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A B S T R A C T

Obtention of customized dosage forms is one of the main attractions of 3D printing in pharmaceuticals. In this
sense, children are one of the groups within the population with a greater need for drug doses adapted to their
requirements (age, weight, pathological state…), but most 3D printed oral dosages are solid forms and, therefore,
not suitable for them. This work developed patient-tailored medicinal gummies, an alternative oral dosage form
with eye-catching appearance and appropriate organoleptic characteristics. Four inks were formulated, charac-
terised and 3D printed by means of syringe-based extrusion mechanism. Different tests were performed to ensure
reproducibility of the process and validate work methodology for dosage unit fabrication applying basic manufac-
turing standards. Rheological test helped in evaluating inks printability. Visual characterization concluded that
drugmies, apart from a high fidelity in the 3D model shape reproduction, had a bright and uniformly coloured
appearance and a pleasant aroma, which made them highly appetising and attractive. The printed gummy oral
dosages complied comfortably with the mass uniformity assay regardless of the formulated ink used or the 3D
model selected for printing. Ranitidine hydrochloride individual contents were determined using uv–vis spec-
trophotometry, showing successful results both in dose accuracy, uniformity of drug content and dissolution.

1. Introduction

Inter-individual variability, due to both genetic and environmen-
tal factors, makes drug response different between patients (Schork,
2015). For this reason, concepts of “patient-specific” or “tailored” dos-
ing are emerging as an alternative to the traditional pharmaceutical in-
dustry mass production. In this sense, 3D printing has proved to be a
manufacturing technique with great potential since it allows the cre-
ation of three-dimensional objects, layer by layer, with total freedom of
form and design (Awad et al., 2018; Norman et al., 2017; Tren-
field et al., 2018). Thus, dosages adapted to each patient can be
printed without incurring additional costs since the easily modification
of the infill density or the size of the figure allow the acquisition of
the desired drug dose with no need of ink reformulation. Moreover,
through these manufacturing technologies, complex custom shapes can
be achieved, providing an alternative potential to the release and ab-
sorption profiles of drugs (Goyanes et al., 2016, 2015a; Okwuosa
et al., 2017; Sadia et al., 2018), as well as pills containing multi

ple drugs with defined immediate and sustained release profiles (Goy-
anes et al., 2015b; Khaled et al., 2015a, 2015b).

Just as happens with conventional-manufactured medicines, most of
published works on 3D printed medicines respond to solid oral formu-
lations that must be swallowed whole, except for some alternative ap-
proaches to chewable doses (Goyanes et al., 2019; Rycerz et al.,
2019). Solid oral dosages, although widely accepted by society, are in-
convenient for patients with swallowing difficulties or uncooperative,
such as children or old people. The lack of will to swallow solid forms
is also common in healthy adults, who do not communicate it to doc-
tors, and the treatment ends up failing without considering alternative
therapy solutions. In all these cases, compliance and medication adher-
ence are directly affected, contributing to a greater occurrence of med-
ical complications and decreasing patient's quality of life (Barbara Ak-
panudo, 2014; Beck et al., 2005; Fields et al., 2015).

This work presents a novel option to enhance the complacency and
willingness of the end-user costumer to take the medication as planned:
patient-tailored medicinal gummies or ‘drugmies’; a dosage form
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with eye-catching appearance and appropriate organoleptic character-
istics that can improve treatment adherence and reduce psychological
impact of the disease, especially in children (Gardiner and Dvorkin,
2006; Lajoinie et al., 2017; Volovitz et al., 2000).

With this aim, new semi-solid drug-loaded inks had been developed
and printed through syringe-based extrusion 3D printing, an additive
manufacturing technology where a programmed stepper motor moves a
plunger with a linear motion and extrusion rate is controlled through
motor velocity (Guo et al., 2019). In extrusion 3D printing, rheolog-
ical properties of the materials chosen as printing inks are considered
a key factor in controlling the printability and crucial to create figures
with precise geometries. In this sense, it has been widely reported that
shear-thinning and thixotropic fluids are highly desirable (Azam et al.,
2018; Li et al., 2016; Y. Liu et al., 2019a; Z. Liu et al., 2019b;
Yang et al., 2018), as they can be easily extruded through a narrow
nozzle and then, rapidly recover the viscosity and mechanical strength
necessary to support the next layer extruded.

