Journal Pre-proofs

3D printed pH-responsive tablets containing N-acetylglucosamine-loaded

methylcellulose hydrogel for colon drug delivery applications

Maryam Asadi, Zeinab Salehi, Mohammad Akrami, Mohammadreza

Hosseinpour, Stefan Jockenhdvel, Samaneh Ghazanfari

PII:
DOI:
Reference:

To appear in:

Received Date:

Revised Date:

Accepted Date:

Please cite this article as: M. Asadi, Z. Salehi, M. Akrami, M. Hosseinpour, S. Jockenhovel, S. Ghazanfari, 3D
printed pH-responsive tablets containing N-acetylglucosamine-loaded methylcellulose hydrogel for colon drug
delivery applications, International Journal of Pharmaceutics (2023), doi: https://doi.org/10.1016/].ijpharm.

2023.123366

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors

S0378-5173(23)00787-1
https://doi.org/10.1016/j.ijpharm.2023.123366
1JP 123366

International Journal of Pharmaceutics

12 May 2023
31 August 2023
1 September 2023

ISSN 0378:5173

PHARMACEUTICS

©

may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier B.V.



https://doi.org/10.1016/j.ijpharm.2023.123366
https://doi.org/10.1016/j.ijpharm.2023.123366
https://doi.org/10.1016/j.ijpharm.2023.123366

3D printed pH-responsive tablets containing N-acetylglucosamine-loaded
methylcellulose hydrogel for colon drug delivery applications

Maryam Asadi ', Zeinab Salehi ', Mohammad Akrami 2, Mohammadreza Hosseinpour 3,
Stefan Jockenhodvel 47, and Samaneh Ghazanfari 4 *

I Department of Biochemical and Pharmaceutical Engineering, School of Chemical Engineering, College of
Engineering, University of Tehran, Tehran, Iran

2 Department of Pharmaceutics, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran

3 Research and Development Department, Naya Life Sciences d.o.0., the Netherlands

4Aachen-Maastricht Institute for Biobased Materials, Faculty of Science and Engineering, Maastricht
University, the Netherlands

3> Department of Biohybrid & Medical Textiles (BioTex), AME-Helmholtz Institute for Biomedical Engineering,
RWTH Aachen University, Forckenbeckstrabe 55, 52072 Aachen, Germany

Corresponding authors:

Samaneh Ghazanfari

Faculty of Science and Engineering, Aachen-Maastricht Institute for Biobased Materials (AMIBM),
Maastricht University, Urmonderbaan 22, 6167 RD, Geleen, The Netherlands

Department of Biohybrid and Medical Textiles (BioTex), AME-Helmholtz Institute for Biomedical
Engineering, RWTH Aachen University, Forckenbeckstrabe 55, 52072, Aachen, Germany
Samaneh.ghazanfari@maastrichtuniveristy.nl

Zeinab Salehy

Department of Biochemical and Pharmaceutical Engineering, School of Chemical Engineering,
College of Engineering, University of Tehran, Tehran, Iran

zsalehy(@ut.ac.ir

Abstract

The pH-responsive drug release approach in combination with three-dimensional (3D)
printing for colon-specific oral drug administration can address the limitations of current
treatments such as orally administered solid tablets. Such existing treatments fail to
effectively deliver the right drug dosage to the colon. In order to achieve targeted drug
release profiles, this work aimed at designing and producing 3D printed tablet shells using
Eudragit® FS100 and polylactic acid (PLA) where the core was filled with 100 uL of N-
acetylglucosamine (GlcNAc)-loaded methyl cellulose (MC) hydrogel. To meet the
requirements of such tablets, the effects of polymer blending ratios and MC concentrations
on physical, thermal, and material properties of various components of the tablets and most
importantly in vitro drug release kinetics were investigated. The tablets with 80/20 weight
percentage of Eudragit® FS100/PLA and the drug-loaded hydrogel with 30 mg/ml GlcNAc
and 3% w/v MC showed the most promising results having the best printability,
processability, and drug release kinetics besides being non-cytotoxic. Manufacturing of these
tablets will be the first milestone in shifting from the conventional “one size fits all” approach
to personalized medicine where different dosages and various combinations of drugs can be
effectively delivered to the inflammation site.

Keywords: 3D printing, colon drug delivery, pH-responsive polymer, controlled release,
personalized medicine.

1. Introduction
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In the past few decades, targeted drug delivery to the colonic region of the gastrointestinal
tract has drawn a lot of interest. The desire for more effective treatment of local illnesses of
the colon, such as inflammatory bowel disease (IBD) including ulcerative colitis (UC) and
Crohn’s disease (CD), has sparked research interest in this field (Awad et al., 2022;
McCoubrey et al., 2023; Moutaharrik et al., 2021a). IBD of the rectum and sigmoid colon is a
frequent condition that usually starts at the rectum and progresses to the left colon before
affecting the entire colon and the cecum (Cai et al., 2021). IBD is becoming more widespread
worldwide, and since it is still incurable, it has a significant negative impact on patient's
quality of life (Dias et al., 2018; Qu et al., 2021). Amino salicylates, antibiotics,
corticosteroids, immunomodulators, and biological components are frequently used in the
management of IBD. Corticosteroids are frequently used for acute IBD; however, due to their
absorption along the upper gastrointestinal tract, contemporary corticosteroid medicines still
generate unfavorable systemic side effects (Qu et al., 2021). It is generally recognized that
using glucocorticoids to treat IBD can cause steroid dependence, hyperglycemia, glaucoma,
cataracts, skin thinning, poor development, and bone density loss (Cai et al., 2021; Qu et al.,
2021). IBD is recognized to be influenced by a variety of genetic, immunological, and
environmental variables; however, the exact underlying reasons are yet unknown (Cai et al.,
2021; Qu et al., 2021). Therefore, the discovery of important mechanisms controlling
intestinal inflammation that could be therapeutically targeted is crucial for future
advancements in IBD treatment (Dias et al., 2018).

The findings showed that N-acetylglucosamine (GIcNAc) metabolic replenishment of
mucosal T cells isolated from individuals with active UC enhanced branched N-glycosylation
on the T cell receptor; this was linked to the regulation of T cell activation and function (Dias
et al., 2018). GIcNAc can have an impact on cell membranes, intercellular fluids, and cell
regeneration (Chen et al., 2010; Dias et al., 2018). With no negative side effects, low costs,
and the potential to be used as a straightforward rescue therapy to avoid toxic effects and
step-up therapies in IBD, the therapeutic use of GIcNAc, either individually or combined
with additional anti-inflammatory treatments, represents a convenient immuno-modulatory
strategy in IBD (Chen et al., 2010; Dias et al., 2018). Overall, previous findings presented
new opportunities for individualized targeted therapy of GlcNAc for IBD treatment where
this component can be administered orally (Chen et al., 2010; Dias et al., 2018). Oral
administration offers the highest patient compliance and adherence, which is desirable given
that the vast majority of IBD patients need continuous treatment management (Qu et al.,
2021).

