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Abstract: Drug delivery with customized combinations of drugs, controllable drug dosage, and on-demand release kinetics is
critical for personalized medicine. In this study, inspired by successive opening of layered structures and compartmentalized
structures in plants, we designed a multiple compartmentalized capsular structure for controlled drug delivery. The structure was
designed as a series of compartments, defined by the gradient thickness of their external walls and internal divisions. Based on
the careful choice and optimization of bioinks composed of gelatin, starch, and alginate, the capsular structures were
successfully manufactured by fused deposition modeling three-dimensional (3D) printing. The capsules showed fusion and firm
contact between printed layers, forming complete structures without significant defects on the external walls and internal joints.
Internal cavities with different volumes were achieved for different drug loading as designed. In vitro swelling demonstrated a
successive dissolving and opening of external walls of different capsule compartments, allowing successive drug pulses from
the capsules, resulting in the sustained release for about 410 min. The drug release was significantly prolonged compared to a
single burst release from a traditional capsular design. The bioinspired design and manufacture of multiple compartmentalized
capsules enable customized drug release in a controllable fashion with combinations of different drugs, drug doses, and release
kinetics, and have potential for use in personalized medicine.
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1 Introduction several times a day. Therefore, the design of advanced

therapeutic systems that provide versatile combina-

Drug delivery with customized adaptation of the
active ingredients, controllable dosage and strength,
on-demand release kinetics, and administration mode
is critical for personalized medicine (Jameson and Longo,
2015). Great effort has been devoted to devising novel
solutions to achieve better drug delivery to patients in
need. However, the improvement of drug delivery has
not kept up with the growing demands of patients. For
example, a patient with cancer may need different drug
formulations as tablets, powder, capsules, or injections
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tions of drugs, drug doses, and drug release kinetics is
desirable. Sustained drug release formulations have at-
tracted great attention in pharmaceutical fields, due to
their significant advantages such as maintaining a stable
and effective drug concentration, prolonging efficacy,
reducing the number of drugs used, reducing toxic
and side effects, and reducing the total dose of drug
used (Norman et al., 2017; Lim et al., 2018).

In nature, successive opening of multilayered
structures of flowers (such as rose or lotus) enables a
sustained release of floral aroma. These natural struc-
tures inspired us to design a biomimetic structure for
controlled drug delivery. However, these natural struc-
tures generally have complex geometry, and are there-
fore difficult to fabricate by traditional manufacturing
methods. To this end, additive manufacturing (namely
three-dimensional (3D) printing) provides advantages
over traditional manufacturing approaches, such as
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fabrication with high tunability and complexity (Ligon
et al., 2017; Bose et al., 2018). In particular, 3D bio-
printing is an extended application of 3D printing for
printing biocompatible and functional materials in
layer-by-layer structures (Ozbolat et al., 2016; Peng
et al., 2019; Zhang et al., 2019). It has been widely
used in biological and biomedical applications (Liaw
and Guvendiren, 2017; Zhu et al., 2021), such as tissue
engineering and regenerative medicine (Holland et al.,
2018; Zhang et al., 2019; Lawlor et al., 2021), stem cell
differentiation (An et al., 2020), disease models (Li
et al., 2020; Maharjan et al., 2021), and organ repair
(Noor et al., 2019; Urciuolo et al., 2020), and in drug
delivery fields (Trivedi et al., 2018; Chen et al., 2020).
3D printing has been exploited to achieve per-
sonalization of drug products based on digital design
and manufacturing (Gioumouxouzis et al., 2019), where
the dose regimes and the dosage forms can be easily
customized during printing. A wide range of materials,
multiscale geometries, and multi-functional structures
have been designed to efficiently control drug-release
profiles (Zhang et al., 2017). 3D-printed drug delivery
devices have been previously demonstrated for con-
trolled and tunable drug release. These devices include
tablets with holes of variable size (Lim et al., 2016),
honeycomb architecture tablets (Kyobula et al., 2017),
tablets with infill patterns (Kadry et al., 2018), gastro-
floating tablets (Li et al., 2018), radiator-like capsules
(Isreb et al., 2019), bilayer tablets (Fina et al., 2018),
cylindrical capsules (Maroni et al., 2017), layered-
architectures of polypills (Pereira et al., 2019), and
microneedle drug delivery systems (Wu et al., 2020;
Economidou et al., 2021). However, the design, manu-
facturing process, and drug release behavior of more
complex bioinspired structures have rarely been reported.
To this end, in this study, inspired by natural plant
structures, we aimed to design a multiple compartmen-
talized capsule structure for controlled drug delivery.
We used fused deposition modeling (FDM) 3D printing
to manufacture the capsular delivery devices, and dem-
onstrated their ability for controlled drug release.

