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Abstract
Mosapride citrate (MC) is a poorly soluble short half-life drug with more pronounced absorption in the stomach. The present 
study aimed to incorporate MC co-crystals with enhanced solubility into 3D-printed floating tablets. MC co-crystals were 
prepared via the green method using Saccharin sod. as a co-former at a (1:1) molar ratio. The prepared co-crystals were 
assessed for solubility, FTIR, thermal behavior, and SEM. Then, it was incorporated into zero % infill 3D-printed tablets of 
different configurations at two thickness levels by the FDM printing technique. Printed tablets were evaluated for dimensions, 
weight deviation, friability, and in vitro floating behavior. Drug release and kinetic of the MC release were also assessed. 
Solubility study of the co-crystals showed a significant (p value < 0.05) increased solubility over pure MC. FTIR and thermal 
behavior confirmed hydrogen bonding formation during co-crystallization. The obstructed particles had an erratic protrusion 
form, similar to a nodule, as illustrated by SEM. The printed tablets showed acceptable physicochemical properties. Tablets 
floated for about ≥ 12 h without floating lag time. In vitro drug release exhibited variable extended release profiles with dif-
ferent lag times depending on the configuration indicating that the tablet’s wall thickness and surface area were the factors 
manipulated to control drug release. Kinetic analysis of the release data displayed intermediate kinetics between zero-order 
and diffusional kinetics. The intragastric extended release profile for MC co-crystals of improved solubility could be suc-
cessfully, economically, and quickly developed utilizing the 3D printing technique.
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Introduction

Drugs may have variable solid forms, which may exhibit 
variable physicochemical as well as biological properties, 
including thermal stability, solubility, and bioavailability [1]. 

Drug efficacy depends primarily on three factors which are 
potency (dose), solubility, and permeability. Potency is an 
intrinsic drug property that cannot be easily manipulated. 
On the other hand, solubility and permeability could be 
modulated. The formation of other solid forms, such as solid 
eutectic compositions, salts, co-crystals, and co-amorphous, 
is an important strategy to modify the drug solubility [2, 3]. 
Crystallization is defined as a process of redundant disci-
plined arrangement of molecules to form a unit crystal [4]. 
Co-crystals are formed when correlative atoms of different 
structures are solidified into one crystal such that when these 
co-crystals dissolve, they will give back their original starting 
materials [5]. In addition to improving the active pharmaceu-
tical ingredient (API) solubility, co-crystals can be used to 
ameliorate taste, stability, flowability, and bioavailability [6]. 
Co-crystals could be prepared by various methods, of which 
the solvent-free method has gained great interest as an attrac-
tive green tool. This is because these methods can produce 
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co-crystals with limited amounts (liquid-assisted grinding) or 
even no need for solvent (neat grinding). Co-crystal forma-
tion by liquid-assisted grinding is not fully understood, but 
it could be assumed that the added liquid acts as a lubricant 
that facilitates components’ molecular diffusion [3].

Mosapride citrate (MC) is a third-generation prokinetic 
agent that is used for the treatment of a variety of gastrointes-
tinal diseases such as acid reflux, irritable bowel syndrome, 
and vomiting accompanying chronic gastritis [7]. It acts as a 
selective serotonin (5-HT4) receptor agonist, where it facili-
tates the release of acetylcholine from cholinergic neurons [7]. 
Difficulties in the pharmaceutical formulation of MC could 
be attributed to its poor solubility and wettability which in 
turn result in variation in its bioavailability [8]. The solubility 
of MC has been improved by several techniques in previous 
studies [9, 10]. Crystallization was recognized by its ability to 
improve important drug properties (physicochemical as well 
as biological) due to the inclusion of another molecular agent 
(co-former), without affecting intrinsic drug activity [3]. The 
co-crystal formation could be attributed to hydrogen bond 
formation. In the present study, MC contains both hydrogen 
donor and acceptor groups which would form co-crystals via 
interaction with co-formers through hydrogen bonding [9]. 
Saccharin sod. contains both hydrogen donor and acceptor 
groups, so it has been abundantly used as a co-former for 
pharmaceutical co-crystal fabrication [11].