The conventional manufacturing methods for solid oral dosage forms (SODFs) require
numerous operation steps such as blending, mixing, milling and compression. As a
consequence, they are time-consuming and highly expensive. Finally, they are not
customized to individual needs but are manufactured on a large scale (Charbe et al., 2017;
Pitzanti et al., 2022; Sadia et al., 2018). These limitations, however, can be resolved with the
aid of the creative and cutting-edge technology known as three-dimensional (3D) printing
through specially designed and engineered release patterns, providing a highly individualized
pharmacological treatment (Goyanes, Buanz, et al., 2015; Linares et al., 2019; Narala et al.,
2023; Ou et al., 2023; Pandey et al., 2020; Pitzanti et al., 2022). The ability to develop almost
any dosage amount has made additive manufacturing, more specifically 3D printing, a
breakthrough technique in the pharma industry in terms of quality and efficacy, after
introducing the first 3D printed tablet into the market approved by the US Food and Drug
Administration (FDA) in 2015 (Charbe et al., 2017; Pandey et al., 2020). The use of 3D
printing thus enables the production of an oral drug delivery system that allows for



customized formulation with control over size, shape, and release rate (Pandey et al., 2020).
Additionally, 3D printing enables us to create internal structures and designs that would be
challenging or perhaps impossible to create using more conventional manufacturing
techniques (Ma et al., 2022; Pandey et al., 2020; Pitzanti et al., 2022; Sadia et al., 2018).
Researchers have recently attempted to apply 3D printing technologies for manufacturing
tablets for colon drug delivery (Almeida et al., 2021; Charbe et al., 2017; Mirdamadian et al.,
2022). However, there is still a critical need for a drug delivery system that can solely target
the colon's inflammatory tissue. A mechanism like this could increase the anti-inflammatory
drug's therapeutic effectiveness and minimize its systemic negative effects (Makhlof et al.,
2009).

In recent years, several strategies for colon-targeted drug delivery have been proposed, taking
into account the physiological properties of the colon (Moutaharrik et al., 2021), based on
which time-based, enzymatically degradable, and pH-responsive drug delivery systems were
developed. The majority of colonic drug delivery systems used to treat IBD that are currently
available on the market are made of pH-responsive polymers that take advantage of pH
changes in the gastrointestinal tract (Awad et al., 2022; Bukhovets et al., 2020; Goyanes,
Chang, et al.,

2015; Moutaharrik et al., 2021). For the production of pH-responsive oral drug delivery
systems, Eudragit® series polymethacrylates from Evonik Rohm GmbH are frequently
utilized. A unique methyl acrylate-methyl methacrylate-methacrylic acid terpolymer called
Eudragit® FS100, hereinafter referred to as EURFS100, dissolves at pH levels higher than 7
due to the free carboxylic acid moiety on the polymer chain, which makes it a suitable
candidate for colon drug administration (Balogh et al., 2017; Bukhovets et al., 2020). The
most popular manufacturing method for creating pH-responsive colonic medication delivery
devices using pH-responsive polymers is the coating of dosage forms. This method has
numerous limitations; for instance, concerns for the environment and human health are raised
often due to the use of organic solvents in the coating process. Another drawback of film-
coated dosage forms is dose dumping due to defects in the film coating (Zhang, 2016).
Finally, the coating does not provide a sustained drug release profile since the drug release
initiates upon dissolving the coated layer (Makhlof et al., 2009). Therefore, 3D printing of
pH-responsive polymers can address the limitation of current manufacturing methods.

Another major limitation of traditional tablets and powder-based capsules designed for colonic
distribution is their frequently insufficient disintegration and dissolution due to the low fluid
level in the colon (Awad et al., 2022; Charbe et al., 2017; Tannergren et al., 2009). Therefore,
it would be advantageous if we could provide the medication as a liquid and protect the drug
from the harsh acidic environment of the stomach or the proteolytic activity of the enzymes in
the small intestine; for instance, in the form of liquid-filled hard capsules or tablets (Charbe et
al., 2017). Using this approach, the inflamed mucosal surfaces can be targeted by
(bio)therapeutics employing hydrogels as delivery methods (Aprodu et al., 2019; Tate et al.,
2001). The aim of this study is to employ a mucoadhesive or thermo-responsive hydrogel in
combination with 3D printing technology to manufacture 3D printed tablets that can contain
the hydrogel for targeted colonic oral drug delivery application. A thermo-responsive hydrogel
was employed due to its preparation practicality and feasibility in its sole state as by gelling at
various polymer concentrations at 37°C, not only controlled drug release can be achieved but
also the gel will maintain its state throughout the entire GI tract, where the temperature is
usually 37°C. Methylcellulose (MC) hydrogel, a member of the cellulose ether family, was
selected as a suitable candidate for the local administration of pharmaceuticals given the
benefits of minimizing systemic exposure to such treatments and biocompatibility.



In this study, GlcNAc was incorporated into MC hydrogel after which the hydrogel was filled
in a 3D printed biodegradable and pH-responsive shell made of a blend of EURFS100 and
polylactic acid (PLA) polymers. PLA as a biodegradable polymer tremendously used in the
biomedical field was used in the 3D printing process to overcome the limitations of
EURFS100's printability; this improvement was due to PLA's good processability, low
processing temperature (130 °C), and stability up to 200 °C (DeStefano et al., 2020;
Kontarova et al., 2020; Ramot et al., 2016; Vert, 2015). The primary reason for incorporating
GlcNAc into a hydrogel and the core-shell structure of the tablet was to prevent the rapid
drug release in the upper GI tract while enhancing its dissolution in the dry colon
environment. Furthermore, it is important to note that directly mixing GlcNAc into the 3D
printed shell could lead to the thermal decomposition of GIcNAc due to the high processing
temperature involved. As a result, this manufacturing approach not only addresses the
immediate drug release issue but also opens doors for potential future combination therapies
that involve thermosensitive drugs. Various ratios of EURFS100 and PLA, different
concentrations of MC hydrogel, and different printing designs in terms of infill and discharge
were investigated to optimize the printed tablets. Rheological properties of polymers and
hydrogels were studied, and the EURFS100 and PLA polymers were characterized in terms
of thermal properties. Scanning electron microscopy (SEM) was carried out to evaluate the
physical properties of the tablets. Moreover, the effects of MC hydrogel concentration and
EURFS100 and PLA polymer ratio on drug release patterns and kinetics were assessed.
Ultimately, all components of the tablet including 3D printed shells, hydrogels, and various
concentrations of GIcNAc were assessed in terms of cytotoxicity.

2.1. Materials

GlcNAc, dithiothreitol, (NH4)Fe(SO4),-12H,0, sodium hydroxide (NaOH), and sulfamic acid
was purchased from Carl Roth (Germany). Eudragit® FS100 polymer was kindly gifted from
Evonik (Germany). Luminy® PLA LX930 was purchased from Total Corbion PLA
(Thailand) Ltd. MC was purchased from Sigma—Aldrich (Germany) and used as a hydrogel
structure. Hydrochloric acid (37%), and Phosphate buffered saline (PBS) tablets were
purchased from VWR Chemicals, LLC (USA) and Thermo Fisher Scientific (USA),
respectively. Dialysis tubing cellulose membrane (molecular weight cut-off=14,000),
dimethyl sulfoxide (DMSO), 3-methyl-2-benzothiazolinonhydrazon, and cell proliferation kit
I (XTT) were purchased from Sigma—Aldrich (Germany). Polymerase chain reaction (PCR)
plates, Gibco™ Dulbecco’s modified Eagle’s medium (DMEM), and fetal calf serum (FCS)
were purchased from Thermo Fisher Scientific (USA). Finally, all materials were used
without further purification.

