Controlled Release of 5-Fluorouracil from Alginate Beads Encapsulated
in 3D Printed pH-Responsive Solid Dosage Forms
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Abstract.

Three-dimensional printing is being steadily deployed as manufacturing

technology for the development of personalized pharmaceutical dosage forms. In the present
study, we developed a hollow pH-responsive 3D printed tablet encapsulating drug loaded
non-coated and chitosan-coated alginate beads for the targeted colonic delivery of 5-
fluorouracil (5-FU). A mixture of Eudragit® L100-55 and Eudragit® S100 was fabricated by
means of hot-melt extrusion (HME) and the produced filaments were printed utilizing a
fused deposition modeling (FDM) 3D printer to form the pH-responsive layer of the tablet
with the rest comprising of a water-insoluble poly-lactic acid (PLA) layer. The filaments and
alginate particles were characterized for their physicochemical properties (thermogravimetric
analysis, differential scanning calorimetry, X-ray diffraction), their surface topography was
visualized by scanning electron microscopy and the filaments’ mechanical properties were
assessed by instrumented indentation testing and tensile testing. The optimized filament
formulation was 3D printed and the structural integrity of the hollow tablet in increasing pH
media (pH 1.2 to pH 7.4) was assessed by means of time-lapsed microfocus computed
tomography (uCT). In vitro release studies demonstrated controlled release of 5-FU from the
alginate beads encapsulated within the hollow pH-sensitive tablet matrix at pH values
corresponding to the colonic environment (pH 7.4). The present study highlights the
potential of additive manufacturing in fabricating controlled-release dosage forms rendering
them pertinent formulations for further in vivo evaluation.
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INTRODUCTION

The recent emergence of personalized medicine has
raised the demand for pharmaceutical formulations tailored
to meet specific patient needs. At the same time, the research
focus of the pharmaceutical industry has been directed on the
development of more sophisticated dosage forms to maxi-
mize therapeutic efficacy and eliminate side effects by
obviating time-consuming and expensive procedures. To this
end, 3D printing (additive manufacturing) has been found to
successfully meet these requirements. An array of different
techniques, namely powder bed printing (PBP), selective
laser sintering (SLS), stereolithography (SLA), inkjet print-
ing (IP) and fused deposition modeling (FDM), have been
previously explored for the development of pharmaceutical
formulations (1,2). Most of research work has focused on the
implementation of FDM 3D printing because it is a cost-
effective, time-saving and versatile method of creating
complex solid structures.



FDM technology has found numerous applications in the
development of 3D printed formulations that either incorpo-
rate the API within a polymer matrix (3-6) or encapsulate the
API or the API-loaded carriers in complex polymer struc-
tures (7,8). The second category exploits the ability of FDM
3D printing in developing objects with elaborate shapes,
cavities and compartments consisting of different polymers
with varying properties. As such, these formulations can be
used to modify the release characteristics of the drugs and
enable targeted drug delivery at desired sites of the gastro-
intestinal tract (GIT) (7).

Marine polysaccharides have been extensively utilized in
pharmaceutical and cosmetic applications due to their favor-
able properties, among which their biocompatibility and
biodegradability, cost-effectiveness and safety. They are
commonly extracted from plants such as algae (sodium
alginate) or animals such as crustaceans (chitosan). It has
been demonstrated that these biopolymers exhibit a pH-
dependent sensitivity as well as mucoadhesive properties,
constituting them pertinent candidates for site-specific oral
drug delivery applications. Alginate, a linear polysaccharide
composed of alternating blocks of g (1—4) linked D-
mannuronic acid and a (1 —4) linked L-guluronic acid
residues, is amenable to ionic crosslinking forming three-
dimensional networks that remain intact in the acidic gastric
environment and start to dissolve under neutral and alkaline
pH conditions (9). In this context, alginate has been
extensively evaluated for enhancing the therapeutic efficacy
of orally administered colon-specific drug delivery systems.

Several formulation approaches have been adopted
using chitosan/alginate carriers containing 5-fluorouracil (5-
FU) for local colonic delivery, enrolling microspheres (10—
12), microparticles (13-15), micelles (16), nanocomplexes
(17) and nanoflowers (18), in an attempt to control the
release profile of the active substances.

The aim of the present study was the development of a
pH-responsive 3D printed dosage form for the controlled
delivery of 5-FU at a pH corresponding to the colonic
environment, minimizing any release of the active at lower
pH values (pH 1.2 and pH 6.8) in an attempt to achieve
targeted drug delivery. Moreover, the formulation should
possess properties that make feasible its convenient and rapid
personalization by in situ modifying the drug content of each
dosage form batch. In that perspective, a hollow 3D printed
tablet was fabricated comprising of an insoluble upper poly-
lactic acid (PLA) matrix with its bottom part replaced by a
thin layer of a mixture of Eudragit® L100-55 and Eudragit®
S100 (polymethacrylates soluble above pH 5.5 and 7.0,
respectively). Polymethacrylates of different grades
(Eudragit® L100-55 (19), L100 (20), E (21), RL (8,22,23),
RS (22)) have been previously used as carriers in pharma-
ceutical applications of FDM 3D printing due to their
versatility and pH-responsive nature. Especially, Eudragit®
L100-55 has been employed in the manufacturing of FDM 3D
printed gastro-resistant tablets, by applying the enteric
coating via a second printer nozzle, as a continuous one-
stage procedure (19). Alginate beads loaded with 5-FU, a
chemotherapeutic API used in the treatment of colon cancer,
were introduced in the hollow 3D printed dosage form. The
objective of the study was to demonstrate that gradual
erosion of the Eudragit® layer in conditions simulating the

