 h. Therefore,
all subsequent 3D printing was undertaken with the printing cartridge set to 40 ◦C.

3.2.7. Optimization of the Ionic Crosslinking Time of SA-GL Matrices

The optimum crosslinking time was determined to be 15 min of immersion in CaCl2.
The matrix was removed from the CaCl2 solution and placed in a petri dish to dry at 4 ◦C
for 1 h. The resulting devices were uniform, round, and had good stability (Figure 10).
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3.3. Phase 3: Design and Synthesis of an Oral Chemotherapeutic 3D Printed Nanocomposite
Hydrogel Tablet
3.3.1. The 3D Printing of Sodium Alginate-Gelatine Hydrogel Nanoparticle Formulation
(Oral Chemotherapeutic Delivery System)

Sodium alginate-gelatine hydrogels were stirred and warmed at 60 ◦C, then the poly-
meric PLGA-TPGS nanoparticles loaded with MTX were incorporated to form a nanocom-
posite hydrogel system. The sodium alginate-gelatine hydrogel nanoparticle formulation
for printing ink was then formed. Ten sodium alginate-gelatine hydrogel nanoparticle
formulation tablets were printed using optimized printing parameters obtained (Figure 10).
The printing platform was set to 0 ◦C to ensure that the gelatine temperature-induced
hydrogen bond cross-linking occurs as soon as possible after printing, thereby increasing
the stability of the structure [76,77]. The syringe temperature was set to 40 ◦C to prevent
any cross-linking prior to printing. The tablet’s inner structure was formed by setting the
3D-Bioplotter to print at 90◦ angles at a printing distance of 0.3 mm and a printing speed of
35 mm/s. This ensured that the tablet had a solid infill. Layer height was set at 0.22 mm
with a total of 13 layers printed. The time between layers was set at 15 s to allow adequate
crosslinking to occur.

After printing, sodium alginate-gelatine nanoparticle formulation tablets were placed
in a round-bottom petri dish covered with a 2% calcium chloride solution for 30 min to
facilitate crosslinking of the sodium alginate. Ten sodium alginate-gelatine nanoparticle
formulation tablets were printed and had an average weight of 606 mg± 9 mg. The sodium
alginate-gelatine nanoparticle formulation dimensions had an average height of 3.56 mm
and an average diameter of 14.98 mm. The average volume of the tablets was calculated as
626.83 mm3, and the tablets had an average drug load of 0.627 mg of MTX.

3.3.2. Determination of Thermal Stability of the Sodium Alginate-Gelatine
Nanoparticle Formulation

TGA was used to distinguish and quantify the chemical or physical variations that
occur upon heating a sample. TGA measures the quantity and degree of weight transfor-
mation of a substance in relation to a controlled temperature or time (Figure 11a,b). This
information is then interpreted to predict the thermal stability of a substance and its com-
ponents up to temperatures as high as 1000 ◦C by evaluating the weight changes caused
by evaporation, dehydration, oxidation, and decomposition. Multiple stages of multiple
weight loss phases may indicate the presence of several constituents in a substance [78].
The TGA curve shows that the sodium alginate-gelatine printing ink loses 14.8% of its
weight at 200 ◦C. This initial weight loss may be due to evaporation of bound water.
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Further 35.9% weight loss was observed between 200 ◦C and 280 ◦C. A further 13.1%
weight loss was recorded between 280 ◦C and 600 ◦C, and the total weight loss value
reached 79.4% at 900 ◦C. The TGA plot of the sodium alginate-gelatine nanoparticle formu-
lation shows a slightly different trend compared to the sodium alginate-gelatine ink [79].
Reported a polymeric PLGA-TPGS to contribute to thermal degradation properties. A
TGA analysis was performed on the synthesized PLGA-TPGS co-polymer to investigate
its thermal properties. It was established that the sudden reduction in mass was between
215 ◦C and 300 ◦C [79]. In this study, the sodium alginate-gelatine nanoparticle formulation
did not show this sudden reduction in weight between 240 ◦C and 260 ◦C. At 200 ◦C, 9.2%
weight loss was observed and between 200 ◦C and 280 ◦C, there was a further weight loss
of 18.3%. At the final temperature of 900 ◦C, the total weight loss reached was 75.6%. The
results suggested that the sodium alginate-gelatine nanoparticle formulation had higher
thermal stability due to the encapsulated drug-loaded nanoparticles.