2.2. Methods
2.2.1. MC hydrogel preparation and drug loading

A previously documented approach for creating MC hydrogels was used in this work;
although, it was further modified due to the addition of a thermosensitive drug in the later
stages of the study (Altomare et al., 2016; Cochis et al., 2018; Jiang, 2021; Liu & Yao, 2015).
Briefly, aqueous solutions were prepared by the addition of 0.1, 0.2, 0.3 and 0.4 g of MC to
10 ml of water to produce 10 ml of 1%, 2%, 3%, and 4% w/v MC hydrogel, respectively. For
drug-incorporated hydrogels, a 30 mg/ml GlcNAc solution (10 ml) was made after which 0.1,
0.2, 0,3, and 0.4 g of MC was added to GlcNAc solution on ice to prepare 10 ml of MC 1%,
2%, 3%, and 4% w/v solutions, respectively. The samples were then refrigerated for 3 days to
obtain fully transparent and bubble-free hydrogels. Before conducting 3D printing tests, the
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gels were freshly prepared. The chemical structure of MC (Figure 1A) and GlcNAc (Figure
1B) are depicted in Figure 1.

2.2.2. Polymer blend preparation

PLA granules were powdered using a pulverisette 14 variable speed rotor mill (Fritsch,
Germany), and EURFS100 as a powder was used as received. They were kept in a vacuum
oven (Memmert, Germany) at 40 °C for 5 h prior to use. Polymeric blends of EURFS100
with 10%, 20%, 30%, and 40% PLA were prepared by physical mixing of the polymers in a
container. The amount of PLA is shown as % of the polymer dry weight. Figures 2A and 2B
show the chemical structure of PLA and EURFS100, respectively.

2.2.3. Design and printing of the tablets

Arburg 200-3X 3D printer (Arburg, Germany) shown in Figure 3A was used to print the
tablets. The 3D printer has a carrier with three axes of motion and two discharge units. Using
this system, components from two materials or more with complex shapes and/or support
structures can be fabricated. To produce a precise and homogenous item, the procedure
begins with injection molding and ends with extrusion through a nozzle with a needle inside
that forces the material out, droplet by droplet. By modifying slicing, droplet size, and
process control impacting the layer-by-layer build process, the manufacturing process can be
specifically tailored toward particular needs. The optimum processing temperatures for our
experiments in the discharge unit, zone 1 and 2, the material feed unit, and the build chamber
were 160, 160, 135, 35, and 35 °C, respectively (Figure 3B).

For the entire process of 3D printing, the optimum values of the nozzle diameter, melt
(printing) speed, melt pressure, discharge, dosage stroke, and back pressure were 0.25 mm,
20 mm/s, 700 bar, 80%, 5 mm, and 7 bar, respectively. Each tablet contained three distinct
sections, including the top, bottom, and middle chamber. The tablet’s diameter and thickness,
according to the design, were 12 and 4 mm, respectively. After setting up all printing
parameters, printing the tablets was conducted by adding a few grams of the polymer blend to
the hopper after which purging and droplet formation were initiated in order to confirm the
stability of discharge. The 3D printed tablets were then produced using the design created by
SolidWorks software.

Figure 4 depicts the 3D printing process schematically. The graphic shows the three phases
involved in 3D printing; the bottom layers and a portion of the middle chamber were initially
printed (Figure 4A), followed by the injection of MC hydrogel loaded with GIcNAc (Figure
4B), and then the remaining layers were printed to enclose the tablets (Figure 4C). Prior to
printing, the best settings were adjusted by experimenting with droplet formation and
discharge rate. The temperatures of various zones were then set up by comparing the melt
flow consistency to the melt pressure stability. Table 1 represents the prepared samples along
with their labels. All through the article, these labels are used.

To identify the optimal processing parameters of the tablets and achieve the desired drug
release kinetics, two main experiments were conducted (Table 2). In the first experiment, the
effect of polymer blending ratio on printability, physical properties of the tablets, and drug
release was assessed from which the optimum blending ratio was selected for the second
experiment. In the second experiment, on the other hand, the effect of MC concentration on
the processability, physical characteristics of the tablets and drug release was studied. After
printing the tablets, they were assessed in terms of weight using an AUW 120D analytical



balance (Shimadzu, Japan), diameter, and thickness using a digital micrometer (Accud,
Austria). For each group of experiments, 3 samples were analyzed.

2.2.4. Scanning electron microscopy (SEM)

SEM was carried out using the Phenom Pro G6 Desktop scanning electron microscope
(Thermo Fisher Scientific, USA) to study the morphology of the 3D printed shells containing
EURFS100/PLA (80/20 and 70/30 w/w). Additionally, 3D printed tablets with the same
polymer blending ratios containing GlcNAc-loaded MC hydrogel (2% and 3% w/v) that had
been freeze-dried were analyzed using SEM. The samples were sputter-coated with gold
under vacuum conditions in a Lnxor A% vacuum in order to be conductible. After that, the
samples were placed on a standard sample holder and introduced into the apparatus. The
accelerating voltage was 10 kV at various magnifications.

2.2.5. Rheological characterization

All of our rheological studies were carried out on a Discovery Hybrid DHR-1 (TA
Instruments, USA) using various plates. Three repeat trials per sample were carried out in
each experiment, and each experiment was carried out in two independent batches of
hydrogels and polymers.

2.2.5.1. Hydrogel rheology analysis

Two different concentrations of MC hydrogel (2% and 3% w/v) were examined. The MC
hydrogels were characterized with the rheometer, equipped with rotational parallel plate
(Peltier plate steel) geometry (diameter = 40 mm, working gap = 500 um). An isolation
chamber was applied to the plate to prevent dehydration of the hydrogel under test.

1.2.5.1.1. Frequency sweep tests

Each rheological characterization experiment consisted of frequency sweeps at 1% strain,
repeated at 25 and 37 °C. Storage (G’) and loss (G”) moduli were recorded in regard to
angular frequency from 0.1 to 248.4 rad/s, with 5 points taken per decade. Samples were
stored at 4 °C prior to testing. For frequency sweep tests carried out at 25 and 37 °C, samples
were allowed to equilibrate for 30 min prior to testing, with the Peltier stage set to each of
them (Law et al., 2018).

2.2.5.1.2. Flow ramp tests

Another method was used at two distinct temperatures of 25 and 37 °C to examine the
potential changes in hydrogel behavior with various concentrations at two different
temperatures. The shear rate was increased from 1 to 250 s'! in order to investigate the
hydrogel viscosity.

2.2.5.2. Polymer rheology experiment

To determine the characteristics of the polymers and their mixture in response to time,
temperature, and angular frequency, the rheometer equipped with parallel plates, ETC Steel
(diameter = 25 mm, working gap = 500 um) was used to analyze the samples. Rheology
measurements were carried out to examine the viscoelastic behavior of EURFS 100 alone and
in combination with PLA at the melted state to investigate the alteration of the elastic



modulus (G') and plastic modulus (G"), according to frequency sweep experiments. To check
for stability, samples were heated up to 160 °C mimicking the printing temperature.

2.2.6. Thermal gravimetric analysis (TGA)

To understand the thermal stability of the polymers and the impact of the processing
temperature of 3D printing on the degradation of polymers, TGA was performed on all the
polymers used in 3D printing utilizing TA Q500 thermogravimetric equipment (TA
Instruments, USA). Under nitrogen purge (50 ml/min), vacuum-dried samples were heated at
a rate of 10°C/min from 25 to 700 °C. The data was then analyzed using TA 2000 analysis
software.