Marketed MC tablets are absorbed orally with  T1/2 of 
about 1.5 h and  Tmax in the range of 0.5–1 h. Hence, mul-
tiple daily administration is required, which could impair 
patient compliance [12]. Therefore, a sustained-release MC 
formulation would be recommended to reduce dosing fre-
quency and enhance patients’ compliance [13]. Several tech-
niques were used to prolong the MC duration of action [14]. 
However, MC exhibits variable absorption in various GIT 
segments with more pronounced absorption in the stomach, 
making conventional extended-release formulations unsuit-
able for MC [10, 15]. Hence, the development of a floating 
system for MC co-crystals with enhanced solubility would 
combine the benefits of enhanced bioavailability together 
with the decrease in dosing frequency.

Traditional gastric floating drug delivery systems 
(GFDDS) have the advantage of prolonging gastric reten-
tion time together with extending the duration of the drug 
[16]. Traditional GFDDS is generally achieved by the use 
of swelling polymers, microporous components, or gas-
generating components. So, formulating GFDDS generally 
requires a considerable number of excipients in a com-
plicated process. In addition, less dense materials used to 
assist floating behavior may not be compatible with alkaline 
materials [17]. Hence, new techniques are being studied for 
designing GFDDS. One of the recent trials was to take the 
advantage of fabricating complex configurations by three-
dimensional (3D) printing to develop low-density tablets for 

gastric floating. 3D printing is reported as a quick technol-
ogy of prototyping that is able to fabricate particular shapes 
of complex interior structures quickly and accurately.

The ability to design a novel low-density internal structure 
of different configurations was achieved using 3D-printing 
technology [18]. The 3D printing utilizes many techniques, of 
which fused deposition modeling (FDM) attracts the pharma-
ceutical formulators’ interest. This could be due to its low cost, 
easy operation, and the ability to produce a hollow entity. FDM 
typically works by forcing out polymeric filaments that have 
consistent, well-defined diameters through robotically actuated 
nozzles where the extruded filaments then solidify on a plate 
[19]. Drug release control from tablets printed by FDM tech-
nology can be done by modifying several factors, including 
configuration, drug load, or polymer selection [20]. However, 
FDM suffers from the limitation of being unsuitable for APIs 
sensitive to temperature changes and the need for incorporation 
of API into the filament as a preceding step of manufacture. 
Recently, a syringe was utilized to incorporate pastes or liquids 
containing drugs that are sensitive to the temperature inside the 
systems [21]. Therefore, this printer can save time, energy, and 
space in comparison with the traditional process.

The primary motivation for this study was to prepare MC 
co-crystals of improved solubility via the green method. The 
second motivation was to incorporate HPMC K4M gel con-
taining the MC co-crystals into floating 3D-printed tablets 
of different configurations at two thickness levels using the 
FDM technique. The effect of configuration and thickness on 
the floating behavior and drug release was further studied to 
ensure drug release in the upper part of the stomach.

Materials and Methods

Materials

Mosapride citrate was obtained from Sigma-Aldrich (Ger-
many). The available marketed tablets (mosapride 5 mg, 
Western Pharmaceutical Industries) were purchased. FDM 
printer filament made of biodegradable thermoplastic pol-
ylactic acid (PLA) (melting point 220 °C, density 1.25 g/
cm3) was supplied by Leon3D (Spain). El-GOMHOURIA 
Company, Cairo (Egypt), was the source of ethyl alcohol 
and hydrochloric acid. Saccharin sodium and hydroxypropyl 
methylcellulose METHOCEL™ K4M were obtained from 
EIPICO Company, Cairo (Egypt). Analytical-grade reagents 
and chemicals were employed for all other processes.

Preparation of Mosapride Citrate Co‑crystals

The liquid-assisted grinding technique was used to pre-
pare MC co-crystals since it is a simple and costly effective 
method that gives co-crystals of high yields. In addition, this 
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method saves time being independent of the solubility of the 
primary components. Based on dissolution data (see sup-
plementary file), drug and co-former (Saccharin sod.) were 
blended at (1:1) molar ratio in mortar and pestle for 15 min. 
Enhanced molecular diffusion was attained by the inclusion 
of a small amount of liquid, which acts as a catalyst for 
encouraging co-crystal preparation. A few drops of ethanol 
(the maximum amount of ethanol was 0.2 mL) were added 
dropwise to moisten the mixture of the drug and co-former 
during grinding [22]. The resultant co-crystal powder was 
stored in air-tight containers until use.