2 Materials and methods
2.1 Materials

Gelatin from porcine skin, starch from rice, and so-
dium alginate (SA) were obtained from Sigma-Aldrich

(Shanghai, China). The materials were of reagent grade
and were used as received without further purification.
Doxorubicin hydrochloride (DXR) was purchased from
Sinopharm Chemical Reagent (Shanghai, China). Different
colored dyes were obtained from Marie’s Water Color
(Beijing, China). Saline was purchased from Thermo-
Fisher Scientific (Shanghai, China). Milli-Q water with a
resistivity of 18 MQ served as a general solvent during
the fabrication.

2.2 Design of biomimetic sustained-release capsules

Inspired by successive opening of flowers which
gives sustained fragrance release (Fig. 1a), the original
design for the controlled drug release device was a
multilayered structure in which the successive opening
of multilayers of capsules could provide a sustained
release of encapsulated drugs. However, these multi-
layered structures were difficult to print due to their
complex geometries (Velasco-Hogan et al., 2018).
Further, inspired by natural plant tissues consisting of
multiple compartmentalized structures containing seed
or fruit in chambers (Fig. 1b), we designed a compart-
mentalized capsular structure with several chambers
with different wall thickness (Fig. 1¢). By doing this,
the successive opening of different chambers to achieve
a sustained drug release could mimic the successive
opening of multilayers of flowers (Fig. 1d).

An enclosed structure with a cubic, rectangular,
cylindrical, or spherical shape is difficult to manufacture
using a 3D printing process, because the internal cavity
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Fig. 1 Schematic design of a multi-bioinspired capsular
structure for controlled drug release. (a) Successive opening
of multilayers of flowers enables sustained fragrance
release; (b) Multiple compartmentalized structure of cotton;
(¢, d) Scheme (c) and successive opening (d) of a compart-
mentalized structure for controlled drug release.
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can promote the collapse of suspended structures. To
address this problem, we designed a tapered capsular
structure (Fig. 2a), and a circular arc was designed for
the top surface to increase the compliance for appli-
cation in vivo (Figs. 2a and 2b). The capsule consisted
of a base and an elliptical dome containing four com-
partments (Figs. 2b and 2c), in which different drugs
and dosages could be loaded.

@ (®)

Fig. 2 Structural design of a multiple compartmentalized
capsule. (a) Front view; (b) Vertical section view; (c) Horizonal
section view.

w
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The four compartments of capsules were defined
by the thickness of their external walls, and further
separated by internal divisions (Fig. 2c). The base
width, height, and thicknesses of external walls and
internal joints were variable parameters (Table 1). The
thickness of the internal joints was set as the sum of
the thickness of two adjacent external walls, and the
thickness of the base was equal to that of the largest
internal joints. For capsules as controls, the external
walls of each compartment were the same. The capsular
structures were designed using Solidworks software
(Version 2016, Dassault Systémes, USA). STL format
files were saved and exported for 3D printing.

2.3 Preparation of bioinks for 3D printing

We used biocompatible materials that are cur-
rently used in the pharmaceutical industry, including
gelatin, starch, and SA, to prepare different formula-
tions of bioinks for 3D printing. Gelatin (0%—-20%
(1%=0.01 g/mL, the same below)) was mixed in water
and heated to 50 °C for complete dissolution. Next,
different concentrations of starch (0%—10%) were added
to the gelatin solution and mixed under rigorous agita-
tion. Different concentrations of SA (0%—25%) were
then added to the gelatin-starch mixture. The obtained
bioinks were stored at 4 °C, at which temperature the

bioinks were in a gel state due mainly to the gelatin
component (Bohidar and Jena, 1993). The stored bioinks
were heated to above 45 °C to become sol state for
3D printing use.

2.4 Rheological characterization of bioinks

The rheological properties of the bioinks were
characterized using a rheometer (Anton Paar MCR92,
Graz, Austria). To measure their viscosity, the bioinks
were loaded with steady rate sweeps with a shear rate
of 0-500 s™'. To measure the shear modulus (including
storage modulus (G') and loss modulus (G")) of the
bioinks, frequency sweep tests were used from 0.1 to
100 rad/s at a constant strain of 1% in the linear
viscoelastic region. The viscosity was measured at
45 °C, whereas the shear modulus measurement was
carried out at room temperature.

2.5 Printing of capsular devices

We used a desktop bioprinter (Allevi 2, Philadel-
phia, USA) to carry out 3D printing of capsular struc-
tures with the above design. The bioprinter contained
two separate extruder systems (Fig. 3a), which could be
loaded with different bioinks and work independently.
Herein, we used one extruder to print the capsule
structure as designed, and the other to print the drug-
containing formulations.