2.2.7. Differential Scanning Calorimetry (DSC)

As different blends of polymers were utilized, the thermal transition of the polymers was
analyzed using DSC Q2000 equipment (TA Instruments, USA). The weight of samples was 5
mg. Crystallinity and melting point values were determined by analyzing the DSC curves.
The value acquired from the TGA would indicate the maximum temperature set for the DSC
for each sample trial because the DSC equipment can only endure temperatures that result in
a 1% weight loss. The samples were examined by starting at 25 °C and increasing the
temperature at a rate of 10 °C/min until 200 °C was reached. There were two full cycles of
heating and cooling to get the intended values. The second heating and cooling cycles were
examined using the same TA universal method used in TGA.

2.2.8. Dissolution testing of printed tablets and drug assay
2.2.8.1. Dissolution study

The dissolution studies, carried out under physiologically relevant conditions, were the
primary criterion for determining if the 3D printed tablets were capable of releasing the drug
in the colon and withstanding the acidic condition of the upper gastrointestinal tract. For 2 h,
samples were placed in HC1 0.1 M simulating the stomach fluid having a pH of 1-2, followed
by 3 h in PBS with pH 6.8 simulating the small intestine, and 24 h in PBS with pH 7.4
simulating the colon. These buffer systems were chosen in accordance with the pH changes
in the gastrointestinal tract from the stomach (pH 1.5) and proximal small intestine (pH 6.0-
6.8) to the ileocecal area (pH 7.3) (Makhlof et al., 2009). Each sample was suspended in 50
ml of the release medium and incubated in a shaker (Infors HT Ecotron, Switzerland) at 37
°C £ 0.5 and 100 rpm. There were three samples in each group. Samples were then
withdrawn at specific interval times of 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 22, 23, 24, 25,
26, 27, 28, and 29 h. After predetermined time intervals, 500 ul samples were collected and
analyzed. To keep the volume extent, a precise amount of fresh medium (500 pl) was
supplied after each sampling. The results were then presented as a cumulative percentage of
GlcNAc released at each examined time.

2.2.8.2. GlcNAc assay

The 3-methyl-2-benzothiazolinone hydrazone (MBTH) assay was used to determine the drug
concentration in the samples since the absorbance stays consistent per reducing end
regardless of the length of the chito-oligosaccharide. Hetero-chitooligosaccharides are
mixtures of multiple oligomers, whereas homo-chitooligosaccharides are oligomers made
exclusively of either GIcN or GlIcNAc units. To our knowledge, the MBTH approach, which



can detect concentrations as low as 5 uM, is the most sensitive reducing end test for the
detection of chito-oligosaccharides (Horn & Eijsink, 2004; Tabassum et al., 2021). The 3D
printed shells and tablets containing the drug-free hydrogel were examined; the drug-free
hydrogels were assessed to ensure that the hydrogel itself did not impact the final drug
release data. The percentage of the released drug was determined by loading 40 pl of the
dissolution test samples into PCR plates, mixing them with 40 pl of 0.5 M NaOH, and then
adding 40 ul of a solution containing 1.5 mg/ml 3-methyl-2-benzothiazolinonhydrazon and
0.75 mg/ml dithiothreitol. The resulting solutions were then completely mixed with 80 pl of
0.5 % (w/v) (NH4)Fe(SOy),12H,0 , 0.5% (w/v) sulfamic acid, and 0.25 M HCI after being
incubated at 80 °C for 15 min. Samples were cooled down to room temperature and
absorption was measured at 620 nm (Schmitz, 2021). The assay was performed in triplicate
and sink conditions were met throughout the dissolution test. For each measuring cycle, a
freshly prepared GlcNAc calibration curve was created.

2.2.9. Drug release kinetics

Higuchi, Korsmeyer-Peppas, and Peppas-Sahlin were selected as the mathematical models to
fit the experimental data obtained from the drug release measurements from the 3D printed
tablets.

2.2.9.1. Higuchi model

The Higuchi model is represented by the following equation:

Me 05
M= kto
Eq.(1)

Where M, represents the cumulative drug release at time point t, M, denotes the cumulative

drug release over an infinitely extended period, and k represents the kinetic constants specific
to the drug/polymer system (Linares et al., 2019).

2.2.9.2. Korsmeyer-Peppas model

The power-law model, also known as the Korsmeyer-Peppas model, is the most common
kinetic model in the studies of drug release, showing an exponential relationship between
time and drug release. This model is used to describe the non-Fickian drug release from a
polymeric structure (Algahtani et al., 2020; Heredia et al., 2022). The Korsmeyer-Peppas
model is represented by the following equation:

M, .
M= kt
Eq.(2)

Where M; and M, are the absolute cumulative amount of drug released at time t and infinite
time, respectively. The release kinetic constant (k) accounts for the system's structural and
geometrical properties, whereas the release exponent (n) reveals the drug release process
(Siepmann & Peppas, 2012). In reality, Eq. (2) provides two unique and plausible
explanations for the two specific circumstances of n=0.5 (showing drug release regulated by
diffusion) and n =1.0 (indicating that the drug release is controlled by swelling). The
combination of both phenomena can be determined by values of n between 0.5 and 1.0
(anomalous transport). It must be noted that the two extreme values of the exponent n, 0.5
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and 1.0, are exclusively applicable to slab geometry. Table 3 displays the n value associated
with each geometry. Polymer scientists refer to the mechanism that generates the zero-order
release for slabs as case-II transport. The rate-controlling phase in this process is the
relaxation of the macromolecules that happens when water is infused into the system. Water
works as a plasticizer and lowers the polymer's glass transition temperature (Siepmann &
Peppas, 2012; Windolf et al., 2021).

2.2.9.3. Peppas-Sahlin model

This model is expressed by the following equation:
M: m 2m
= kat™ + kit Eq.3)

where the Fickian contribution constitutes the first term (k4t™) and the Case-II relaxational
contribution is the second term (k,t*™). The coefficient m is the purely Fickian diffusion
exponent for a device with controlled release of varying geometrical shapes (Peppas &
Sahlin, 1989). The Peppas-Sahlin model is defined based on the assumption that the release
mechanism is governed by two processes: diffusion and polymer relaxation. This model
contains three parameters, where the diffusional contribution represented by constant k and
the relaxational contribution represented by constant k, were calculated based on the
quadratic regression (Linares et al., 2019). Additionally, the shape parameter, represented by
m was calculated according to the dimensions of tablets for each condition (Peppas & Sahlin,
1989; Pereira et al., 2023). The following equation was used to calculate the percentage of
drug release through Fickian mechanism (F):

While the ratio of relaxational (R) over Fickian (F) mechanism was obtained according to the
following equation:

R kr
FoRt Eq.(5)

R R
When = 1, the release mechanism contains both erosion and diffusion equally. If 7 > 1, the

relaxation (erosion) dominates, while for g > 1, diffusion dominates (Peppas & Sahlin, 1989;
Unagolla & Jayasuriya, 2018).

The first 60% of cumulative drug release data were taken into account in the Korsmeyer-
Peppas model to determine the mechanism of drug release (Ahuja et al., 2007; Ritger &
Peppas, 1987; Rostamitabar et al., 2021; Unagolla & Jayasuriya, 2018). Data from in vitro
drug release studies were plotted as log cumulative percentage drug release versus log time to
evaluate the release kinetics. Finally, the mean dissolution time (MDT), as the sum of the
various release fraction periods during the dissolution studies divided by the initial loading
dose, was also calculated (Talukder & Fassihi, 2008; Vemula & Veerareddy, 2013) using the
following equation:



Where M, and Mo, are the fraction of dose released in time t; = (ti + ti—1)/2 and the total
amount of drug released. To understand the colon-specific release from tablets, T10% and
T80% (duration in hours to take 10% and 80% drug release, respectively) were also
computed.