Characterization of the Prepared Mosapride Citrate 
Co‑crystal Powder

Solubility Study

The method of shake flask was used for studying the solubil-
ity of pure MC powder, physical mixture (MC and Saccharin 
sod.), and the MC co-crystals in 0.1 N HCl and phosphate 
buffer of pH 6.8 [23]. Excess amounts of MC, the physical 
mixture, and the MC co-crystals were dissolved individually 
in 10 mL of 0.1 N HCl and phosphate buffer of pH 6.8. The 
samples were shaken on a water bath shaker (Gallen Kamp 
(England)) at 37 ± 0.5 °C for 24 h. Solutions were then cen-
trifuged for 30 min at 3000 rpm (Remi Laboratory Centri-
fuge R32A, Remi Equipment, Bombay, India), and 2 mL of 
supernatant was diluted to 50 mL with the same medium and 
examined spectrophotometrically using UV-Visible spec-
trophotometer (6405 UV/Vis, Jenway, Staffordshire, UK) at 
264 nm [24]. One-way analysis of variance (ANOVA) was 
used for statistical analysis using the GraphPad Prism 6 soft-
ware (Otago information technology system, New Zealand), 
and a significance level of p < 0.05 was set.

Fourier Transform Infrared Spectroscopy

Predicting the formation of co-crystals was done with the aid 
of Fourier transform infrared (FTIR), a useful analytical tool 
that reveals the presence of distinct functional groups in the 
co-crystals. Pure MC, Saccharin sod., a mixture of the two 
substances, and the co-crystals were all scanned by FTIR 
spectrophotometer (VERTEX 70 (Perkin-Elmer, FTS-1710, 
Beaconsfield, UK). Hydraulic pressure was used to compress 
the KBR-dispersed samples into discs. The spectrum was 
then recorded once the pellet was positioned in the light 
path. The wavenumber range of (4000 to 400  cm−1) was used 
to acquire the spectra of each sample [25].

Thermal Analysis Utilizing Differential Scanning Calorimetry

To verify the development of co-crystals, the molecular state 
of MC in the co-crystals was investigated using differential 

scanning calorimetry (DSC). A differential scanning calo-
rimeter (Shimadzdu, model DSC-50) (Japan) was used to 
analyze the samples (pure MC, Saccharin sod., a mixture of 
the two substances, and the co-crystals). For analysis, about 
5 mg of each sample was heated in a sealed aluminum pan 
over a temperature range of 0 to 300 °C at a scanning rate of 
5 °C/min while under a nitrogen purge at a rate of 30 mL/
min. The standard was based on pure indium [26].

Surface Morphology Analysis

Analytical scanning electron microscopy (SEM) (JSM-
6360A, JEOL, Tokyo, Japan) was employed to examine the 
topography of the MC co-crystals. A double-sided adhesive 
tape was affixed to a stub of aluminum, and a small amount 
of the sample was sprinkled on top. Under an argon atmos-
phere, the stubs were coated with platinum resulting in a 
thickness of about 10 A° and scanned using SEM.

Development of 3D‑Printed Floated Tablets

Preparation of Printable Gel

Hydroxypropyl methylcellulose K4M powder was added to 
100 mL hot water (70 °C) and mixed thoroughly until a 
uniform dispersion was attained, yielding a 1% w/v 3D print-
able gel. After the mixture was mixed, it was chilled with ice 
and placed in the refrigerator for 24 h where a homogeneous 
gel solution free of air bubbles and aggregates was formed 
[27]. Finally, the MC co-crystals were added until complete 
distribution.

3D Printing Process

Zero % infill tablets of different configurations (cube, cylin-
der, sphere) were printed utilizing FDM and syringe-based 
techniques using REGEMAT 3D V1 printer (Regemat 3D 
S.L., Spain) previously loaded with PLA filaments. PLA 
filaments were selected for the printing process since it 
shows optimum mechanical properties, sustained release 
behavior, and variable density that can be adjusted for the 
floating purpose [28–30]. Both ULTIMAKER CURA, a 
slicing program, and SOLIDWORKS, a design program, 
were employed in the production of the 3D-printed systems. 
Syringes with a 0.3 mm internal diameter and a 0.7 mm 
external diameter were used to house the printable gel. 
Three-dimensional printed floating tablets were created 
using FDM with the following printing parameters: layer 
thickness (0.4 or 0.8 mm), perimeter speed 25 mm/s, infill 
speed 8 mm/s, feeding rate 1.2 mm/s, and bed’s temperature 
60 °C. Tablets were digitally developed and extruded layer 
by layer on a glass slide. Twenty-one layers, each with four 
sealing perimeters, were extruded to make the structures. 