The formulated thermo-reversible inks combine several hydrocol-
loids and common gelling agents (Brenner et al., 2015; Liu et al.,
2013; Saha and Bhattacharya, 2010) with an Active Pharmaceuti-
cal Ingredient (API). In this case, the API selected was ranitidine hy-
drochloride, an histamine-2 receptor antagonist (H2RA) that inhibits
gastric acid secretion, thereby reducing gastric contents volume and in-
creasing intragastric pH (Orenstein et al., 2002; Sandritter, 2003).
The drug exhibits polymorphism and has been reported to exist in two
crystalline states, named form1 and form 2, although bioavailability and
therapeutic efficacy of both forms are equivalent (Chieng et al., 2006;
Mirmehrabi et al., 2004). Ranitidine is a first-line treatment for pep-
tic ulcer disease and gastroesophageal reflux disease in children, with
a variable dosage depending on the age, weight, and clinical condition
of the patient. Some European countries have a specific medicinal prod-
uct for children, commonly a syrup containing 15 mg/ml of ranitidine
(Ameen et al., 2006). In other countries, instead, ranitidine syrup is an
officinal formula –a product made in the pharmacy following the phar-
macopoeia prescriptions (Nahler, 2017)–, delaying the start of treat-
ment due to its elaboration process. Moreover, dosage of oral liquids has
been carried traditionally with calibrated dosing cups, dosing spoons or
syringes, which although they are an inexpensive solution, have been as-
sociated with human errors that compromise proper dosage and patient
safety (Crawford et al., 2018; Ryu and Lee, 2012).

The need of personalize the dose according to the patient and their
requirements, the lack of commercial options available and the high rate
of human error in dosing, make ranitidine hydrochloride the perfect can-
didate to show the possibilities of 3D printing technologies as alternative
to generate drugmies dosages, and the corresponding validation of this
work methodology for dosage unit fabrication applying basic manufac-
turing standards and studies.

2. Materials and methods.

2.1. Materials.

Ranitidine hydrochloride (CAS no. 66357–59-3), xanthan gum (CAS
no.11138–66-2), strawberry essence and purified water (CAS
no.7732–18-5) were purchased from Fagron Ibérica SAU, Terrassa,
Spain. Gelatin, from porcine skin (CAS no. 9000–70-8) was purchased
from Sigma-Aldrich Química S.L., Tres Cantos, Madrid. Carrageenan
(Gelification Iota®) was acquired through Guzmán Gastronomía SL,
Barcelona, Spain. Corn starch (Maizena®, Unilever España S.A), liq-
uid sweetener (Edulcorante de mesa líquido, Hacendado), food colour-
ing (Colorante alimentario Vahiné®, McCormik España S.A.) and deion-
ized water (Agua desionizada 5L, Auchan Retail España S.L.) were
purchased from a local convenience store. Quantitative paper fil

ters (A070603, Prat Dumas, France) used in analytical tests were pur-
chased to Labbox Labware S.L., Vilassar de Dalt, Spain.

2.2. Ink preparation.

Four different thermo-reversible inks were prepared by combining
different hydrocolloids and other well-known gelling agents. Composi-
tions differed mainly in the presence or absence of corn starch and rani-
tidine among all the ingredients (Table 1). Sweeteners and other excip-
ients were used to improve the organoleptic characteristics and palata-
bility of the formula.

Firstly, gelatin was hydrated with purified water and melted in a
bath at 40 ± 2 °C. Meanwhile, required amount of ranitidine and corn
starch (if needed) were dissolved in purified water and gradually added
to a container with the weighed quantity of carrageenan and xanthan
gum. Once a homogeneous paste was formed, molten gelatin was added
and gently mixed. Finally, strawberry essence, liquid sweetener and food
colouring were incorporated to the mix. Slow manual mixing during all
the process is highly recommended to avoid air incorporation to the ink.

The formula was left at rest in a bath at 60 ± 2 °C for 60 min, until
the bubbles disappeared. Inks containing corn starch were maintained at
70 ± 2 °C for 60 min to enable starch gelatinization. During this time,
the container was wrapped with food grade plastic protective film to
prevent the water loss.

Printer-compatible syringes (BD 3 ml Syringe Luer-Lok™Tip; Benton,
Dickinson and Company, Belgium) were filled while inks remained hot
(liquid) and stored in the fridge at 4 °C until use.

2.3. Rheological analysis.

Rheological characterization of ink samples was carried out with
a controlled stress rheometer (Discovery HR-2, DHR, TA Instruments,
USA) equipped with a parallel plate (25 mm diameter, 1 mm gap) and a
controlled convection/radiant heating oven for stable temperature con-
trol (Environmental Test Chamber, ETC, TA Instruments, USA).