2.2.10. In vitro cell viability studies

Mouse fibroblasts cells (L929) were cultured at 37 °C and 5% CO2 in DMEM with 10%
FCS. Cells at passage 4 were used for the viability experiments using XTT. The 3D printed
shell samples and MC powder were sterilized by ethylene oxide, while the drug solution was
sterilized using a 0.22 pm syringe filter prior to the tests. To test the cytotoxicity of the
polymer blends, 3D printed shells comprising 20% and 30 % PLA in combination with
EURFS 100 were produced. The same shells that contained MC hydrogel (0.3% w/v) were
also included. Separate solutions were made to test the cytotoxicity of various concentrations
of MC (0.1%, 0.05 %, and 0.025% w/v) and GIcNAc (0.3, 0.15, 0.075, and 0.0375 mg/ml).
The samples were all sterilized and tested. XTT assay was performed according to the ISO
10993-12. In short, samples, positive control, and negative control were incubated in the
DMEM culture medium for 24 h. The negative control was DMEM, and the positive control
was DMSO. Cells were seeded in 96-well plates (1 x 10* cells per well) and were allowed to
adhere to the wells for 24 h. After 24 h, the medium of the well-plates was exchanged with
that of the samples, positive control, and negative control or blank. After an incubation period
of one day, the XTT assay was performed according to the manufacturer's protocol. The
absorbance was measured in a multimode microplate reader M200 (Tecan, Switzerland) at
450 nm with a reference wavelength of 650 nm. The assessment was performed for three
replicates.

2.2.11. Statistical analysis

All data are presented as mean = standard deviation. To determine the statistical difference
between the weight, thickness, diameter, and drug content of the samples, two-way ANOVA,
followed by Tukey's multiple comparison post hoc test, was performed. Furthermore, one-
way ANOVA, followed by Tukey's test, was used to assess the differences between the XTT
data. Origin 2019 (OriginLab, USA) was used to conduct the statistical analysis, and a p-
value <0.05 was considered significant.

3. Results and discussion
3.1. Design and printing

The printing method included simultaneous optimization for the three polymer blends and
several 3D printing settings, including discharge rate, layer height, and consequently droplet
size, to guarantee the printability of the polymers. In this step, the printing process was
continuously monitored, taking into account the melt flow consistency, discharge rate, and
melt pressure. Table 4 shows all of the polymer blends used for processing optimization.
Amongst the three polymer blends of 60/40, 70/30, and 80/20 w/w EURFS100 to PLA, 80/20
w/w EURFS100 to PLA showed the most stable printing and consistent production. The
printing setting initially appeared to be steady when using a PLA ratio of 30%, but
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throughout the process, a number of irregularities and pressure shifts occurred. Therefore, it
was concluded to proceed with 20% and 30% PLA in order to examine further properties of
the tablets, particularly drug release kinetics. It should be added that when the PLA ratio
went down to 10% printability was not improved and when it went up to 40%, the polymers
dissociation in printing happened.

The discharge rate of 80 % and the resulting 400 um layer height was selected as optimum
parameters for the stable printing of the tablets (Figure 5A). Based on this setting, a total of
10 layers were printed, 2 layers at the top and bottom and 6 layers in the middle, to reach the
theoretical tablet thickness. The top, bottom, and middle sections were evaluated with two
different infill percentages (Table 5). The middle portion’s infill percentage was set at 20%
and 40%, while the top and bottom layers’ infill percentages were chosen at 60% and 80%.
According to the printing outcomes, there was not enough room for the hydrogel to be
injected when the infill of the middle section reached 40%; therefore, the hydrogel remained
on top of the layer. A 60% infill was tested for the top and bottom layers, but there was a
significant amount of hydrogel leakage. Therefore, the infill of 20% for the middle section
and 80% for the top and bottom was selected as the final setting for printing the tablets
(Figure 5B).

3.2. Physical characteristics of the tablets

Figure 6 depicts all of the 3D printed samples’ physical examinations, including an image of
three 3D printed tablets. MC 1% and MC 4% w/v were not included in the trials since the
gels had significantly low or high viscosity, respectively, making it impossible to conduct the
trials. Moreover, printing did not proceed with 10% and 40% PLA. For PLA 10%, no
improvement in the printing was seen, while for the PLA 40%, the polymer dissociation in
printing happened. Regarding the weight of the tablets (Figure 6B), no statistical difference
was observed between samples with different polymer blending ratios or MC concentrations.
MC 2 % w/v hydrogel-filled tablets showed average thicknesses higher than the theoretical
value of 4 mm (Figure 6C); this could be due to the less viscous structure of MC 2% w/v
compare to MC 3% w/v hydrogel. While printing, the size seemed to be normal, but after a
few hours, the dimensions changed as a result of water diffusion through various layers,
which caused the polymers to swell or even changed the structure of the polymers (Banjo et
al., 2022; Lenz et al., 2021) . The data also shows that the thicknesses of the tablets
containing MC 2 % w/v hydrogel were significantly higher than those with MC 3 % w/v
hydrogel. Finally, it was demonstrated that compared to the tablets containing MC 3% w/v
hydrogel, the diameter of the tablets containing MC 2% w/v was significantly lower and that
the average diameter of the samples with MC 2% w/v was lower than the theoretical value of
12 mm (Figure 6D).

3.2.1. SEM analysis

SEM images show the surface morphology of the 3D printed tablets (Figure 7), displaying
smooth, compact, and occasionally uneven structures due to the layers' merging. A whole
view of the tablet was also shown (Figure 7A). The images also showed evidence of slight
surface roughness at certain spots of the samples (Figures 7B and 7C). This could be due to
the low extrusion temperature, which led to the incomplete melting of the polymers, leading
to slight uneven surface of the finished product (Lamichhane et al., 2019). Based on the SEM
images, there was no significant difference between samples with different polymers
blending ratios or MC hydrogel concentrations.
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3.3. Rheological analysis
3.3.1. Rheology of the hydrogels

The rheology of the hydrogel, impacted by the concentration of MC, is crucial in the
manufacturing of the tablets to ensure that the hydrogel can be injected with precision. Figure
6 on a log—log scale provides an illustration of the MC 3% and 2% w/v hydrogels' rheology
data. In order to examine the behavior of the hydrogels, due to the thermosensitive
characteristics of MC hydrogels, the temperatures of 25 and 37 °C were chosen since the
tablets were produced at room temperature and then examined at body temperature for drug
release investigations (Aprodu et al., 2019; Huang et al., 2020). Figure 6 provides an
illustration of the MC 3% and 2% w/v hydrogels' rheology data. Both hydrogels showed
close values for G' and G" across the low angular frequency ramp (Figure 8A), showing
stable hydrogel behavior. Moreover, MC 3 % showed more thermo-responsive behavior since
both G' and G" were higher at 37 compared to 25 °C. MC 3% and 2% w/v hydrogels also
showed close values in terms of viscosity by increasing the shear rate at 37 and 25 °C. By
increasing the shear rate, the viscosity of all samples decreased (Figure 8B), demonstrating
shear thinning properties of the samples (Negim et al., 2014; Wilkes, 1981).