The above bioinks were dispensed in an extru-
sion system, and the container was heated to 45 °C to
increase their fluidity (Fig. 3b). The nozzle tip (0.41 mm
in diameter) was set at 35 °C (Fig. 3b), and the deposi-
tion platform was set at room temperature. The pres-
sure of the nozzles was adjusted to 1.9-2.2 bar (1 bar=
100 kPa) until the bioink was extruded and the fila-
ment was stabilized without breaking. Then, the nozzle
tip was brought down to touch the platform, and the
printing process started.

The printing speed was set at 10 mm/s, the printing
layer thickness was 400 um, and the solid fill was 100%.
The capsular structure was printed layer-by-layer by
the moving system, and the printing time for a
capsule device with a base diameter of 20 mm and
a height of 8§ mm was about 13—14 min. Different

Table 1 Parameter setting of compartmentalized capsules

External wall thickness (mm) Maximum storage

Base diamet Height
Group  Base diameter (mm) - Height (mm) —= o o ) mber2  Chamber3 Chamber4  capacity (mm’)

Capsule 1 15.00 8.00 1.15 1.40 1.65 1.90 33.84

Capsule 2 20.00 8.00 115 1.40 1.65 1.90 192.84
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Fig. 3 3D printing of compartmentalized capsular struc-
tures. (a) Image of the 3D printer with two separate extrusion
systems; (b) Illustration of the temperature setting of the
bioink container and extrusion nozzle; (c¢) Images of the
printing process of the base, middle, and top parts of the
capsule; (d) Images of drug loading into different compart-
ments of the capsular structure. 3D, three-dimensional.

physical forms of drug formulations such as solids and
liquids could be loaded into different chambers of the
capsules using the second extruder system of the printer
(Fig. 3a), by adjusting the nozzle output velocity and
droplet size of the drug solutions. Subsequently, the
printed capsules were air-dried at room temperature
for one day (Li et al., 2019), then stored in a cool
and dry environment for experimental use.

2.6 Characterization of printed structures

The morphology, print accuracy, and defects of the
capsular structures were characterized by digital photo-
graphs, scanning electron microscopy (SEM; TESCAN
Mira3, Brmo-Kohoutovice, Czech Republic) and micro-
computed tomography (micro-CT; Skyscan 1176, Kon-
tich, Belgium), respectively. The porosity in the printed
structure was calculated from SEM images using
ImagelJ software (National Institutes of Health (NIH),
USA). The thicknesses of external walls and internal
divisions were measured from cross-sectional com-
puted tomography (CT) images using ImageJ software.

2.7 In vitro swelling assay

For demonstration of drug release in vitro, different
colored dyes were loaded into each compartment of
the capsule (20 mm in base diameter, 8§ mm in height).
Each compartment was loaded with 10 mg of liquid

formulations with different colored dyes, including
black, white, violet, and orange. The capsules were put
on a shelf and immersed in 20 mL saline solution under
mild agitation (100 r/min) at 37 °C. The appearance
of the capsules was observed by digital photographs
after different incubation time.

2.8 In vitro drug release evaluation

For in vitro drug release, a fluorescence drug,
DXR, was loaded into the capsules for interpretation.
Each compartment of the capsule was loaded with 5 mg
DXR. The capsules (n=3 for each group) were incubated
in 15 mL saline under mild agitation as described above.
At different time points, 20 pL of the supernatant was
collected and centrifuged, and the fluorescence intensity
of DXR in the supernatant was measured using a fluo-
rescence spectrophotometer (Agilent Cary Eclipse, Palo
Alto, USA), with excitation at 485 nm and emission at
595 nm. The concentration of released DXR was calcu-
lated with a calibration curve with a series of predeter-
mined DXR dilutions. Then the cumulative drug release
profile was plotted as a function of incubation time.

The following parameters were analyzed according
to the drug release profile: time to 5% release (Z,,),
which indicated the start of drug release; time to 95%
release (f,,), which represented almost complete drug
release; time interval to achieve complete release
(%5, 5.), Which defined the duration of drug release.

3 Results and discussion
3.1 Design of capsular devices

Inspired by the successive opening of flowers and
multiple compartmentalized structures of plants, we
designed a compartmentalized capsular device for
controlled drug release (Figs. la—lc), in which the
successive opening of different compartments mimics
the sustained release behavior of plants (Fig. 1d).

The capsular structure was designed in the form
of four hollow compartments, each consisting of a
quarter of a cone with increasing volume (Fig. 2). The
designed compartments are separated by internal
divisions in the middle which act as partition walls as
well as internal joints (Fig. 2). The external walls and
internal divisions of the compartments differ in thick-
ness (Figs. 2b and 2c¢), and compartments with thicker
external walls have smaller internal cavities (Fig. 2c).
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Moreover, the external walls vary in a series of
increasing thickness (Fig. 2c and Table 1). With
this design, the successive opening of the external
walls with a thickness gradient enables a sustained
drug release from the structure.