The formulations were warmed up in a 30 °C bath during 30 min be-
fore testing to form a more flowable state that would allow them to be
handled without excessively damaging the internal structure of the fluid
and preventing air entrapment. A plastic spatula was used to load sam-
ples with same amount of ink (0,5ml approximately).

The shear-viscosity tests were conducted in flow ramp mode with
the shear rate increasing from 0.01 to 100 1/s within 120 s at temper-
atures of 23 °C and 37 °C. Thixotropy was measured at 37 °C through
a shear recovery tests consisting in 3 different steps: a low shear rate
of 0.4 1/s for 120 s, followed by a high shear rate at 100 1/s for 40 s
and finally, a low shear rate of 0.4 1/s for 120 s. Structural regeneration

Table 1
Detailed composition of the inks.

F1 F2 F3 F4

R(-)CS(+) R(+)CS(+) R(-)CS(-) R(+)CS(-)
Ranitidine HCl (g) 0 1.004 0 1.004
Corn starch (g) 1.500 1.500 0 0
Carrageenan (g) 0.600 0.600 0.600 0.600
Xanthan gum (g) 0.075 0.075 0.075 0.075
Gelatine (g) 2.400 2.400 2.400 2.400
Liquid sweetener (g) 1.000 1.000 1.000 1.000
Strawberry essence (g) 0.150 0.150 0.150 0.150
Food colouring (g) 0.150 0.150 0.150 0.150
Purified water (to 30 g) 24.125 23.121 25.625 24.621

*In the codes listed for formulation column; R and CS stands for ranitidine hydrochloride
and corn starch, respectively.
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of inks was determined as the percentage of viscosity obtained during
the first 40 s and the 120 s in the third step (after high shear rate),
based on the average viscosity obtained in the last 40 s of the first step,
where equilibrium viscosity was reached. Linear viscoelastic behaviour
was studied using small-amplitude oscillatory shear (SAOS) tests. As a
previous step to obtaining the mechanical spectra or frequency sweeps,
the linear viscoelastic interval (LVR) was determined by means of ampli-
tude sweeps in a strain interval of 0.1 to 100% and at a fixed frequency
of 1 Hz. Frequency sweep analysis were performed at 23 °C and 37 °C,
with angular frequency ranging from 0.1 to 10 rad/s at a constant defor-
mation of 0.5% strain (within the linear viscoelastic range, LVR).

In every test, average data of three replicates were used to plot the
curves. Results were recorded and processed by a Trios software (Trios
Rheology Software, TA Instruments, USA).

2.4. Drug characterization.

2.4.1. Differential scanning calorimetry (DSC).
Samples of pure ranitidine hydrochloride and drug-containing inks

(F2 and F4), were thermally analysed using differential scanning
calorimeter (DSC). Thermograms were obtained using a DSC822e Differ-
ential Scanning Calorimeter (Mettler-Toledo, USA), under a nitrogen gas
flow of 50 ml/min. Samples were crimped in an aluminium sample pan
and heated at a rate of 3 °C/min and 10 °C/min from 0 to 160 °C.

2.4.2. X-ray diffraction (XRD).
XRD analysis was performed using a X’Pert Pro MPD X-ray diffrac-

tometer (PANalytical, UK). The samples of pure ranitidine hydrochloride
and drug-loaded inks (F2 and F4) were filled into a zero-background
sample holder (ZBH), compressing them to obtain smooth and uniform
surfaces. Measurements were carried out from 5 to 50° 2θ, at a constant
scanning speed of 0.02°/s.

2.5. 3D printing process.

Drugmies were manufactured using a syringe-based extrusion 3D
printer (bIDO-I, Idonial Technological Center, Spain) (Fig. 1). Stere-
olithography models (.STL files) were downloaded from MakerBot's
Thingiverse, an open platform with Creative Commons licensed de-
signs. Three different figures –disk shaped tablet, heart, and gummy
bear– were used (Supplementary Data, Fig.S1). Open source slicing
software (Slic3r) was employed to convert stereolithography (.stl) for