 AAPS PharmSciTech (2023) 24:127

1 3

127 Page 4 of 11

After extruding the initial two layers, the third layer features 
parallel lines spaced 1.2 mm apart. In the fourth layer, the 
extruder follows the same procedure, except this time, the 
lines run perpendicular to those in the first three levels. A 
1.2 mm by 1.2 mm square mesh was generated in this man-
ner. Up until the 18th layer, the same procedure was used. 
As the extruder withdrew, the printable gel (0.5 mL) was 
introduced into the printed structure using a syringe. Three 
additional layers were further built by an FDM extruder to 
complete the printed tablets [27]. To build the structure, 
every step, including the use of the FDM extruder and the 
syringes, was done by hand. After the third layer, the struc-
ture was dried.

Drug Content, Features, and Physical Parameters of Printed 
Tablets

The MC content of the printed tablets was carried out after 
crushing utilizing UV-spectrophotometer (6405 UV/Vis, 
Jenway, Staffordshire, UK) [24, 31]. The content of the 
crushed printed tablets was individually dissolved in 0.1 N 
HCl (pH 1.2) in a 100-mL volumetric flask and stirred for 
15 min. After sufficient dilution with 0.1 N HCl, spectropho-
tometric absorbance was examined at 264 nm [24]. Measure-
ments were carried out in triplicate.

A digital caliper (made by VWR in Stockholm, Sweden) 
was used to measure the tablets’ thickness and diameter. 
Also, the test for brittleness was done in a digital tablet brit-
tleness machine (VEEGO model: FT-2D, India). Measure-
ments were carried out in triplicate. An electronic balance 
(Mettler, J 100, (Switzerland)) was used to measure the 
weight of twenty tablets after drying.

Floating Study of 3D‑Printed Tablets

3D tablets were tested for floating in vitro under both static 
and dynamic settings. Static investigations used a beaker 
containing 900 mL of 0.1 N HCl to mimic stomach juice. In 
the dynamic investigations, tablets were tested in USP disso-
lution equipment II (paddle type) (DA6D, Bombay-400–069, 
India) at a speed of 75 rpm and 900 mL of 0.1 N HCl. Each 
tablet’s floating lag time was monitored, where the total 
floating time was the period of time the tablet was on the 
surface of the medium [32].

In Vitro Mosapride Citrate Release from 3D‑Printed Tablets

The drug release from both 3D-printed floating tablets and 
the marketed available tablets was studied using USP disso-
lution equipment II (paddle type) (DA6D, Bombay-400-069, 
India) at a speed of 75 rpm. The dissolution medium was 
simulated gastric fluid (0.1 N HCl) in a volume of 900 mL 
kept at 37 °C ± 0.5 °C. At 1, 2, 3, 4, 5, 7, and 8 h; 5 mL 

aliquots of the media were removed and promptly exchanged 
with an equivalent volume of fresh dissolving medium. The 
filtered samples were examined spectrophotometrically at 
264 nm utilizing a UV-spectrophotometer (6405 UV/Vis, 
Jenway, Staffordshire, UK) [24]. Measurements were carried 
out in triplicate.

Kinetic Modelling of Mosapride Citrate Release

Several kinetic models of drug release were enforced to in 
vitro release data to better understand the pattern of MC 
release from 3D-printed floating tablets (zero-order, first-
order, Higuchi, and Korsmeyer–Peppas models). The kinetic 
parameters and correlation coefficient were also calculated.

Results and Discussion

Characterization of the Prepared Mosapride Citrate 
Co‑crystal Powder

Solubility Study

Co-crystallization is a simple technique that is known 
to improve drug solubility. This technique was already 
employed to improve the solubility of different drugs in 
several previous studies [33]. Pure MC had a solubility of 
0.98 mg/mL and 0.71 mg/mL at 37 °C in 0.1 N HCl and 
phosphate buffer of pH 6.8 respectively. The solubility of 
the physical with Saccharin sod. mixture was found to be 
0.97 mg/mL and 0.702 mg/mL at 37 °C in 0.1 N HCl and 
phosphate buffer of pH 6.8 respectively. The solubility of the 
co-crystals was 14.5 mg/mL and 11.6 mg/mL at 37 °C in 0.1 
N HCl and pH 6.8 phosphate buffer respectively. Statistical 
analysis revealed that co-crystallization of MC with Saccha-
rin sod. had significantly (p value < 0.05) increased the MC 
solubility in both media over the pure drug. Results confirm 
co-crystal formation between MC and the used co-former. 
The enhanced co-crystal solubility can be explained by the 
release of MC particles from the crystal lattice and the solva-
tion of such released particles. The altered crystal structure 
by co-crystal formation resulted in decreased crystal lattice 
energy which in turn enhanced drug solubility. In addition, 
improved solubility could be related to the increasing sol-
vent affinity towards MC in the presence of Saccharin sod. 
(reduction in solvation energy) [34].