3.3.3. Drug Release Profiles of the Sodium Alginate-Gelatine Hydrogel
Nanoparticulate System

To determine the ultraviolet (UV) absorbance of MTX, a solution of MTX in pH 7.4
phosphate-buffered saline with concentrations of 10–100 µg/mL was prepared. The concen-
tration of the drug was measured against absorbance and a standard calibration curve was
obtained with a linear equation as follows: y = 0.0004X + 0.0188 with an R2 of 0.9987.

In vitro release of sodium alginate-gelatine MTX-loaded nanoparticulate formulation
was conducted at pH 7.4 and pH 1.2 to simulate the gastrointestinal environment, with
sustained-release patterns in pH 7.4 buffer observed compared to pH 1.2 buffer (Figure 12).
While at pH 1.2, the drug showed an initial burst release in the first 60 min, and then
afterward, from 60 to 150 min, there was also a stable, sustained release of MTX (Figure 12).
These results also indicate that the drug release was accelerated in a gastric acidic environ-
ment, validating that most of the MTX were released prior to entering the intestinal tract. It
is therefore crucial that at this moment, P-gp is simultaneously inhibited to ensure that MTX
is absorbed in sufficient concentrations. Hydrogels have characteristics that are similar
to tissues but may suffer from burst release and rapid diffusion of chemotherapeutics
from the polymer matrix due to pH sensitivity and swelling behavior. These gels can
be investigated by monitoring the deflection of hydrogel-coated micro-cantilevers due to
sensitive and repeatable responses to solution pH [80]. The hydrogel’s swelling was mainly
due to chain relaxation of gelatine drug complexes caused by protonation of free amino
groups in gelatine. The main advantage of hydrogels is the extent of drug release that can
be controlled. In polymeric nanoparticles complexed within hydrogels, the drug release
duration can be significantly prolonged, resulting in enhanced drug bioavailability [81].
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Figure 12. In vitro MTX release from sodium alginate-gelatine nanoparticle formulation conducted
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3.4. Molecular Modelling of P-gp Inhibition by the TPGS

The PEG and TPGS polymer structures were successfully generated through repeating
PEG monomers. While PEG was mainly hydrophilic (Figure 13A), the TPGS polymer
featuring the succinate linker α-tocopherol tail imparted the hydrophobic character in the
polymer (Figure 13B).
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Figure 13. Polymeric structures of PEG (A) and TPGS (B). (B) shows the spherical 3D representation
of the TPGS unit.

The model was validated by first docking ATP into the selected NBD site. This ligand
retained the original binding pose and molecular interactions, including stabilization by
the Mg2+ ion, with the binding site [54]. Moreover, the superimposition of TPGS and ATP
complexed with P-gp confirmed that both ligands bind at the same site (Figure 14), in agree-
ment with previous studies, however influenced by some degree of steric hindrance [50,51].
Figure 14, further reflects how the interaction of the hydrophobic chains, influences steric
hindrance by the ATP-binding sites, where superimposed ligands with ATP are confined
into the deep binding cavity as well.
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the location of the binding site (NBD) of ATP and TPGS (circled). (B) displays the superimposed
ligands with ATP (red) confined into the deep binding cavity while TPGS (green), due to its polymeric
nature, protrudes to the outside allosteric binding pocket with its hydrophobic α-tocopherol chain.