mat files to .gcode extension files, the printer readable format. The same
temperatures (37 ± 2 °C for the printhead and 15 ± 2 °C for the print-
ing bed) and main printing parameters (8 mm/s nozzle moving speed,
rectilinear infill pattern and 45° infill angle) were set for all figures
except layer height and infill density. Layer height was reduced from
0.50 mm to 0.45 mm for acquiring a greater definition in more complex
figures. Furthermore, in order to create two drugmies with same appear-
ance but different final weight, gummy bear 3D model infill density was
reduced from 80% to 65% to print some batches. Disk and heart-shaped
figures had a fixed 80% infill density value. An extended list of printing
parameters is included in Supplementary Data. Stainless steel, blunt
end dispenser tips (Fisnar, United Kingdom) with 0.51 mm inner diam-
eter (21G) were used as printing nozzles. Prior to printing process, ink
syringes were tempered by introducing them in a 37 °C bath for 30 min.
Print head temperature was set up to 37 °C to keep the ink fluid enough
to be extruded through the nozzle and correctly draw the paths made
by the printer. Print bed temperature was adjusted to 15 °C to ensure
ink temperature-induced gelification in situ. A thermographic camera
(Optris® PI 230; Optris GmbH, Germany) allowed the visualization of
fluid-to-solid inks transition. Flat glass pieces were used as printing sup-
port to remove the figures easily from the printing bed, facilitate clean-
ing tasks and reduce waiting time between printing process.

2.6. Mass uniformity assay of 3D printed gummy oral dosages.

Twenty figures of each 3D model (disk, heart, gummy bear 65% and
gummy bear 80%) were printed using the same formula (R(-)CS(+))
and weighed individually using a digital precision balance (FH-200,
GRAM, Spain) to test the mass uniformity regardless of the 3D de-
sign chosen. Also, mass uniformity independently of the ink used was
checked by printing twenty more figures of R(+)CS(+), R(-)CS(-) and
R(+)CS(-), each with a different 3D model (heart, gummy bear 80%
and gummy bear 65%, respectively). Different and random cartridges
(syringes) were chosen within the same batch to print each of the fig-
ures. Making an approach to European Pharmacopoeia technical pro-
cedures, average mass was determined, and individual mass deviations
were checked based on the monograph ‘Uniformity of mass of sin-
gle-dose preparations’ (European Directorate for the Quality of
Medicines & HealthCare (EDQM), 2013a). In this method, the prod-
ucts failed if greater than 2 of the individual tablet weights deviated by
more than 5% from the average weight and, if one tablet weight devi

Fig. 1. (A). Photograph of bIDO-I 3D printer. (B). Schematic diagram of bIDO-I 3D printer: (1) Movable print head support (X-Y-Z motion). (2) Syringe-based extrusion unit. (3) Syringe
(ink reservoir) and plunger. (4) Individual print head. (5) Print head temperature regulation system. (6) Nozzle. (7) Thermo-regulated print bed.
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ated by more than 10% from the average weight. The assay applicable
to tablets was chosen as there is no specific one for chewable tablets.

2.7. Visual characterization and handling of drugmies.

The visual appearance of mass uniformity assay printed figures (sec-
tion 2.6) was analysed to assess the organoleptic characteristics and to
check the level of accuracy in the 3D model reproduction and design re-
producibility. Handling of gummy dosages was straightforward tested,
checking if figures remained undamaged when were removed from the
printing bed and if they could be easily manipulated with the hands
without leaving any remains that may lead to a loss of dosage drug con-
tent.

2.8. Drug content analysis of 3D printed gummy oral dosages.

For ranitidine containing inks ((R(+)CS(+) and R(+)CS(-)), drug
individual contents of ten dosage units were determined using uv–vis
spectrophotometry (Agilent Cary 60 UV–Vis, Agilent, United States).
Food colouring was not included in these batches to ensure a proper
quantification. Colorant ʎmax determinations are available in Supple-
mentary Data. Different and random syringes were chosen within the
same batch to print each of the figures.

2.8.1. Linearity and calibration curve of ranitidine.
A standard ranitidine stock solution was prepared diluting an accu-

rate amount of 10 mg of ranitidine in 100 ml of deionized water. Seven
dilutions (D1-D7) were obtained by transferring different aliquots of
100 µg/ml stock solution to volumetric flasks and diluted to mark with
deionized water. One of the dilutions (D6, 16 µg/ml) was scanned be-
tween 200 and 400 nm and ʎmax at 313.0 nm was determined, same as
reported in bibliography (Moffat et al., 2011). A calibration curve for
ranitidine was obtained by measuring the absorbance of D1-D7 dilutions
at the ʎmax (Fig.S10). All lectures were carried out in triplicates.

2.8.2. Determination of dosage drug content.
In order to assess the ranitidine content of the drugmies, each unit

was weighed and diluted in deionized water in a 500 ml volumetric
flask, just after being printed. The flask was kept in a 37 °C bath with
magnetic stirring (850 rpm) until the gummy dosage was completely
dissolved (30 min). Then, a filtered aliquot of 1 ml was diluted in 20 ml
of deionized water and measured at ʎmax to determine ranitidine con-
centration. All lectures were carried out in triplicates.