Fourier Transform Infrared Spectroscopy

FTIR is an important analytical tool for confirmation of co-
crystal formation by observing variations in the frequen-
cies of certain functional groups in the resulting co-crystals 
compared to the individual ingredients. The intermolecular 
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hydrogen bonding between the drug and the co-former 
can be determined by FTIR. The formation of co-crystals 
involves non-covalent interactions (hydrogen bonding) 
between the drug and the used co-formers. The formation of 
a hydrogen bond (HB) depends on the presence of a hydro-
gen donor that can give hydrogen (like phenolic O−H, car-
boxylic O–H, and amine N−H) to hydrogen receptor (like 
the amidic N−C=O and a carboxylic C=O oxygen atom) 
[35].

Saccharin sod. molecule has both carbonyl bonds which 
can act as a strong hydrogen acceptor as well as (N–H) bond 
which can act as strong donors. The occurrence of these two 
bonds allows the molecule to form an imide homodimer with 
the subsequent formation of co-crystals with other molecules 
[34]. MC molecule contains a carbonyl bond which can act 
as a strong hydrogen acceptor. This carbonyl group has the 
ability to form a bond with the (N–H) hydrogen donor group 
of Saccharin sod. Also, the MC molecule contains a (N–H) 

bond which acts as a strong hydrogen donor and may have 
the ability to interact with the strong hydrogen acceptor of 
Saccharin sod. The authors predict the formation of co-crys-
tals as presented in Fig. 1.

FTIR spectra of pure MC, Saccharin sod., physical 
mixture, and the MC co-crystals are presented in Fig. 2. 
FTIR spectra of pure MC exhibited a characteristic forked 
absorption band at about 3443.18 and 3379.54  cm−1 cor-
responding to (−NH2) stretching vibration. There was 
also another forked absorption band at about 3334.22 and 
3226.23  cm−1 corresponding to the stretching vibration of 
tertiary amine (–CONH). A characteristic absorption band at 
1723.08  cm−1 could be due to the carbonyl amido (–CONH) 
stretching vibration. Other several sharp bands were 
observed at 1628.49  cm−1 (C–N stretching), 1546.53  cm−1 
(C–H stretching), 1249.64   cm−1 (C–Cl stretching), and 
1214.21  cm−1(C–F stretching). The observed spectra con-
firmed the purity of MC [9].

Fig. 1  Theoretical probability 
of hydrogen bond formation 
between Mosapride citrate and 
Saccharin sod. molecules

Fig. 2  FTIR spectra of pure 
Mosapride citrate, Saccharin 
sod., physical mixture, and the 
MC co-crystals powder
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FTIR spectrum of Saccharin sod. showed sev-
eral characteristic bands. The bands observed were at 
3250–3550   cm−1 and 1720   cm−1 corresponding to the 
cyclic imide (N−H) bond and the (C=O) bond of the sec-
ondary amine respectively. Bands corresponding to asym-
metric and symmetric stretches of the  (SO2) group were 
observed at 1333 and 1173  cm−1. This observation agrees 
with findings observed by previously published data [34]. 
However, when MC and Saccharin sod. were mixed physi-
cally, their spectra were found to be merely additions of the 
spectra of the two distinct compounds, with essentially no 
modifications in the characteristic peaks. FTIR spectrum 
of co-crystals differs markedly from that of the physical 
mixture and reveals the disappearance of the characteristic 
bands for MC at 3334.32 and 3226.23  cm−1 correspond-
ing to tertiary amine (–CONH) stretching vibration. Also, 
there was a decrease in the intensity of the MC carbonyl 
amido (–CONH) characteristic stretching vibration. The 
characteristic bands of Saccharin sod. at 3550  cm−1 and at 
1720  cm−1 disappeared. These changes in the FTIR peaks 
of the drug along with Saccharin sod. confirmed hydrogen 
bond formation during co-crystallization [36].