GIT transit of the dosage form could achieve colon-specific 5-
FU delivery from the alginate beads (24). Delivery of 5-FU in
the colon is desired in order to avoid off-target toxicity
against small intestinal epithelium and to reduce the risk of
myelosuppression induced by high API concentration in the
blood circulation, due to the fact that 5-FU absorption from
the colon is slower in comparison to the small intestine,
resulting in reduced Cy,,x and prolonged f;, API values
(25,26).

The developed pH-responsive 3D printed dosage form
can facilitate the simultaneous delivery of distinctive
multiparticulate dosage forms distributed within the interior
hollow matrix, the personalization of the administered drug
dose by adjusting the encapsulated particulate dosage forms,
while at the same time prevent dose dumping or release of
the drug at unwanted GI sites, due to possible defects in
certain spots of the formulation. Combination of the above
characteristics of multiparticulate dosage forms and the
manufacturing versatility of 3D printing demonstrate the
advantages of the presented formulation as a promising 5-
FU carrier for the treatment of colorectal cancer.

MATERIALS AND METHODS

Materials

Alginate acid sodium salt, low molecular weight chitosan
(MW 50,000-190,000 Da, 75-85% deacetylated), 5-FU and
triethyl citrate (TEC) were purchased from Sigma-Aldrich Co
Ltd (Germany). Calcium chloride was purchased from
FERAK (Berlin GmbH). Eudragit® L100-55 and S100 were
purchased from Evonik AG (Germany). PLA filament
(1.75 mm diameter, print temperature 180-220 °C, density
1.24 g/mL, RoHS compliant) was purchased from
FormFutura VOF (the Netherlands). All chemicals were of
analytical grade. Distilled water was used in all experimental
procedures.

Preparation of Plain and Chitosan-Coated Alginate Beads

Sodium alginate (2% w/v) and 5-FU were dissolved in
distilled water in a mass ratio of 2:1. The solution was injected
into 200 mM calcium chloride solution using a 40-mm-
diameter syringe. The syringe distance from the surface of
the calcium chloride solution was set at 5 cm and the stirring
speed of the solution at 100 rpm. After 20 min, the beads
were collected by filtration and washed with distilled water.
The beads were then dried at 37 °C for 3 days to ensure
complete removal of moisture. Chitosan-coated alginate
beads were prepared by submerging the freshly prepared
alginate beads in a 0.1% w/v or 0.5% w/v chitosan solution,
respectively, under mild magnetic stirring for 15 min. The
chitosan-coated beads were collected by filtration, washed
with distilled water, and further dried at 37 °C for 3 days.

For the determination of 5-FU loading in the alginate
beads, a specific quantity of the beads (1 mg) was added in
10 mL of citric acid and allowed to stir for 2 h. The solution
was centrifuged for 15 min at 4500 rpm, syringed filtered
and 5-FU quantification was performed with UV-
spectrophotometry at 266 nm.



Preparation of Eudragit®-Based Filament by HME

Different combinations of Eudragit® L.100-55/S100 and
plasticizer (TEC) (Table I) were blended and fed into a
single-screw extruder (Filabot Original®, Filabot Inc., VT,
USA). The extruder was operated at 35 rpm and the mixtures
were extruded at 150 °C (except from F1 extruded at 165 °C)
through a 1.5-mm nozzle. A 1:4 ratio of TEC:Eudragit®
L100-55 was employed in order to decrease T, of the polymer
and facilitate extrusion (27). Higher TEC percentage and
HME temperature were required when increasing Eudragit ®
S100 content, as that type of polymethacrylate exhibits
increased T, value (173 °C) compared to Eudragit® L100-
55 (111 °C) (28).

3D Printing of pH-Responsive Dosage Forms

3D printed dosage forms were designed using
AutoCAD® 2016 (Autodesk Inc., USA) and exported as
stl files to Makerware ® software version 3.9.2 (MakerBot
Inc., USA), (Fig. la, b). The preferred design was flat
cylindrical with smoothed edges consisting of two layers, an
upper water-insoluble PLA layer and a lower Eudragit-based
layer.

The dimensions of the 3D printed dosage forms were
calculated considering the need for adequate space for beads’
hosting inside them. Infill was arbitrary set to 30%, three
shells were employed to ensure lateral impermeability of the
dosage form and diameter was set to be 1.5 cm. The desired
height (/) of the empty internal region of the formulation was
calculated to be 3 mm (V =nr’h). An additional 1.2 mm of
solid PLA roof was added to increase the weight of the pill to
ensure sinking of the solid dosage form in the medium.