3.3.2. Rheology of the polymers

Thermal stability is crucial when processing a novel polymer utilizing melting techniques.
Since the polymers are utilized in 3D printing, conventional viscoelastic analysis using
frequency scans is not appropriate for a complete investigation of the behavior of the
materials. A straightforward testing approach was employed in this study based on a time
sequence of frequency scans in order to obtain the viscoelastic moduli's basic frequency
dependency (Filippone et al., 2015). The kinetics of the degrading phenomenon was our
major consideration once the polymer's initial qualities were established. The objective was
to measure the moduli as a function of time in order to track the progression. Figure 9 on a
log-linear scale depicts the G' and G" changes of the polymer blends of EURFS100/PLA
(80/20 and 70/30 w/w) and pure EURFS100 and PLA versus time at various angular
frequencies at 160 °C. Due to the impact of degradation on the dynamics of small fractions of
the polymer chain, the viscoelastic moduli of EURFS100 (Figure 9A) exhibited a slight
increase over time, with larger changes at lower frequencies. The described phenomenon of
heated EURFS 100 implies that a cross-linked rubberlike molecular structure may be formed
at elevated temperatures which may also affect drug release (Balogh et al., 2017). It is clear
from PLA behavior (Figure 9B) that at higher frequencies, there were less differences
between G' and G" values than at lower frequencies. At lower frequencies, however, G" is
dominating G', although similar changes are barely noticeable for the other samples,
especially for EURFS100. According to Figure 9B, PLA showed time-independent
characteristics under a certain angular frequency (Lenz et al., 2021; Wilkes, 1981). The
changes in the viscoelastic moduli at the start of the procedure were considerably more
visible by increasing the PLA blending ratio (Figures 9C and 9D). In comparison to pure
EURFS100, its blend with PLA (30% w/w) (Figure 9D) at lower frequencies has
demonstrated higher rise in the viscoelastic moduli.

3.4. TGA analysis

Finding the processing temperature range is essential to prevent degradation and other
undesired chemical changes while 3D printing the polymer blend since the heating process is
the first step in creating the polymeric structure of tablets. To understand the thermal stability
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of the polymers and the impact of the processing temperature of 3D printing on the
degradation of polymers, TGA was done. According to TGA curves illustrated in Figure
10A, no weight loss was detected from 0 to ~180 °C for all samples. TGA analysis showed
that all polymer blends had a weight loss stage between 180 and 200 °C, albeit each had a
distinct slope in terms of weight loss, showing poorer thermal stabilities of the blends with
more PLA. The step from 180 to 200 °C in the mass loss was due to the evaporation of some
volatiles in the structure (Balogh et al., 2017). The decomposition stage was found in the
range of 250-300 °C for PLA, 300-400 °C for EURFS100, 350-380 °C for EURFS100/PLA
(80/20 w/w), and 300-380 °C for 70/30 w/w EURFS100/PLA, indicating lower thermal
stabilities of pure PLA and EURFS100. The decomposition of the mixture of EURFS100 and
PLA (80/20 w/w), as shown in the TGA graph (Figure 10A), initiated at a higher temperature
(350 °C) compared to other samples, showed the higher thermal stability of these samples
among others. The differential thermal analysis (DTA) curves shown in (Figure 10B) imply
that the polymer blend EURFS100/PLA (80/20 w/w) exhibited a slower rate of degradation
compared to other samples; however, the decomposition range was broader.

3.5. DSC analysis

The temperature at which 1 % weight loss happened was below 200 °C for all samples; thus,
this temperature was set for further DSC analysis. The DSC data was divided into two
graphs, one for the heating cycle and the other for the cooling cycle (Figure 11). The highest
resemblance in terms of thermal behavior between the heating and cooling of EURFS100 and
its blend with PLA (20% w/w) was observed using the DSC graph analysis. This blend's
resemblance to the target polymer may hold great promise for 3D printing such that similar
characteristics of the polymer of interest, EURFS100 in this case, are maintained while
improving the processability. PLA (20% w/w) had the best stability and consistency while
3D printing, as proven by the performed analyses. Amorphous EURFS100 and PLA both
demonstrated Tg at about 55 and 60 °C, respectively (Figures 11A and 11B). The melting-
like glass transition of EURFS100 is analogous to the thermal behavior of other amorphous
Eudragit polymers, such as Eudragit E (Balogh et al., 2017). Due to the multiple Tg of the
polymers, the Tg-related peak for the polymer blends occurs at two distinct temperatures.
Another peak was observed in the polymer blends and EURFS100 beginning at 170 °C with
a mild baseline shift. This shift can be attributed to a number of factors, including the
vaporization of a volatile compound (such as even bound water), as also shown by
thermogravimetric TGA measurements (Figure 8), or the presumed molecular changes at
higher temperatures, as seen by the rheology measurements, but it is not at the actual glass
transition (Balogh et al., 2017).

3.6. Drug release and kinetic models

The first and most important analysis that should be performed on the tablets is the drug
release experiments under physiologically relevant circumstances. Figure 12A displays the
cumulative release profile of four distinct circumstances. After the release experiment was
performed, each tablet was subjected to vigorous shaking and ultrasonication in order to
ensure that the full amount of drug incorporated into the construct was released in the
medium so that the total amount of incorporated drug can be calculated (Figure 12B). The
results showed that throughout the 2 h at pH 1.2, no drug was released from the tablets. The
polymer began to dissolve when the medium was with that of pH 6.8, allowing the diffusion
and release of the drug (Figure 12A). Based on the differences in pH between the three
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organs, the main goal of the research was to have a form of controlled drug release over the
colon while retaining the least amount of drug released over the stomach and small intestine.

According to the physical characterization of the 3D printed tablets prior to release
experiments and the drug release data, the tablets prepared by the polymer blend of
EURFS100/PLA (80/20 w/w) in combination with drug-loaded MC 3% w/v hydrogel showed
the best-sustained drug release profile (Figure 12A). This group also showed a limited
amount of drug release in the media that resembled the stomach and small intestine (less than
20 % overall) amongst other groups, which was the ultimate goal of this study, and more than
90 % of the drug was released within 29 h. However, samples with MC 2% w/v were
considerably better for manually injecting the hydrogel and having the correct drug contents
but showed leakages (Figure12B). Moreover, due to the rapid infiltration of hydrogel into the
3D printed constructs, the tablets started to distort due to the hydrolytic breakdown of PLA
caused by breaking the ester linkages as a result of the diffusion of water molecules, which
ultimately impacted the dimensions of the tablets (Banjo et al., 2022). The drug-free tablets
and the shells both behaved similar to the blank samples and did not interfere with the
detection of GIcNAc.

One of the key benefits of the 3D printing design of the tablets was that the regulated drug
release could take place due to the gradual degradation of the structure without taking pH
sensitivity of the polymer into account. However, when EURFS100 is used for coating the
tablet, the drug release occurs promptly upon reaching the colon pH value. It was observed
that the tablets stayed integrated until the completion of the drug release studies although lost
rigidity (Figure 12C); this could play a role in the sustained drug release profile. The drug
release data showed comparable results to those observed with previous Eudragit
compression-coated or solvent-coated tablets (Goyanes et al., 2015; Veerareddy & Vemula,
2012; Vemula, 2015a, 2015b).