Thermal Analysis Using Differential Scanning Calorimetry 
(DSC)

DSC was performed to study the thermal behavior of the 
MC co-crystals relative to the individual components and 
the physical mixture. DSC thermogram provides a use-
ful tool that confirms co-crystallization via alteration in 
the characteristic peaks of the co-crystals as compared to 
the drug and co-former since, in more than 50% of cases, 
co-crystals exhibited a melting point lower than that of 
both drug and co-former [1]. DSC thermograms of Pure 
MC, Saccharin sod., physical mixture, and the MC co-
crystals are presented in Fig. 3. DSC thermogram of MC 
displayed two sharp endothermic peaks at 110 °C and 
188 °C, corresponding to its melting behavior. Saccha-
rin sod. also displayed an endothermic peak at 130 °C. 
Similar thermal events for MC and Saccharin sod. were 
obtained in the physical mixture. For the co-crystals, there 
was a drastic reduction the in the melting point of MC. In 
addition, the peak corresponding to Saccharin sod. was 
not detected which confirms the formation of co-crys-
tals [37]. Differences observed in the melting behavior 
of prepared co-crystals in comparison with the pure MC 
could be explained by altered molecular arrangement in 
the prepared co-crystals. This alteration results in a new 
crystalline arrangement as well as altered thermodynamic 
properties. This could be due to non-covalent physical 
interaction through hydrogen bonding between polar func-
tional groups of the drug and Saccharin sod.

Surface Morphology Using Scanning Electron Microscopy 
(SEM)

Scanning electron microscopy was performed to examine the 
morphology of the co-crystal particles. Several SEM images 
of the co-crystals were taken, and the clearest one is pre-
sented in Fig. 4. In this figure, MC co-crystals were seen as 
obstructed particles with an erratic protrusion form, similar 
to a nodule. This shape of MC co-crystals may be caused by 
the grinding action. The surface of the MC co-crystals was 
found to be rough in nature.

0 50 100 150 200 250 300

)
W

m( cs
D

Temperature (oC)

Co-crystals

Mosapride

Physical Mixture

Saccharin

Fig. 3  DSC thermograms of pure Mosapride citrate, Saccharin sod., 
physical mixture, and the MC co-crystals powder

Fig. 4  Scanning electron microscopy for the MC co-crystals powder
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Evaluation of the 3D‑Printed Floating Tablets

Drug Content and Physical Properties of 3D‑Printed Tablets

Tablets of different configurations (cube, cylinder, sphere) 
and thickness levels (0.4 & 0.8 mm) were obtained by 3D 
printing technique. The 3D-printed tablets were evaluated 
for MC content, dimensions, weight variation, and friability 
(Table I).

T h e  ave r a ge  p e r c e n t  d r u g  c o n t e n t  wa s 
95.90% ± 2.95–97.16% ± 2.26. All the investigated 3D tab-
lets complied with the pharmacopeial requirements for their 
content uniformity, which was found to be within ± 10%. The 
diameter of the 3D tablets was 13.94 mm ± 0.21–10.10 mm 
± 0.20. The volume was 520  mm3 ± 0.23–625  mm3 ± 0.19. 
The weight of 3D tablets was 225.7 mg ± 0.32–258.6 mg ± 
0.13. Also, the friability of tablets was measured to indicate 
the physical strength of the printed tablet. The presence of 
cracked, cleaved, or broken tablets after tumbling the tablets 
fails the test. The friability of the 3D tablets was less than 
1% indicating good mechanical strength. Results indicated 
that FDM printing represents a precise, accurate 3D printing 
system that can produce structures with the ability to hold 
the content from the syringe.

Floating Behavior of 3D‑Printed Tablets

In the design of a floating drug delivery system, two main 
criteria have to be considered. First, the floating duration 
which has to be extended for more than 4–8 h to ensure 
retention of the floating system in the stomach without enter-
ing the small intestine. The second main concern is the time 
taken by the delivery system to float (floating lag time). 
Minimum floating lag time reduces the risk of entry of the 
floating system into the small intestine. Floating systems 
with a floating lag time of more than 1 h after immersion 
might pass to the small intestine since human gastric resi-
dence time is about 1–3 h. Hence, the in vitro floating studies 
of 3D floating tablets were performed under both static and 
dynamic conditions [38]. In the floating study, the printed 
3D tablets with different configurations showed immediate 

floating (floating lag time = 0 min) after being immersed in 
media under either static or dynamic conditions. In addition, 
all tablets were found to float for more than 12 h (surface 
floating duration  ≥ 12 h) as presented in Fig. 5. On the other 
hand, the marketed tablet did not float after immersion in 
0.1 N HCl. Nevertheless, the disturbance effect produced by 
the dissolution apparatus is not exactly the same for stom-
ach movement. So, further study of the floating behavior in 
humans would be recommended.