Minimum effective thickness of enteric coatings
employed in traditional coating methods ranges between 30
pum and 100 pum (29). Nevertheless, FDM-created layers
present a significantly different behavior compared to these
traditionally created coating layers, demanding increased
layer thickness in order to ensure limited water permeability
at undesired pH values (19). Therefore, 200 um was chosen as
the thickness of the Eudragit®-based layer (Fig. 1f) and the
final height of the formulation was 4.4 mm (1.2 mm solid
roof +3 mm cell compartment+0.2 mm bottom gastro-
resistant layer).

It should be mentioned that MakerBot ® software allows
only one infill value for both nozzles. Moreover, upper PLA
layer should be constructed without floor to allow release of
the beads after the dissolution of the Eudragit® layer. To

Table I. Composition (% w/w) of the gastro-resistant filament
formulations

Formulation Eudragit® L100-55 Eudragit® S100 TEC
F1 78 0 22
F2 73 5 22
F3 68 10 22
F4 50 25 25
F5 0 65 35

overcome these problems, infill was set to 30%, whereas floor
thickness and roof thickness settings were adjusted to 0 (to
eliminate upper PLA compartment floor) and 1.2 mm (a
value higher than Eudragit® layer thickness to ensure its
printing), respectively.

Printing was performed in a MakerBot Replicator ® 2X
3D printer (MakerBot Inc., NY, USA), using the first nozzle
for printing Eudragit®-based lower layer and the second
nozzle for printing the PLA upper layer. The following
settings were employed: (i) Eudragit®-based layer printing
nozzle: Tpin =182 °C; (ii) PLA layer printing nozzle: Tpin =
215 °C and (iii) General: printing speed =20 mm/s, first layer
printing speed =7 mm/s, travel speed = 150 mm/s, Tpjaiform =
115 °C, infill density =30%, infill pattern = diamond, layer
height = 0.2 mm, number of shells =3, floor thickness =0 mm,
roof thickness = 1.2 mm.

Raft and purging walls options were deactivated. To
facilitate 3D printing, the following modifications were
employed: (i) building plate was covered with Blue painter’s
tape (3M, MI, USA) to ensure proper adhesion of the
Eudragit ®-based lower layer to the printing surface and (ii)
printhead’s feeding barrel was lubricated using TEC (Sigma-
Aldrich, MI, USA—technical grade, 90%), approximately
every ten printings, in order to avoid jamming, caused by
high friction between Eudragit®-based filament and barrel
walls.

To achieve loading of 5-FU alginate beads into the
formulation, printing was paused before completion (30%
infill), beads were evenly distributed into the hollow part of
the PLA compartment and printing was resumed to complete
the construction of the rest of the PLA compartment (roof
with 100% infill). The diameter and thickness of the 3D
printed formulations (Fig. lc—e) were measured using an
electronic caliper.

Scanning Electron Microscopy Studies

The morphological features of the extruded filaments,
the 3D printed tablets and the alginate beads were assessed
using a Zeiss SUPRA 35VP SEM microscope. Specimens
were mounted on metallic sample stands using conductive
adhesive tape (PELCO Image Tabs) and gold sputtered
under high vacuum (~5x107> mbar) using an Emitech
K550X DC sputtering unit (Emitech Ltd. Ashford, Kent,
UK). The mean particle size was expressed as the mean
diameter of 100 beads calculated from the SEM photos using
the software Image Tool.

Physicochemical Characterizations

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using
a TGA Q500 (TA instruments Ltd.) apparatus with a heating
rate of 10 °C/min from 40 °C to 800 °C in air atmosphere.

Differential Scanning Calorimetry

The thermal behavior of the samples was analyzed on a
204 F1 Phoenix DSC apparatus (Netsch GmBH, Germany).
Five milligrams of the samples were sealed in aluminum pans



Fig. 1. Stereolithography images of the a inner and b outer structure of the dosage form. ¢
Top, d bottom, e side images of the 3D printed dosage form and f 3D printed Eudragit ®-
based monolayer image

with perforated lids and their differential scanning calorime-
try (DSC) profiles were acquired from 30 °C to 350 °C at a
heating rate of 10 °C/min under a nitrogen purge of 70 mL/
min. The software used for DSC measurements was Proteus
ver. 5.2.1 (Netsch GmBH, Germany).

X-ray Powder Diffraction

Sample crystallinity was evaluated using a powder X-ray
diffractometer (D8-Advance, Bruker, Germany) with Ni-
filtered CuKal radiation (1=0.154059 nm), operated at
40 kV and 40 mA. Samples were scanned from 5° to 50° at
a step of 0.02° and a scan speed of 0.35 s/step.

Mechanical Tests

Instrumented Indentation Testing. The mechanical prop-
erties of the PLA and the developed filament formulations
were evaluated using instrumented indentation testing (IIT).
Instrumented indentation is a powerful technique enabling
local variations in modulus to be measured (30-32). Indenta-
tions were conducted on a dynamic ultra-micro-hardness
tester (DUH-211; Shimadzu Co., Kyoto, Japan) fitted with a
triangular pyramid indenter tip (Berkovich indenter). Ten
force-indentation depth curves were recorded for each
specimen using 208 mN maximum load, 3 s dwell time to a
depth of around 6-11 pm depending on the testing material.