2.8.3. Evaluation of content uniformity.
Technical procedures of the European Pharmacopoeia were taken as

a reference to assess whether the individual ranitidine contents were
within limits set with reference to the average content of the printed
gummies sample.

Specifically, the Ph. Eur. monograph ‘Uniformity of content of sin-
gle-dose preparations’ method was employed to determine the unifor-
mity of content. In this standard, the preparation complies with the test
if each individual content is between 85% and 115% of the average con-
tent. The preparation fails if more than one individual content is outside
these limits or if one individual content is outside the limits of 75% to
125% of the average content (European Directorate for the Quality
of Medicines & HealthCare (EDQM), 2013b; Madathilethu et al.,
2018). Again, the test suitable to tablets was chosen as chewable tablets
do not have a specific one.

2.9. Dissolution testing.

Drug release profiles from printed gummies were determined with
a USP-II apparatus (Erweka D700, Germany). The dissolution method
from USP monograph for ranitidine tablets (USP 43-NF 38) was used, as
no specific assay is established for chewable dosages. For this assay, USP
tolerances establish that not less than 80% of the contained amount of
ranitidine must be dissolved in 45 min. Each dosage, containing about
30 mg of ranitidine, was placed in a vessel with purified water as the
dissolution media (900 ml), maintained at 37°± 0.5 °C with a stirring
rate of 50 rpm. Samples were taken at 5, 10, 15, 30, 45, 60, 90 and
120 min; and filtered previous determination of the amount of dissolved
ranitidine through uv–vis spectrophotometry (Specord 205, Analytical
Jena, Germany). Six dosages of each ranitidine loaded ink ((R(+)CS(+)
and R(+)CS(-)) were analysed. Again, food colouring was not included
to ensure a proper ranitidine quantification.

3. Results

3.1. Rheological characterization and printability assessment of the inks

For the preparation of drugmies, four inks were formulated and used
in different tests to ensure process reproducibility and validate work
methodology. Two of them contained ranitidine hydrochloride as active
pharmaceutical ingredient and the other two were used as a control to
observe how API presence affected inks printability or final printed fig-
ure characteristics.

The flow curves (Fig. 2A-B) reflected shear thinning behaviour of
the inks, highly convenient for fluids to be extruded through a nozzle.
Also, thermo-reversible behaviour was demonstrated since viscosity val-
ues fell with temperature increase. Both properties were pursued in the
selection of formula components and were quite expected as they are
common in gelatin or carrageenan-based gels. Shear recovery tests (Fig.
2C-D) revealed strong thixotropic behaviour of the inks since all the for-
mulas were able to rapidly build up large percentage of their viscosity;
which was substantially reduced after the exposure to a high shear rate
(100 1/s) during 40 s. A fact of special relevance was that, both in flow
curves and in thixotropy tests, F1 (R(-)CS(+)) and F2 (R(+)CS(+)) had
almost the same rheological behaviour. In this way, it could be assumed
that the corn starch contained in the formula cushioned the effect that
ranitidine hydrochloride had on the fluid rheology which, by contrast,
was clearly observed in non-starch inks (F3 vs F4). Regarding the SAOS
tests, firstly, the amplitude sweeps were used to determine the linear
viscoelastic region (LVR) of the different inks and thereby ensure that
all the oscillatory tests were carried out without destroying the internal
structure of the sample (Supplementary data, Fig. S2). The frequency
sweeps (Fig. 2E-F) showed that the inks had viscoelastic properties with
a typical weak-gel behaviour, since storage modulus (G') values were
higher than loss modulus (G'') values, regardless of the formulation cho-
sen or the temperature at which the measurements were made. In paral-
lel, it was observed that the addition of corn starch caused higher stor-
age modulus values, which are related to a better self-supporting abil-
ity and higher mechanical strength of the ink (Huang, 2018; Li et al.,
2016; Liu et al., 2018).