In Vitro Mosapride Citrate Release from 3D‑Printed Tablets

The release behavior of mosapride citrate from zero % infill 
3D-printed tablets of various configurations at two thick-
ness levels and the available marketed tablets (mosapride 
5 mg, Western Pharmaceutical Industries) were conducted 
in 0.1 N HCl (pH 1.2) for 8 h. As presented in Figs. 6 and 
7, 3D-printed tablets with higher wall thickness displayed 
integrity for a longer duration before MC release in compari-
son with 3D-printed tablets of a lower wall thickness. The 
3D-printed tablets with a wall thickness of 0.8 mm started 
MC release at the end of the 3rd h, whereas those with a wall 
thickness of 0.4 mm started MC release at the end of the 
1st h. Similar results were obtained by Maroni et al., where 
two compartment capsular devices, each having a different 
thickness, showed increased lag phase proportionally with 
an increased compartment thickness [39]. In another research 
directed by Reddy et al., the authors printed tablet shells with 
different thickness levels and reported that as the shell thick-
ness increased, the lag time before drug release was increased. 
This phenomenon can be explained by the fact that the higher 
wall thickness would prevent penetration of dissolution media 
inside the 3D-printed tablets for a longer time [40].

Moreover, the tablet configuration has been shown 
to control the drug release, where % MC released was 
84.76 ± 0.43, 89.82 ± 0.61, and 71.89 ± 0.63% at 8 h for 
the cube, cylinder, and sphere tablets of 0.4 mm wall thick-
ness respectively. While the % MC released at 8 h for the 
cube, cylinder, and sphere tablets of 0.8 mm wall thick-
ness was 75.7 ± 0.43, 77.78 ± 0.61, and 63.83 ± 0.63%. The 
order of MC released from 3D-printed floating tablets was 

Table I  Drug Content and Physical Parameters of the 3D-Printed Floating Tablets with Different Configurations at Two Thickness Levels

Configuration 
of 3D tablet

Thickness 
(mm)

MC content (%) Diameter (mm) Surface area  (mm2) Weight (mg) Volume  (mm3) Friability (%)

Cube 0.4 96.84 ± 1.57 13.90 ± 0.12 387.98 ± 0.13 257.5 ± 0.26 520 ± 0.23 0 ± 0
Cylinder 95.90 ± 2.95 13.00 ± 0.18 456.23 ± 0.28 234.2 ± 0.41 620 ± 0.16 0 ± 0
Sphere 96.96 ± 1.33 10.10 ± 0.20 320.68 ± 0.36 225.7 ± 0.32 540 ± 0.32 0 ± 0
Cube 0.8 95.94 ± 1.90 13.94 ± 0.21 388.98 ± 0.15 258.6 ± 0.13 522 ± 0.13 0 ± 0
Cylinder 96.80 ± 1.88 10.66 ± 0.21 413.04 ± 0.32 235.8 ± 0.25 625 ± 0.19 0 ± 0
Sphere 97.16 ± 2.26 10.12 ± 0.12 321.87 ± 0.25 226.9 ± 0.23 543 ± 0.22 0 ± 0
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Fig. 5  Photographs of a 
3D-printed tablet with different 
configurations and their floating 
behavior