Tensile Tests. Tensile tests were performed at room
temperature (23 °C) on a Testometric (UK) universal testing
machine equipped with a 50 kN load cell at a constant
crosshead speed of 0.5 mm/min. The modulus was calculated
within the linear part of the stress-strain curves. All presented
data correspond to the average of at least four measurements.

Swelling Studies

Swelling studies of the non-coated and the chitosan-
coated alginate dried beads were performed in simulated
gastric fluid pH 1.2 (SGF; NaCl 2 g/L, 80 mL 1 M HCI/L),
simulated intestinal fluid pH 6.8 (SIF; KH,PO, 6.805 g/L,
NaOH 0.896 g/L) and phosphate-buffered saline pH 7.4
(PBS; KCI 0.2 g/L, K,HPO,4 0.24 g/L, NaCl 8 g/L, Na,HPO,
3.63 g/L) at 37 °C under magnetic stirring. A specified
number of beads were periodically removed, blotted gently
on filter paper to remove excess water, and weighed. Water
uptake (%) was calculated according to Eq. (1).

Water uptake(%) = Ws—Wo/Wo x 100 (1)

where Ws is the weight of the beads in the swollen state and
Wo is the initial weight of the dried beads.



Water uptake study of the non-coated alginate beads in
phosphate buffer pH 7.4 was terminated after 90 min because
of the disintegration of the system, attributed to the ion
exchange reaction between Na® (present in the phosphate
buffer) and Ca?" linked to the carboxylic groups of alginate.

In Vitro Release Studies

The in vitro release of 5-FU from the non-coated and
chitosan-coated alginate beads was performed in SGF pH 1.2,
SIF pH 6.8 and PBS pH 7.4. A specified amount of dried non-
coated and chitosan-coated alginate beads (ranging from 5
mg to 10 mg) of equivalent 5-FU content was added in 20 mL
of each release medium at 37 °C in an orbital shaking water
bath. At predetermined time intervals, samples (3 mL) were
withdrawn and replaced with an equal volume of the
corresponding prewarmed buffer solution. Samples were
syringe filtered and the concentration of 5-FU was quantified
with UV spectroscopy at 266 nm.

The in vitro release of 5-FU from the 3D printed tablets
containing the non-coated or the chitosan-coated alginate
beads was performed in conical flasks in 100 mL of release
medium at 37 °C in an orbital shaking water bath. The pH of
medium was gradually increased; during the first 2 h, release
study was conducted in SGF pH 1.2, during the next 2 h in
SIF pH 6.8 and till the end of the experiment in PBS pH 7.4.
At predetermined time intervals, samples (I mL) were
withdrawn and replaced with an equal volume of the
corresponding prewarmed buffer solution.

Time-Lapsed X-ray Microfocus Computed Tomography

Time-lapsed X-ray microfocus computed tomography
(LCT) was used to assess the alginate bead swelling and the
dissolution behavior of the printed dosage forms during
consequent exposure in media that simulated exposure to
gastrointestinal environment. The volumetric imaging was
conducted on a 3D printed dosage form containing non-
chitosan-coated alginate beads and comprised of four uCT
scans as outlined below:

Scan 1: native state (dry); Scan 2: imaging after a 2 h
exposure in SGF (pH 1.2); Scan 3: imaging after a 2 h
exposure in SIF (pH 6.8); Scan 4: imaging after a 5 h exposure
in PBS (pH 7.4).

puCT imaging was performed using a Nikon’s Med-X
prototype pCT scanner (33) at 80 kVp/212 pA using a
molybdenum (Mo) target and no beam pre-filtration. The
scanner is equipped with a 2000 x 2000 pixel detector and the
source-to-detector and source-to-object distances were 992.02
and 49.57 mm respectively, resulting in a voxel size of
0.010 mm?>. In all cases, the sample was placed on a plastic
post and a total of 2001 radiographs were collected with an
angular step of 0.143 degrees over a 360-degree rotation of
the sample. Following the acquisition, the raw data were
reconstructed using Nikon’s reconstruction software (CT Pro
3D; v5.1.6407.25107), which uses a filtered back projection
algorithm and exported as 32-bit .raw volumes. The 32-bit
volumes were flowingly imported into Fiji/lmageJ (34) where
a 3D (2 x2 x 2 pixels) median filter was used to reduce noise
and a mild (o blur radius =2) unsharp mask was applied to

enhance the edges after denoising. Finally, Volume Graphics
VGStudioMAX was used for visualization.

Statistical Analysis

Data were analyzed using Student’s ¢ test. Significance
level was set at p <0.05.

RESULTS AND DISCUSSION

HME Procedure

HME of filaments containing Eudragit® 1.100-55 (F1-
F4) was conducted at 150 °C. Relatively elevated temperature
was necessary due to the high T, of the material, even when
high amounts of plasticizer (22-25%) were employed. Rising
HME temperature at 160 °C resulted in color change of the
filament (from yellow/white to orange/brown) indicating
material degradation. Filament consisting only of Eudragit®
S100 required not only excessive amount of plasticizer (35%)
but also higher temperatures (165 °C) for successful extru-
sion. No filament discoloration was observed at that temper-
ature for F5. Filament pieces with acceptable diameter
variation (1.75 +0.07 mm) were selected and stored in sealed
plastic bags.