The drug release in non-Fickian diffusion can be influenced by a number of factors and
mathematical models, including the first-order release kinetics model, the Higuchi release
kinetics model, the Korsmeyer-Peppas release kinetics model, and Peppas-Sahlin model
(Algahtani et al., 2020). Higuchi, Korsmeyer-Peppas, and Peppas-Sahlin release kinetic
models were used to describe the non-Fickian drug release kinetics from a polymeric
structure. Korsmeyer-Peppas model is useful when the release mechanism is unknown or
when there are multiple drug release phenomena (Algahtani et al., 2020; Heredia et al.,
2022). The general solute-release behavior of controlled-release polymeric devices is
described by this model (Ritger & Peppas, 1987). Since the rate of erosion of the tablets in
the dissolution media varied with regard to pH values, it was decided to take the release data
related to the third medium (PBS pH 7.4) as the target medium rather than all the media due
to pH variations. The kinetic contact parameters k and R? values related to the Higuchi model
are provided in Table 6 for all samples. The results showed that tablets containing higher
amount of EURFS100 polymer had higher R? values, indicating that the Fickian diffusion
mechanism was more pronounced in those samples. However, the R?is not close to 1 in this
model, which shows the drug release was not primarily controlled by diffusion.

According to Korsmeyer-Peppas model, the underlying drug release mechanism is described
by the diffusional constant n, and the release behavior can be classified into Fickian
diffusion, anomalous transport, or case-II transport depending on the value of n (Algahtani et
al., 2020; Windolf et al., 2021). For 3D printed samples with 80% w/w EURFS100
containing GIcNAc loaded hydrogels of 3 % w/v and 2 % w/v MC, exponent n values of
0.8425 and 0.6641 were obtained, respectively. This indicates anomalous drug transport from
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the swellable matrices. With regard to values of n, it can be concluded that diffusion and
swelling processes influenced the release mechanism of samples containing EURFS100/PLA
(80/20 w/w). There were differences between the value of n in two distinct MC
concentrations for PLA 20% which is the effect of a higher swelling ratio for higher
concentrated hydrogel (MC 3%).

The increased use of hydrogels in drug delivery system formulations is based on their
capacity to form a hydrogel network when swollen, which traps the drug and serves as a
barrier to its release to the medium (Carbinatto et al., 2014). Hydrogels are hydrophilic
polymers that absorb large quantities of water. In this regard, the hydrogels' ability to swell is
a critical attribute that should influence the rate at which drugs are released by regulating the
penetrant's rate of diffusion into the matrix as well as the drug's dissolution and diffusion
across the hydrogel layer of the swelled matrix (Carbinatto et al., 2014). The model could
make a good fit to the drug release data when the regression coefficient, R?, was close to 1
(W¢jcik-Pastuszka et al., 2019). Given the system's characteristics, it appeared that the
Korsmeyer-Peppas model could be a reliable model for describing the mass transfer in this
system. Based on the information in Table 7, since R> was more than 0.9 for all samples, and
experimental data presented in the study, Korsmeyer-Peppas model could reasonably explain
the release behavior in spite of the fact the model is unable to predict the mass transport
mechanism for the samples with higher PLA content (30% w/w) as well as the importance of
each mechanism.

According to the parameters from Table 8 in the Peppas-Sahlin model, it became evident that
the model predominantly showed the relaxation or erosion of polymer chains as the primary
mechanism for drug release. This is evident from the higher values associated with the
relaxation constant compared to the diffusional constant. However, it should be noted that
during the initial stages of drug release from the tablets, Fickian diffusion played a
controlling mechanism, as indicated by the R/F values falling below 1 (Figure 13). Increasing
R/F ratio values with time as shown in Figure 13 indicated an increasing relaxational
contribution (Colpo et al., 2018; Peppas & Sahlin, 1989; Pereira et al., 2023; Unagolla &
Jayasuriya, 2018). Additionally, the results revealed that a higher content of EURFS100
resulted in higher values of k, showing that the relaxation of polymer chains was more
effective in those tablets compared to the tablets with lower EURFS100 content.
Furthermore, the diffusion component exhibited significantly lower values compared to the
relaxation of polymer chains, highlighting the dominant role of polymer relaxation in
controlling drug release (Bayer, 2023; Colpo et al., 2018; Farrag et al., 2018; Ferrero et al.,
2000; Pereira et al., 2023). The above statement was further confirmed by calculating the
ratios of relaxation to diffusional contributions (R/F) value, where R/F>1 indicates that the
relaxational contribution was predominant over the diffusional contribution (Colpo et al.,
2018; Pereira et al., 2023).

Ultimately, in addition to MDT, T10% and T80% (duration in hours to take 10% and 80%
drug release, respectively) are shown in Table 9. It is evident that a larger PLA content
caused MDT, T10%, and T80% values to increase.

3.7. Cytotoxicity analysis

The XTT experiment was carried out to confirm the cytotoxicity of the 3D printed tablets
(Figure 14A). After one day of cell culture, the cell viability in the 3D printed samples
(Figure 14B) and various concentrations of MC hydrogels (Figure 14C) and drug solutions
(Figure 14D) showed no cytotoxicity. The proliferation over days was not examined because
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the experiment was conducted to ensure that the tablets, hydrogels, and medication solutions
were not toxic to the cells. The findings indicated that the samples were not toxic to the cells
and that the drug-loaded hydrogels are promising candidates for further investigation to
expand all possibilities of colon drug delivery applications.

4. Conclusion and future perspectives

Through this study, a colon-targeting oral drug delivery system based on drug-loaded MC
hydrogel and 3D printed polymers was created and optimized. A one-step 3D printing
process was employed to produce the pH-responsive polymer framework and encapsulate the
medication. Successful encapsulation of GlcNAc into MC hydrogel and protection from the
acidic environment of the GIT before reaching the colonic site was done using Eudragit
FS100, which prevented early drug release. Although there was a considerable variation
between the two polymer blending ratios in the drug release pattern, a smaller amount of
PLA demonstrated significantly better-regulated drug release as well as more reproducible
printing. This ratio was selected as the optimum candidate for printing the tablets based on
the practical 3D printing experiment combined with the polymer blend characterizations
including TGA, DSC, and rheology assessment. It was also shown that the cumulative drug
release over time was significantly lower when using higher PLA content. Moreover, a higher
concentration of MC hydrogel showed a better control over drug release and gelation
behavior. According to the Korsmeyer-Peppas kinetic model, both swelling and diffusion had
an impact on the drug release mechanism. The Peppas-Sahlin model was able to accurately fit
all the data with high  R? values, suggesting that the primary mechanism governing drug

release during the experiment is the relaxation of polymer chains. However, because the
hydrogel was manually injected, there were certain restrictions with the increased
concentration. Overall, the design of pH-responsive 3D printed tablets containing a drug-
loaded hydrogel shows promise as a novel oral delivery strategy for improved IBD treatment.
In the future studies, the inkjet printing method should be used to automatically inject the
drug-loaded hydrogel in the middle of the printing process so that the appropriate drug
mixtures and suitable excipients (known as ink) are deposited as small drops in a layer-wise
manner on a particular surface (Vaz & Kumar, 2021). The printing process would be
considerably more suited to scaling up in general while allowing for more customizability.
Our future research will concentrate on evaluating the drug released from hydrogel on disease
pathology in vitro and in vivo, both alone and in combination with other drugs.
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Tables:

Table 1. Prepared samples and their label

Sample information Label

3D printed tablets with EURFS100/PLA (80/20 w/w) EURFS100/PLA (80/20 w/w)-
containing 100 pL GlcNAc (30 mg/ml)-loaded MC 3%  MC 3% w/v

(w/v) gel

3D printed tablets with EURFS100/PLA (70/30 w/w) EURFS100/PLA (70/30 w/w)-
containing 100 uL GIcNAc (30 mg/ml)-loaded MC 3%  MC 3% w/v

(w/v) gel

3D printed tablets with EURFS100/PLA (80/20 w/w) EURFS100/PLA (80/20 w/w)-
containing 100 pL GlcNAc (30 mg/ml)-loaded MC 2%  MC 2% w/v