Consistent with the data reported by Liu et al. [51], TPGS interacted tightly with the
binding site through its hydrophilic PEG tail. In this study, TPGS formed two hydrogen
bonds with Arg538 and Ser1071 (PEG region) and was stabilized in position to assume the
optimum crystal pose by Pi-interaction with Lys515 and its aromatic ring that forms part of
the α-tocopherol, with a docking score of −7.849 (Figure 15A). The succinate portion that
links PEG to the α-tocopherol played a great role in enforcing the required conformation
for aromatic ring stabilization. The lipophilic α-tocopherol was involved in hydrophobic
interactions with various amino acid residues, including Gln1081, Tyr1086, Thr1078, Arg262,
Asp805, and Ala529 (Figure 15B). Additionally, this hydrophobic chain (Figure 14B, green
ligand) protruded outside the deep ATP-binding cavity to the allosteric site, suggesting the
ability to exert steric hindrance for the access of the binding site by ATP [53,82]. In fact, the
α-tocopherol portion in TPGS has been reported to cause steric hindrance to the active site
as well as block the allosteric P-gp site [18,50,53,83], while the PEG chain is potent in P-gp
ATPase inhibition [84–87] and that modification of the PEG length alters ATPase inhibitory
activity [50,83]. The results of this study suggest that the TPGS-based MTX nanoparticulate
formulation results in increased bioavailability due to increased GI absorption afforded by
the inhibition of P-gp by TPGS.

In light of TPGS activity being mainly mediated through the PEG succinate portion,
further docking was performed to intensely assess its interaction with P-gp. PEG with and
without the succinate linker was docked to assess the impact of the succinate group in PEG
binding. This study reports that the succinate linker plays a critical role in PEG binding to
P-gp. Its positive effect was observed where the binding score of PEG (−8.139 kcal/mol)
increased to −10.557 kcal/mol when it was incorporated. Furthermore, more favorable
interactions, including an ionic bond with succinic acid Lys1076 as well as three hydrogen
bonds with Lys515, Lys1076, and Ser1077 (Figure 15D), were established in comparison to
the hydrogen bonding interactions with different amino acid residues such as Gln353 and
Asp1200 in the absence of succinate (Figure 15C). Another key observation was the folded
conformation of PEG in the absence of succinate (Figure 15C) but assuming an outstretched
pose when linked to succinate (Figure 15D). This is consistent with the conformation
assumed in the TPGS form (Figure 15B).
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4. Conclusions

In phase 1 of this study, the MTX-loaded PLGA-TPGS polymeric nanoparticles were
synthesized and characterized using FTIR. The morphology and size distribution of NPs
were confirmed with SEM and Zetasizer, respectively. The nanoparticle formulations were
well distributed and had a regular spherical shape between 91 nm and 200 nm in size, with
a mean diameter of 186 nm. The NPs formulated demonstrated high stability with the
zeta potential measured at −31.4 mV. MTX release kinetics from PLGA-TPGS polymeric
nanoparticles were profiled successfully, with a release of up to 85% in the gastrointestinal
environment. Following this, our molecular docking study showed the ATPase inhibition
of P-gp by TPGS polymer, supporting enhanced GI absorption of MTX. The results above
confirm the success of encapsulation and release of MTX by PLGA-TPGS NPs. In Phase 2
of our study, an optimized 3D printable bio-ink was developed with the most accurate 3D
printing parameters for fabricating the SA-GL tablet-like matrices. Various combinations of
SA-GL bio-inks were tested to determine the most efficient combination for 3D printing.
The optimized 3D printing parameters with the highest printing accuracy value were
obtained from a bio-ink comprising 8% SA and 10% GL. In Phase 3, the incorporation
of PLGA-TPGS polymeric nanoparticles in alginate-gelatine hydrogels to form the oral
drug delivery system was successfully performed and characterized. The results also
indicated that the 3D printed hydrogel/nanocomposite system (including 15-sec pauses
between layers) was achieved using a 25 G needle with an inner diameter of 25 mm, the
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optimal printing pressure was 1400 kPa, and 95% printing accuracy. Ten sodium alginate-
gelatine nanoparticle formulations (oral drug delivery systems) were successfully printed
with an average weight of 606 mg ± 9 mg. TGA analysis indicated that sodium alginate-
gelatine nanoparticle formulations had a gradual loss of weight from 200 ◦C. Sodium
alginate-gelatine nanoparticle formulation in buffer pH 6.8 demonstrated sustained release
patterns while, at pH of 1.2, the drug showed an initial burst release in the first 60 min. This
is an indication of a possible high GI absorption to improve drug bioavailability at the
target site. Even though this study lacks an in vivo preclinical study, however, the effective
encapsulation of PLGA-TPGS polymeric nanoparticles into alginate-gelatine hydrogel
provides a good insight for future applications in controlled drug release systems.
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