Printing Procedure

Different filament formulations (F1-F5) were printable
at 182 °C. Filaments deriving from F1, F2 and F3 (containing
high Eudragit® 1.100-55 percentage) were found to be brittle
and unsuitable for reproducible 3D printing when TEC was
used in a final concentration of 20% or less, whereas addition
of >25% of the plasticizer resulted in soft filament that
deformed from the stress induced by the loading gears of the
printhead, resulting in printing failure. Therefore, 22% TEC
was chosen as the most suitable TEC percentage. Elevated
printing bed temperatures (above 110 °C) and low printing
speed (< 10 mm/s) were necessary to achieve proper adhesion
of the printing material onto the printing surface. PLA
showed good adhesion onto the Eudragit®-based layer.
Incorporation of higher percentages of Eudragit® S100
improved gradually the printing performance. This behavior
could be explained by the fact that adding components with
higher T}, has shown to improve solidification of 3D printed
structures (21) (raw Eudragit® S100 has a ~60 °C higher
melting point compared to Eudragit® L100-55 (28)).

Moreover, construction of monolayers with sufficient
fusion between polymeric strands was feasible only for the
first layer (probably attributed to the heated bed and the
absolute smoothness of the underlying surface). On the
contrary, lateral or top surfaces require at least three layers
of standard thickness (or >0.52 mm) material to become
water impermeable (19). Therefore, constructing the dosage
form with Eudragit®-based walls of different thicknesses
could result in irregular or biphasic dissolution patterns,
attributed to the water intrusion at varying times from
different sides of the formulation. Consequently, two-layered
manufacturing approach for our dosage form was chosen to
achieve one-directional erosion of the polymethacrylate layer.



SEM Analysis

The morphological properties of the dry alginate beads
(non-coated, chitosan-coated) were examined using SEM
analysis. All particles demonstrated a spherical shape and a
solid internal structure as shown in Fig. 2. Chitosan-coated
alginate beads (Fig. 2c, ¢) demonstrated a smoother surface
topography compared to uncoated alginate beads (13).
Alterations in the textural properties of alginate beads upon
chitosan coating have been previously demonstrated and
justified by the interactions developed between alginate and
the polyelectrolyte (35). The non-coated alginate beads
demonstrated a larger size (1.01 £0.11 mm) (¢ test, p <0.05)
compared to the 0.1% w/v (0.92 +0.12 mm) and the 0.5% w/v
(0.83 £0.09 mm) chitosan-coated alginate beads. Chitosan
coating induced a slight shrinkage of the alginate beads, due
to the formation of a closed network between alginic acid and
chitosan, as previously reported (35). The presence of 5-FU

s 32008
EVOMA 10

Fig. 2. SEM images of a 5-FU alginate beads, ¢ 5-FU alginate beads
coated with 0.1% w/v chitosan, e 5-FU alginate beads coated with
0.5% wi/v chitosan and b, d, f their corresponding cross sections, g
Eudragit®-based filament lateral view, h Eudragit®-based filament
cross section, i 3D printed dosage form bottom view, j 3D printed
dosage form PLA-Eudragit® contact point (bottom-lateral view)

did not significantly affect (¢ test, p >0.05) the particle size
which followed the same trend as the non-coated and
chitosan-coated alginate beads (Fig. 3).

SEM images of the produced F3 Eudragit®-based
filaments are shown in Fig. 2g, h and reveal the smooth
external surface and the solid, homogenous and compact
internal structure of the produced filaments. Complete fusion
between the 3D printed polymeric strands (Fig. 2i) resulted in
the creation of an impermeable to water, smooth first
Eudragit®-based layer, where no pores and gaps were
observed. Additionally, an excellent adhesion between the
first Eudragit®-based layer and the overlying PLA layers
ensured proper sealing of the hollow dosage form, as depicted
in Fig. 2j.

Determination of 5-FU Loading of Alginate Beads

The ionic gelation method was used for the preparation
of the 5-FU-loaded alginate beads. The drug loading of the
non-coated alginate beads was calculated to be 2.04 +0.37%,
compared to the 0.54 +0.28% and 0.53 +0.27% for the 0.1%
w/v and 0.5% w/v chitosan-coated alginate beads, respec-
tively. The relatively low loading efficiency of low molecular
weight drugs within the alginate beads accounts for the fast
drug diffusion in the preparation medium, with the effect
being more pronounced for the chitosan-coated formulations
(13).