3.2. Drug characterization

The physical form of ranitidine hydrochloride within the formu-
lated inks was investigated using thermal and diffractometry methods.
Thermal analysis (DSC) of ranitidine hydrochloride exhibited a peak
at 143–145 °C, corresponding to the melting point and confirming the
crystalline state of the drug (Chieng et al., 2009, 2006; Ramachan-
dran et al., 2011). In the case of the drug-loaded inks, thermograms
with a heating rate of 10 °C/min showed overlapped peaks which disap
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Fig. 2. Rheological tests: (A-B) Shear stress and viscosity profiles (flow curves) for the inks from 0.01 to 100 1/s within 120 s at temperature of 23 °C and 37 °C. (C-D) Shear recovery test
for inks thixotropy evaluation and percentage of viscosity recovery of the inks 40 s and 120 s after a high shear rate. (E-F) Storage modulus (G') and loss modulus (G'') of different inks
conducted at 23 °C and 37 °C.

peared with a slower heating rate (Supplementary data, Fig.
S12-S13). In thermograms made at 3 °C/min only a broad endothermic
transition was observed around 90 °C (Fig. 3A), probably due to the loss
of moisture, suggesting that ranitidine was present as a solid solution or
amorphized state within the ink matrix (Kajjari et al., 2011; Palekar
et al., 2019). In that way, X-ray diffractograms of pure ranitidine ex-
hibit characteristic intense peaks at 2θ = 20° and 23.5°, also represent-
ing the crystalline nature of the drug specifically in form 2. Again, these
characteristic peaks were not observed in the formulated inks (Fig. 3B)
indicating the conversion of ranitidine to the amorphous form (Chieng
et al., 2006; Skowyra et al., 2015).

3.3. Printing process and visual analysis of drugmies.

All the inks could be used to produce different models of 3D printed
drug dosages (Supplementary data, Videos V1-V4). Print head and
print bed temperature regulation system enabled the management of
inks thermo-responsive behaviour, reducing the viscosity by means of
a higher temperature in the syringe and a rapid induced gelification in
a cold fabrication platform for a solid-state recovery of the ink (Fig.
4). A review of printed figures appearance was made taken differ-
ent 3D models (disk, heart, gummy bear) and formulas into considera

tion (Supplementary data, Tables S8-S9). All the gummy oral dosages
printed reproduced the 3D models with very high fidelity, as projected
and measured sizes were almost equal (Table 2). The visual appearance
of the ink was influenced by the presence of corn starch, obtaining a
whitish-pastel shade coloured inks, less transparent than the starch-free
formulas. Otherwise, the presence of the ranitidine hydrochloride did
not vary inks colour. In any case no particles, spots or heterogeneously
coloured parts were seen, confirming both the suitability of the formula
and its elaboration process.

The printing parameters introduced in the slicing program estab-
lished the final appearance of the figure, determining points such as
the level of detail obtained or the smoothness of the surface. Simpler
figures with flat final surface, like heart and disk models, only had
a smooth surface finish if the top layer parameter was set to ‘solid’
—which means that infill density of the layer is 100%—. Solid top layer
was not relevant in printed gummy bears, which had a higher level of
details in the final layers. Layer height reduction in gummy bear 3D
model-derived dosages helped in the acquisition of a greater figure de-
finition. Moreover, drugmies from same 3D model were visually identi-
cal to the point that any possible defect or mark derived from the print-
ing process appeared in all figures equally (Supplementary data, Fig.
S5-S8). In that way, gummy bear shaped dosages printed with differ
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Fig. 3. DSC thermograph (A) and XRD spectra (B) of pure ranitidine hydrochloride and ranitidine-containing inks (F2 and F4).

ent infill density (80% vs 65%) were also difficult to identify at first
glance, but instead they differed, as expected, in weight, manipulability
and gumminess, which was greater in the denser figure (Supplemen-
tary data, Fig. S9 and Videos V5-V8).

Removing figures from the glass printing support without being bro-
ken was easy in all the cases, but faster in corn starch derived inks, as
was expected because of the higher mechanical strength of this inks re-
vealed in rheological tests. Overall, just a couple of minutes after print-
ing process ended were needed to ensure the complete solidification of
the ink throughout the figure. All the drugmies, once cold enough, could
be trouble-free handled (Fig. 5).

3.4. Mass and content uniformity of drugmies

Individual weights of every 3D printed gummy dosage were used
to calculate upper and lower limit mass values, according to the stan-
dard, for each model selected. All the weights fitted the limits and com

plied with the acceptance criteria, as none of the individual masses de-
viated from the average mass by more than 5% (Supplementary data,
Tables S4-S7). Therefore, mass uniformity of drugmies was acquired
regardless of 3D model selected or the formula used (Table 3).