(w/v) gel

3D printed tablets with EURFS100/PLA (70/30 w/w) EURFS100/PLA (70/30 w/w)-
containing 100 uL GIcNAc (30 mg/ml)-loaded MC 2%  MC 2% w/v

(w/v) gel
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Table 2. Experimental design to determine the optimal parameters for the fabrication of the
3D printed tablets

Experiment 1: Experiment 2:
Effect of polymer ratio on 3D Effect of MC concentration on
printed tablets 3D printed tablets

Polymer ratio EURFS100/PLA EURFS100/PLA
(80/20 w/w, 70/30 w/w) (80/20 w/w)

MC 3% w/v 3% wiv

concentration 2% wlv

Read outs Printability and processability Processability
Physical characteristics of tablets Physical characteristics of tablets
Drug Release Drug Release

Table 3. Characterization of the diffusion exponent n based on the geometry of the dosage
form

Thin Film Cylinder Sphere Drug Release
Mechanism

0.50 0.45 0.43 Fickian diffusion
0.50<n<1.00 0.45<n<0.89 0.43 <n<0.85 Anomalous transport
1.00 0.89 0.85 Case-II transport

Table 4. Composition of polymer blends and the printing outcome

Sample name EURFS100 PLA Results
W%) W%)
EURFS100/PLA 60 40 Separation of the polymer blends
(60/40)
EURFS100/PLA 70 30 Printing inconsistency
(70/30)
EURFS100/PLA 80 20 Great printing and consistent
(80/20) production

Table 5. Printing design parameters for different sections of the tablet

Sample Middle Infill  Top/bottom infill Discharg Results
name (%) (%) e

Design-1 20 60 80 Gel leakage
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Design-2 20 80 80 Good gel injection and

sealing
Design-3 40 80 80 Impossible to inject the
gel
Table 6. The rate constant, and R? values of the Higuchi model.
Sample k R?
EURFS100/PLA (80/20 w/w)-MC 3% w/v 12.60 0.90
EURFS100/PLA (70/30 w/w)-MC 3% w/v 7.09 0.84
EURFS100/PLA (80/20 w/w)-MC 2% w/v 16.98 0.91
EURFS100/PLA (70/30 w/w)-MC 2% w/v 9.14 0.82

Table 7. The rate constant, release exponent, and R? values of the Korsmeyer-Peppas model.

Sample k n R?

EURFS100/PLA (80/20 w/w)-MC 3% w/v 6.27 0.84 0.97
EURFS100/PLA (70/30 w/w)-MC 3% w/v 0.15 1.74 0.96
EURFS100/PLA (80/20 w/w)-MC 2% w/v 13.32 0.66 0.94
EURFS100/PLA (70/30 w/w)-MC 2% w/v 0.45 1.76 0.91

Table 8. kg, k;, and r values of the Peppas-Sahlin model.

Sample kq k. R?

EURFS100/PLA (80/20 w/w)-MC 3% w/v -22.40 12.98 0.996
EURFS100/PLA (70/30 w/w)-MC 3% w/v -19.15 6.52 0.994
EURFS100/PLA (80/20 w/w)-MC 2% w/v -15.34 14.89 0.988
EURFS100/PLA (70/30 w/w)-MC 2% w/v -18.14 9.34 0.978

Table 9. Calculated values of MDT, T10%, and T80%.

Sample MDT T10% T80%
(h) d(h) d(h)
EURFS100/PLA (80/20 w/w)-MC 3% w/v 11.43 4.22 20
EURFS100/PLA (70/30 w/w)-MC 3% w/v 18.22 9.41 >24
EURFS100/PLA (80/20 w/w)-MC 2% w/v 9.35 3.05 14
EURFS100/PLA (70/30 w/w)-MC 2% w/v 15.08 5.13 23.1
Figures:
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Figure 1. The chemical structure of MC (A) and GlcNAc (B) created by ChemDraw.
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Figure 2. The chemical structure of EURFS100 (A) and PLA (B) created by ChemDraw.

CH,4

Figure 3. A) Arburg 200-3X 3D printer created by Cura software. (B) Illustration of various

temperature zones representing how the polymer blend is subjected to various temperatures

in different units during the printing process.
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A

freeformer

Figure 4. Schematic view of 3D printing process. A) Printing the bottom layers and a part of
the middle layers of the tablet, B) injecting the (drug-loaded) gel, and C) printing the
remaining part of the tablet. “Graphical elements were created with BioRender.com”.

Shell Printing

Drug-Loaded Hydrogel Injection

Figure 5. A) Optimum droplet size visualized and measured after printing a shell. B) The
tablet’s final design (upper image), including the top, middle, and bottom layers (lower
image) created by SolidWorks software.
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Figure 6. Physical characteristics of the tablets under various circumstances. (A) Three 3D
printed tablets prior to drug release experiment (B) Weight of the 3D printed tablets. (C)
Thickness of the 3D printed tablets. (D) Diameter of 3D printed tablets. Data are shown as
mean = SD. ** =p <0.01, **** =p <0.0001 (* data statistically significantly different)
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Figure 7. SEM images of tablets. (A) A 3D printed tablet image displaying the whole view
of tablets, (B) a center view of the top layer surface showing a few unmelted polymeric spots,

and (C) an edge view revealing the tablet's slightly uneven surface.
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Figure 8. Rheology of the MC hydrogels. A) G’ and G as a function of angular frequency at

two different temperatures, showing close values for G' and G" across the low angular

frequency ramp, and B) viscosity as a function of shear rate, both gels show shear thinning

behaviors.
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Figure 9. Time evolution of G’ and G” of Eudragit FS100 (A), PLA (B), Eudragit
FS100/PLA (80/20 w/w) (C), and Eudragit FS100/PLA (70/30 w/w) (D) at various angular
frequencies, showing the degradation process of these polymers in response to time at a fixed

temperature of 160 °C.
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Figure 10. A) TGA graphs of the EURFS100, PLA, and polymer blends. The step from 180
to 200 °C in the mass loss was due to the evaporation of some volatiles in the structure. B)
DTA of the polymer blends showed that the decomposition range was broader and the rate
was slower in the ratio of 20% PLA.
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Figure 11. DSC graphs (Exo up) of polymers showing the heating (A) and cooling (B)
phases. The graph is displaying Tg values for various polymer blends and confirming the
amorphous structure of the polymers; there is another endothermic event in the polymer
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blends and EURFS100 starting at 170 °C with a mild baseline shift attributed to the
evaporation of some volatiles.
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Figure 12. A) The cumulative release profile of GIcNAc under various conditions revealed
sustained drug release, particularly for tablets containing MC 3% w/v, (B) GIcNAc content in
3D printed tablets showed no significant variations between the samples, and (C) 3D printed
tablets maintained their shape after the release experiment. Data are shown as the mean + SD.
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Figure 13. The R/F values in the Peppas-Sahlin model change over time. It is evident that
these values are consistently greater than 1, suggesting that, except for the initial stages of the
release experiment, polymer relaxation primarily governs the drug release mechanism.
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Figure 14. A) Schematic representation of XTT assay showing the sample preparation,
created by “BioRender.com”. XTT results of B) 3D printed samples, (C) MC hydrogels, and
(D) GlcNAc solutions; cell viability was observed in the samples on day 1 of the experiment.
The negative sample was DMEM and the positive one was DMSO. Data are shown as the
mean + SD. **** =p <(.0001 (* data statistically significantly different)
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