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was employed to
determine the water content and polymer stability upon
heating. The TGA thermograms of the raw materials and
the alginate bead formulations are shown in Fig. 4a. The first
stage of weight loss is attributed to water evaporation and
appears in the range between 40 °C and 180 °C for all
alginate bead formulations, with all formulation types pre-
senting ca. 10% of water content. The weight loss of chitosan-
coated alginate beads increased with increasing chitosan
content from 0.1% w/v to 0.5% w/v, verifying the successful
polyelectrolyte coating on the bead surface (36).
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The TGA thermograms of Eudragit® S100 and
Eudragit® L100-55 demonstrated 0.4% and 1.5% weight
loss, respectively, at the temperature range between 40 and
100 °C, attributed to water evaporation as shown in Fig. 4b
(28). At the same temperature range, the physical mixture of
the compounds showed a 1.7% water loss, whereas HME
filament and 3D printed Eudragit®-based layer presented
04% and 0.9% water loss, respectively, probably due to
evaporation of a fraction of the contained water during HME
and printing procedures. Percent weight loss for both
Eudragit® S100 and Eudragit® L100-55 at temperatures
above 160 °C was attributed to polymer degradation (28).
The mass loss (3-5%) observed between 100 °C and 185 °C
for the physical mixture, Eudragit®-based filament and 3D
printed layer can be possibly attributed to TEC evaporation
(19). Despite the fact that printing temperature is slightly
higher (182 °C) than these temperatures, very short filament
residence time inside the printhead does not appear to induce
noticeable degradation of the polymers (19,22). This could be
verified by the fact that no discoloration of the Eudragit®-
based layer was observed, distinctive broad Eudragit® XRD
halo peaks were still present in the printed Eudragit®-based

layer and printed Eudragit® retained its pH-responsive
nature, as verified by dissolution tests. PLA filament shows
no noticeable mass loss till printing temperature (215 °C).

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) thermo-
grams of all samples are demonstrated in Fig. 5. Pure
Eudragit® S100, Eudragit® L100-55 and F3 physical mixture
exhibited a broad endotherm at the temperature range
between 50 and 100 °C, attributed to water evaporation.
Eudragit® S100 and Eudragit® L100-55 showed an endo-
thermic peak at 218 and 203 °C, respectively (37,38). For F3
Eudragit®-based filament, a broad decomposition endotherm
was observed at 217 °C. PLA showed a minor glass transition
at 59 °C, followed by cold crystallization at 107 °C and a
melting endothermic peak at 149 °C (39).

X-ray Powder Diffraction

The X-ray diffractograms of the raw materials and the
non-coated and chitosan-coated alginate beads are shown in
Fig. 6a. The X-ray powder diffraction (XRD) spectrum of 5-
FU shows the characteristic diffraction peak of the crystalline
drug at 28.26° (40). The halo pattern in the diffractogram of
chitosan (13°, 19.8°) (41) is indicative of its semi-crystalline
nature (42), while the absence of diffraction peaks in the
pattern of sodium alginate is indicative of its amorphous
nature. No characteristic peaks of crystalline 5-FU were
detected in the diffractograms of the alginate bead formula-
tions, suggesting either the presence of the drug in an
amorphous state or a drug concentration below the detection
limit of the instrument.

The XRD patterns of Eudragit® S100 and Eudragit®
L100-55 displayed broad double or single halos, respectively
(13.8°, 30.5° for S100 (43) and 13.8° for L100-55 (27)) which
are characteristic of the amorphous nature of the polymers
(Fig. 6b). The same amorphous pattern was also observed in
the physical mixtures, the HME filament and the 3D printed
bottom layer of the dosage form.
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Mechanical Tests

The force-depth curves from the loading-unloading
indentation measurements of filaments with PLA and the
five different formulations are shown in Fig. 7. The indenta-
tion force-penetration depth curves for all materials evalu-
ated indicated creep phenomenon of the specimen at the
peak force of 208 mN. There were no significant differences
in creep behavior among the samples, while no discontinuities
or steps were found on the loading curves, suggesting that no
cracks were formed during indentation. The indentation
depths at the peak load ranged approximately between 6.5
and 11.5 pm. As the weight percentage of Eudragit® 1.100-55
decreased, slightly higher indentation depths were observed.
F4 (25 wt% TEC) showed the highest indentation depth and
higher plastic work done as revealed by the increased area
enclosed between the loading and unloading curve. In
contrary, a similar softening behavior was not observed for
F5 despite the addition of 35% w/w TEC. The combination of
a high Eudragit® S100 percentage (65% w/w) and 0% w/w
Eudragit® L100-55 leads to low indentation depth and small
plastic work done.
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Fig. 7. Typical force-depth curves of PLA and the five different
filament formulations

The hardness values though demonstrated a minor
decreasing trend as Eudragit® L.100-55 weight percentage
decreased and Eudragit® S100 increased (Fig. 8a). The
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increase of TEC content from 22% to 25% w/w for F4
induced a significant decrease (¢ test, p <0.05) in the elastic
modulus and the hardness to 1323 and 82 MPa, respectively.
Further increase of TEC content to 35% w/w, absence of
Eudragit® L100-55 and a significant increase in Eudragit®
S100 content to 65% w/w in F5 altered the mechanical
response of the material, as the elastic modulus increased
achieving values similar to those of the PLA material. The
indentation moduli for F1, F2 and F3 were almost the same
(ca. 2500 MPa) as shown in Fig. 8b.