In the same way, drug content and dose accuracy of drugmies
printed with the two different ranitidine formulations —R(+)CS(+)
and R(+)CS(-)— were determined (Table 4). Dose accuracy repre-
sented a successful outcome as values were higher than 90%. Con-
tent uniformity of the two batches of ranitidine drugmies widely com-
plied with the standards since the measured content range were, in
both cases, within the 85–115% marked by the general monograph.
However, it is also necessary to indicate that although all the gummy
dosages for this test were printed with same weight (800 mg approx-
imately), theoretical API dose observed varied depending on the ink
used. This was due to the fact that a greater amount of water was
lost by evaporation during starch gelatinization process of R(+)CS(+)
and the resulting formula had a slightly higher ranitidine hydrochlo

6



UN
CO

RR
EC

TE
D

PR
OO

F

H. Herrada-Manchón et al. International Journal of Pharmaceutics xxx (xxxx) xxx-xxx

Fig. 4. (A) Printing process of a gummy dosage. (B)Thermographic image of the tempera-
ture-induced in situ gelation of the ink.

Table 2
Projected and measured sizes of the different 3D models.

3D Model
Projected size
(mm)

Length
(mm) ± SD

Width
(mm) ± SD

Height
(mm) ± SD

Disk 15.0x15.0x4.5 15.01 ± 0.01 15.00 ± 0.00 4.27 ± 0.07
Heart 19.6x16.5x3.0 19.59 ± 0.04 16.45 ± 0.06 2.94 ± 0.07
Gummy Bear
(80% infill)

20.8x11.2x7.8 20.56 ± 0.06 10.97 ± 0.05 7.44 ± 0.08

Gummy Bear
(65% infill)

20.8x11.2x7.8 20.44 ± 0.08 10.98 ± 0.04 7.42 ± 0.08

ride concentration (Supplementary Data, Tables S12–S14), but uni-
form in its entirety.

3.5. Dissolution test and drug release profiles.

The dissolution studies are commonly used to simulate in vitro be-
haviour of the pharmaceutical dosages and to predict its bioavailabil-
ity and effectiveness. As can be seen in the Fig. 6, although both
formulations released practically 100% of their content after 120 min,
the resulting dissolution profiles were entirely different. On the one
hand, F4 (R(+)CS(-)) released fast the API and concentrations close
to 100% after 15 min were obtained, giving place to a more immedi-
ate release-like profile. On the other hand, F2 (R(+)CS(+)) showed a
more extended-release of ranitidine, achieving only a 60% dissolved af-
ter 45 min. Although corn starch is usually employed in pharmaceu-
tical tablet formulations due to the disintegrant properties (Adjei et

al., 2017; Hartesi et al., 2016), the gelatinization step during the
ink manufacturing process caused the opposite effect. In this case, gela-
tinized starch formed a more closely packed gel structure that act like
a more resistant barrier to drug release, affecting the dissolution profile
(Xu et al., 2014). Despite of the fact that F2 would not comply the USP
specifications chosen for this work, this extended-release profile could
be used as a new approach in designing oral ranitidine sustained forms.

4. Discussion

In this study, we explored the creation of ‘drugmies’, an alternative
pharmaceutical form obtained through extrusion 3D printing that, be-
sides containing a customized dose of active ingredient, had a better
acceptance in some more demanding population sectors, such as chil-
dren. Previous approaches to chewable dosages already demonstrated
the importance of the figure design by using varied colours of cylindri-
cal dosages (Goyanes et al., 2019) or either depositing semi-solid inks
within a mould filled with a solidifying liquid matrix (Rycerz et al.,
2019). In the present work, besides combining different models with
greater complexity and more eye-catching form, the final aspect of the
dosage has been greatly improved to make it as attractive as possible,
not only by the colour, but also by the bright smooth finished surfaces,
the gumminess, the manipulability and the touch when handling them.

The 3D printer used had the capability to successfully print different
designs introduced with all formulated inks, as it has a precise deposi-
tion control and a proper user-friendly operating software. Print head
and print bed temperature regulation system enabled the management
of inks thermo-responsive behaviour, reducing the viscosity by means
of a higher temperature in the syringe and a rapid induced gelification
in a cold fabrication platform for a solid-state recovery of the ink. The
four suggested formulas resisted the extrusion process without floccula-
tion, phase separation or irreversible rupture of the internal structure of
the gel. DSC and XRD suggested that ranitidine hydrochloride exists in
amorphous form within the ink matrix. Rheological tests also confirmed
the suitability of the inks for the 3D printing technology used, as they
showed shear thinning behaviour and a proper viscosity recovery. In this
way, the inks that contained starch in its composition turned out to be
the most appropriate, having a more rapid restructuring that provides
a faster acquisition of the necessary mechanical strength to support the
next extruded layer and also, to remove the figure from the printing bed
when the printing process is finished. In this type of inks, in addition,
the presence of ranitidine hydrochloride and its effect on the behaviour
of the ink were cushioned. This finding opens the possibility of studying
the use of this formula as a vehicle for the dosage of other active ingredi-
ents, which would facilitate the handling of the printer for the end user
and would save time to the healthcare staff, because the more suitable
printing parameters would be already specified and would not have to
be investigated.