Fig. 6  MC release from 
3D-printed floating tablets 
(n = 3) with different configura-
tions and thicknesses of 0.4 mm 
and marketed tablet in 0.1 N 
HCl
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Fig. 7  MC release from 3D 
printed floating tablets (n = 3) 
with different configurations 
and thicknesses of 0.8 mm and 
marketed tablet in 0.1 N HCl
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cylinder > cube > sphere. This could be explained by vari-
ation in the surface area of the 3D-printed tablets where 
a higher surface area value gives higher drug release, as 
shown in (Table I). The bigger surface area admits effortless 
entry of the dissolution media inside the 3D-printed tablets, 
resulting in a faster release of MC. Reddy et al., who used 
FDM 3D printing for the development of core-shell gastro 
retentive floating pulsatile drug delivery systems, reported 
that a diminish in the surface area caused a slower drug 
release from the printed systems [40]. Xiaowen et al., who 
fabricated three types of tablets enclosing drug-containing 
gels, reported variation in the rate of drug release along with 
variation in the surface area of tablets [41]. Marketed tablets, 
on the other hand, showed fast release behavior with  > 70% 
of MC was released in the 1st hour. It was observed that 
the 3D-printed floating tablets exhibited more controlled 
drug release in comparison with the available marketed tab-
let which displayed complete drug release within 2 h. This 
confirms quite control for the drug release by the 3D-printed 
floating tablets where the drug is released in the upper gas-
tric region after the polymer is dissolved.

Kinetic Modelling of Mosapride Citrate Release

Linear regression was used to study dissolution data to pre-
dict the order for drug release. The model of the highest 
correlation coefficient (r2) (Table II) was determined as the 
best-fit kinetic model. The zero-order model gave the highest 
R2 values for all of the 3D-printed tablets. This observation 
comes along with findings observed by Huanbutta and Sang-
nim who developed zero-order drug-release gastro-retentive 
floating tablets produced by 3D printing technology [32]. 

Also, Korsmeyer–Peppas model was used to study the 
release mechanism. The obtained diffusional exponent 
(n) value can define the mechanism of drug release. The 
3D-printed tablet showed the Fickian diffusion release 
model as the best fit with the Korsmeyer–Peppas model; 
(r2 = 0.0646–0.5015) and exponent values (n) ≤ 0.5. The 
obtained results indicated that the drug is released with diffu-
sional kinetics, as indicated by the Korsmeyer time exponent. 

In general, this kinetic can be considered suitable for sustained 
release. This drug release model might have the ability to sta-
bilize drug plasma levels which would maximize therapeutic 
efficacy and minimize drug overdose side effects and toxicity.

Conclusion

In this study, co-crystals of MC were propitiously devel-
oped via the green method. The resultant co-crystals had 
significantly (p value < 0.05) enhanced MC solubility (in 0.1 
N HCl and pH 6.8 phosphate buffer) in comparison with 
the pure drug. The formation of co-crystals was endorsed 
by thermal analysis and FTIR which furnished proof for 
hydrogen bonding during co-crystallization. SEM clarified 
nodular-like irregular protrusion-shaped particles.

The 3D-printed floating tablets of different configurations 
with zero % infill were propitiously printed via FDM tech-
nique using PLA filaments. The printed tablets displayed 
acceptable physicochemical properties with an adequate 
floating duration of more than 12 h in the absence of floating 
lag time. Quite control for drug release was also propitiously 
accomplished by manipulating the tablet’s wall thickness 
and surface area. In this concern, the duration of the lag 
phase before drug release can be increased by increasing 
the tablets’ wall thickness levels. Also, different configura-
tions had different surface areas which resulted in diversity 
in the release profiles. MC was released in the following 
order: cylinder > cube > sphere for both wall thicknesses. 
The drug was released with release kinetics between zero 
order as well as diffusional drug release, as indicated by the 
Korsmeyer time exponent. The obtained drug release pattern 
could stabilize drug concentrations in plasma. The gained 
results proved the ability of the FDM printing technique to 
fabricate 3D-printed systems that can hold the content from 
the syringe and can regulate the drug release in the upper 
part of the stomach. The authors believe this would be a 
significant step forward to the broader application of 3D 
printing drug design and manufacture, particularly in areas 
of clinical development.

Table II  The Calculated 
Correlation Coefficient (r) and 
(n) Value for the 3D-Printed 
Floating Tablets Based on In 
Vitro Release Study

*Represents the wall thickness of the developed 3D printed tablets in mm

Formula Correlation-coefficient (r) (n) value

Zero-order First-order Higuchi-diffu-
sion model

Korsmeyer 
Peppa’s model

Cube 0.4 mm* 0.9954 0.4011 0.9840 0.0647 0.0620
Cylinder 0.9963 0.3027 0.9947 0.1587 0.1315
Sphere 0.9948 0.3250 0.9799 0.3224 0.4840
Cube 0.8 mm* 0.9739 0.7831 0.9451 0.5015 0.4173
Cylinder 0.9744 0.7382 0.9430 0.4381 0.3132
Sphere 0.9702 0.7446 0.9316 0.4424 0.3690
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