Generally, an increase in hardness renders filaments less
prone to localized damage that could lead to premature
fracture by the feeding gears inside the printhead and
therefore increases their printability. Additionally, a reduc-
tion in elastic modulus indicates an overall reduction of
filament stiffness. Reduced filament stiffness is beneficial for
the purpose of printability, since it allows the filament to be
deformed easily without breakage. As a result, we can
consider that the printability of filaments can be represented
by the ratio Printability = Elastic modulus/Hardness. Such
equation shows that the lower values indicate hard and elastic

filaments with increased printability. In our case, the above
ratio varied between 20.1 (F3) and 10 (F5), and taking into
consideration the fact that all filament types were printable,
we can assume that filaments exhibiting values lower than 20
are printable. It is also evident that filament deriving from F5
exhibited better printability in comparison to the marketed
PLA filament. The above is considered valid at the region of
the elasticity and hardness values measured in the study
(materials exhibiting extreme hardness or elasticity values
cannot be evaluated likewise).

To assess the mechanical strength of the 3D printed
materials, a typical tensile test was performed with 3D printed
specimen dimensions as shown in Fig. 9. In the same figure, a
PLA 3D printed specimen is compared with a 3D printed
specimen made from F3 filament using low-magnification
optical microscopy. The conditions of 3D printing were the
same as those used to 3D print the dosage forms. Three shells
and four 3D printed layers were utilized. There is a marked
difference of stress-strain curves under tension between PLA
and F3. The PLA tensile specimen, following yielding, has
shown detachment of the shells with maximum strength of
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Fig. 9. Typical tensile stress-strain curves with specimen dimensions and optical

microscope images of PLA and F3 specimens



28 MPa at a strain value of 0.04, until ultimately failure at
much lower stress values. The tensile specimens made from
F3 filaments did not show any shell separation following
yielding with maximum strength of 15 MPa at a strain value
of 0.04, until ultimately failure at a slightly higher strain level
compared to PLA. The modulus was measured to be
1512 MPa for PLA and 0.679 MPa for F3.

Swelling Studies

The swelling profiles of the non-coated and chitosan-
coated dry alginate beads in SGF pH 1.2, SIF pH 6.8 and PBS
pH 7.4 are shown in Fig. 10. In acidic conditions (Fig. 10a),
negligible weight changes were observed for all alginate bead
formulations. At pH 1.2, the carboxylic groups of alginate
remain protonated forming a tight polymeric network, thus
hindering water uptake and swelling of the non-coated
alginate beads. Chitosan-coated alginate beads (0.1% w/v)
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alginate beads in a SGF pH 1.2, b SIF pH 6.8 and ¢ PBS pH 7.4. Data
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experiments

showed a minor weight increase possibly attributed to the
polyelectrolyte solubility in acidic media (44).

In conditions simulating the intestinal environment (pH
6.8), non-coated alginate beads demonstrated a swelling
increment. This phenomenon is attributed to the repulsive
forces developed between the ionized carboxylic groups of
the alginate, which in turn result in a loosening of the
polymer structure, favoring water absorption. Interestingly,
the swelling degree of both chitosan-coated alginate bead
formulations (0.1% w/v and 0.5% w/v) also exhibited a
significant increase. At pH values above 6.0, deprotonation
of the amino groups of chitosan occurs, resulting in dissoci-
ation of the ionic complex interactions between alginate and
chitosan (14). For all alginate bead formulations, water
uptake occurred till 90 min, with the swelling degree
decreasing thereafter, because of the bead disintegration in
the medium as a result of calcium ion exchange with sodium
ions of the medium (45).

Similar observations were made for the swelling behavior
of alginate bead formulations at pH 7.4. Non-coated alginate
beads fully disintegrate after 90 min, whereas 0.1% w/v and
0.5% w/v coated alginate beads retain their stability until 180
and 150 min, respectively. The higher chitosan content in the
beads resulted in a lower swelling degree, possibly attributed to
the higher crosslinking density and the lower macromolecular
chain mobility, as previously reported (46).

In Vitro Release of 5-FU from Alginate Beads and 3D
Printed Dosage Forms Loaded with Alginate Beads

Release studies were conducted in SGF pH 1.2, SIF pH
6.8 and PBS pH 7.4 at 37 °C in an orbital shaking water bath.
The release profiles of 5-FU from the non-coated and
chitosan-coated dry alginate beads are shown in Fig. 11. A
burst release effect of 5-FU from both non-coated and
chitosan-coated alginate beads was observed within the first
15 min in all media, possibly due to the presence of the drug
on the surface of the beads (35) (Fig. 11a—c). This effect was
more pronounced for the non-coated alginate beads which
also demonstrated a higher rate of 5-FU release in all media
(¢ test, p <0.05), as opposed to the chitosan-coated alginate
beads.

It has been previously demonstrated that the interaction
of -NH; groups of chitosan with the —-COOH of alginic acid
results in the formation of a complex mesh structure inducing
a slight retardation of the diffusion rate of 5-FU from the
polymer matrix. Similar results on the effect of chitosan
coating on the rate of 5-FU release from alginate beads have
been previously generated by Yu et al. (13).

3D printed dosage forms deriving from F4 and F5
(containing 25% w/w and 65% w/w Eudragit® S100, respec-
tively) did not show any drug release during the experimental
time course, as their polymethacrylate surface did not erode
completely (no lesions observed). On the contrary, 3D
printed dosage forms with filaments corresponding to F1
and F2 (containing 0% w/w and 5% w/w Eudragit® S100,
respectively) eroded very fast, releasing their content prema-
turely [50% release after ca. 180 min for F1 and ca. 270 min
for F2 (results not shown)] (47).