Drugmies had creative and eye-catching shapes, and a final appear-
ance that did not differ from that of a conventional fruit gummy. The
colour was homogeneous and bright, necessary aspects for a greater ac-
ceptance by the patient. On this issue, a non-uniform distribution of it
could not only draw the attention from an aesthetic point of view, but
also be associated with a lack of content uniformity, a low quality of
the dosage or deterioration process. Likewise, no unpleasant odour that
could cause rejection or could indicate a chemical alteration of any ink
component, with the consequent effects on therapeutics that may ap-
pear, was detected.

All the gummy oral dosages reproduced the 3D models with very
high fidelity and all the printed figures complied comfortably with the
mass and content uniformity assays regardless of the 3D model se-
lected, consolidating the reproducibility of the process for dosage unit
fabrication and ensuring the obtention of the planned doses. Thus, ad
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Fig. 5. Trouble-free handling of drugmies printed from different 3D models: (A) heart, (B) gummy bear with 80% infill density, (C) gummy bear with 65% infill density, (D) disk. Figures
(B) and (C) have an identical appearance but differ in weight and mechanical strength.

Table 3
Printed dosage weights and mass uniformity compliance limits.

Formula Model
Mean weight
(g) ± SD

Weight
compliance
limits (g)

F1 - R(-)CS(+) Disk 0.835 ± 0.004 0.793 –
0.877

Heart 0.615 ± 0.011 0.584 –
0.646

Gummy
Bear
(80%
infill)

1.239 ± 0.008 1.177 –
1.301

Gummy
Bear
(65%
infill)

1.131 ± 0.005 1.075 –
1.188

F2 - R(+)CS(+) Heart 0.774 ± 0.007 0.735 –
0.812

F3 - R(-)CS(-) Gummy
Bear
(80%
infill)

1.288 ± 0.004 1.223 –
1.352

F4 - R(+)CS(-) Gummy
Bear
(65%
infill)

1.126 ± 0.007 1.070 –
1.182

justing ranitidine hydrochloride dose to the patient could be easily
done, with safety and reliability, simply by choosing a 3D model and
its size —a bigger size, a higher dose— or varying the filling density

of the figure, since a reduction in the infill percentage lead to a decrease
in figure final weight and therefore, a smaller amount of active ingredi-
ent.

Finally, dissolution studies revealed different drug release profiles of
the inks derived from the starch content. A faster ranitidine release was
obtained in starch-free formulas, while a slower and more extended re-
lease was achieved by adding corn starch among the components and
allowing its gelification during the formulation process. Thereby, these
results could be used to develop a new approach in 3D printed oral sus-
tained forms.

5. Conclusions.

In this work, the use of additive manufacturing by syringe-based
extrusion 3D printing for gummy oral dosages was investigated. This
novel dosage form exhibited an attractive, funny, and appetising vi-
sual appearance in addition to acceptable structural features allowing
easy handling and intake. In the context of process repeatability and
work method validation for dosage unit fabrication, a preliminary as-
sessment was conducted by applying basic manufacturing standards.
Even though the production of this 3D printed oral gummy dosages was
an experimental approach, just small weight variations were detected,
fitting standards that only well-established tableting technology repro-
duce. Ability of drugmies to contain a given dose of API and dose uni-
formity evaluation also reported favourable results. In a clinical setting,
this approach will empower healthcare staff with the capability to pro-
vide specific dosing by changing the size, infill density or design of the
printed figure, avoiding common errors derived from dosing liquid med-
ication. Drugmies could enhance treatment adherence and help to de-
crease the emotional impact of the disease in children.

Table 4
Drug content accuracy and individual content range of printed dosages.

Formula
Theoretical dose
(mg) ± SD

Measured dose
(mg) ± SD

Dose accuracy (%)±
SD

Individual content compliance range
(%)

Measured individual content range
(%)

F2 -
R(+)CS(+)

32.18 ± 0.092 32.15 ± 1.19 99.90 ± 3.68 85.00 – 115.00 94.96 – 107.13

F4 - R(+)CS(-
)

28.25 ± 0.092 26.24 ± 1.43 92.88 ± 5.11 85.00 – 115.00 88.07 – 106.19
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Fig. 6. Drug dissolution profiles of gummy dosages printed with F2 and F4 formulas.
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