In vitro release studies of 5-FU from the F3 3D printed
dosage forms containing the non-coated and chitosan-coated
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alginate beads are shown in Fig. 11d. Similar release profiles
were recorded for all formulations over the first 120 min of
their residence at pH 7.4, with approximately 40% of the
incorporated drug being released. Observations over 9 h
revealed distinct differences in 5-FU release profiles. Under
the adopted experimental protocol, solid dosage forms
containing the non-coated alginate beads showed 100% drug
release, whereas corresponding drug release for the chitosan-
coated beads was of the order of 80% at the same timescale.
Generally, non-coated alginate beads show a faster 5-FU
release from the 3D printed dosage forms, although differ-
ences were not statistically significant (¢ test, p>0.05).
Differences become significant at the end of the release tests
(after 8 h), where non-coated alginate beads still present high
drug release, whereas chitosan-coated beads appear to have
reached a plateau.

These results indicate that the erosion of Eudragit®-
based layer enables the release of 5-FU in a controlled
manner, after subsequent beads’ wetting. Any deviations
observed in 5-FU release can be attributed to deviations in
custom-made filament diameter, which might have resulted
in dosage forms with slightly different Eudragit®-based
layer thickness.

Time-Lapsed X-ray Microfocus Computed Tomography

The results of the time-lapsed microfocus computed
tomography (uCT) imaging are summarized in Fig. 12. Top
row shows Sum along the Rays renderings of the printed
dosage form at its initial (dry) state, and after its exposure to
different media, while bottom row shows Sum along the Rays
renderings through the Eudragit ® layer only, before and after
the 9 h exposure of the pill to the various solutions.

Sum along the Rays rendering casts one ray per display
pixel into the dataset and renders the cumulative intensity
(sum of grey values) of all voxels (3D pixel) along that pixel-
defined line. The higher the integrated opacity of these voxels
is along a given ray, the brighter the corresponding pixel in
the rendered image. In simple terms, Sum along the Rays can
be interpreted as an “inverse virtual radiograph” of the
specimen along the axis that is normal to the screen/paper.
This representation enables qualitative 2D mapping of the
attenuation measured over the whole thickness of the
specimen, providing an overview of the specimen’s
morphology.

The Sum along the Rays renderings through the whole
printed dosage form (Fig. 12—top row) revealed that the
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beads in scan 2 appear comparable in density (brightness),
size and shape to their initial/dry state shown in scan 1. No
swelling of the alginate beads was observed after the initial 2-
h exposure in SGF. Upon consequent exposure to SIF for 2 h,
the beads appeared enlarged and started losing their shape,
which implies that swelling possess is initiated, possibly due to
slow intrusion of the dissolution medium inside the matrix.
After the final 5-h exposure in PBS, most of the alginate
beads appear to have escaped the printed container, and the
remaining one appears completely collapsed. The fact that
these remaining beads in scan 4 appear darker than the beads
in scans 1, 2 and 3 implies that these are thin alginate residual
layers, rather than well-formed particles.

The bottom row in Fig. 12 focuses on the thin Eudragit®
layer and shows Sum along the Rays renderings of it before
and after the 9-h exposure of the dosage form to the various
solutions. These images show that by the end of the fifth hour
in PBS, the Eudragit® layer is completely dissolved and the
cells that contained the alginate beads are now fully open,
having released almost all the containing beads.

It should be noted that the initial swelling of the beads in
the SIF is not caused by rapid intrusion of dissolution medium
inside the matrix, rather than by slow capillary flow of a small
quantity of dissolution medium, that causes an initial swelling
and transforms beads to gel-like masses. Dissolution tests
showed that 5-FU was not leaking towards the dissolution
medium before the complete erosion of the bottom
Eudragit ®-based layer. A possible explanation for this
behavior is that the diffusion of 5-FU through these gel-like
masses is very slow and also diffusion through the still intact
Eudragit ®-based layer is hindered by the fact that both 5-FU

and Eudragit® are predominantly negatively charged at
neutral pH, so repulsion between them prevents the diffusion
of 5-FU towards the dissolution medium.

CONCLUSIONS

In the present study, we demonstrated the feasibility of
fabricating a pH-responsive dosage form by means of FDM
3D printing for the site-specific delivery of the cytostatic 5-
FU for colon cancer treatment. The formulation comprised
of an insoluble PLA upper compartment and a thin bottom
layer consisting of a mixture of polymethacrylates with pH-
dependent solubility. In vitro release studies showed that
the formulation can efficiently deliver 5-FU-loaded alginate
beads at pH values corresponding to the colonic environ-
ment, whereas the pH-responsive design of the dosage form
might minimize the impact of potential manufacturing
defects, reducing the possibility of dose dumping. Release
of the API from the beads was rapid and consistent,
whereas pH-dependent dissolution of the protective
polymethacrylate barrier might enable colon-specific drug
delivery with minimal deviations. Combining the above with
the ability of 3D printing to easily create personalized
medicines by adjusting the dose of the incorporated API’s,
the aforementioned dosage forms merit further
investigation.
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