3.2 Bioink optimization and printability

We used pharmaceutical-grade polymers, including
gelatin, starch, and SA to prepare bioinks for 3D printing.
The choice of materials for 3D printing of the capsules
was based on the consideration of biocompatibility,
printability, degradation, and release profiles of the
capsular structure (Ligon et al., 2017; Velasco-Hogan
et al., 2018; Zhu et al., 2021). Gelatin was used as the
basic material of the capsular device due to its bio-
compatibility, its application in food and pharmaceutical
industries, and more specifically its thermoreversible
gelation ability (Bohidar and Jena, 1993; You et al.,
2020). Gelatin can be dissolved to form an aqueous
solution above the body temperature of 37 °C, and goes
through a sol—gel transition upon cooling to room
temperature or lower (Duconseille et al., 2015). The
advantage of the sol-gel transition of gelatin is that
the shape fidelity of the 3D-printed structure can be
regulated by temperature control. Starch is also a popu-
lar food ingredient which can be dissolved in solution
(Elvira et al., 2002). Gelatin-starch blends have been
widely used as capsule materials in the pharmaceutical
industry (Zhang et al., 2013). Based on preliminary
experiments (data not shown), we used 20% gelatin
and 10% starch blends to form basic bioinks. However,
the obtained gelatin-starch bioinks showed high fluidity
at high temperatures, and extrusion to form filaments
during printing proved difficult (Fig. Sla), even at
cooler temperatures.

To solve this problem, we added SA to the gelatin-
starch blend to improve its rheological properties as
well as the printability of the bioink (Paxton et al.,
2017). Alginate has excellent biocompatibility, regulable
viscosity, and ionotropic gelation property, and allows
for fabrication of complex structures (Lee and Mooney,
2012; Rastogi and Kandasubramanian, 2019). Different
concentrations of SA were added to the gelatin-starch
blend, and the rheological properties of the bioinks
were investigated, including shear-thinning and rapid-
gelling properties, which are key requirements for
extrusion-based 3D printing (Ozbolat and Hospodiuk,
2016; Placone and Engler, 2018). The viscosity of the

gelatin/starch/SA bioinks was much higher than that
of the gelatin-starch blend (Fig. 4a), and the higher the
SA concentration, the higher the viscosity (Figs. 4a and
4b). Moreover, the bioinks exhibited a shear-thinning
behavior with increasing shear rates (Fig. 4a). There-
fore, the bioink could be easily extruded from the nozzle
(Guvendiren et al., 2012), after which it formed stable
filaments because of the release of shear stress. More-
over, the storage modulus (G') of the gelatin/starch/SA
bioinks was higher than the loss modulus (G") at room
temperature (Fig. 4c). This indicated that the printed
product had a gelled structure after deposition, thereby
facilitating the shape fidelity of the printed structures
on the platform preset at room temperature.

With addition of 1%—10% SA to the bioink, the
printed structures collapsed after the deposition process
(Figs. 4d, Sla—Slc, and S2a—S2c) due to the high
fluidity of the bioinks. With a higher amount of SA
(25%) in the bioink, it was hardly extruded from the
nozzle (Fig. S1f), and the printed layers showed poor
adhesion (Fig. S2f), resulting in poor shape fidelity of
the printed structure (Figs. 4d and S2f). Bioinks with
addition of 15%—20% SA showed a proper viscosity
and shear-thinning property for printing (Fig. 4a).
The bioink extruded from the nozzle formed a good
filament (Figs. S1d and Sle), and the deposited structure
showed good shape fidelity with good adhesion among
the printed layers (Figs. 4d and S2d—S2f). However,
after the drying process, the structure printed with bioink
containing 15% SA underwent much more significant
shrinkage than that with 20% SA. Based on these
results, a gelatin/starch/SA bioink with 20% SA was
selected for the 3D printing of capsular structures.

3.3 3D printing of sustained-release capsular
structures

We investigated the printability of the compart-
mentalized capsular structure with the above bioink. The
printing temperature was set based on the thermal tran-
sition and mechanical properties of the bioink (Fig. 4).
The bioink was heated to 45 °C in the container, the
nozzle tip was at 35 °C, and the deposition platform
was set to room temperature. By doing this, gelatin
formed an aqueous solution at a high temperature of
45 °C, and therefore the bioink exhibited a sol state in
the container (Figs. 3a and 3b). The bioink underwent
shear through the nozzle (Fig. 3b). Because of the shear-
thinning property of the bioink (Fig. 4a), its viscosity
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Fig. 4 Characterization of the rheological properties and printability of bioinks. (a) Viscosity-shear rate of bioinks with
different SA concentrations. The insert shows the zoom-in region with a smaller shear rate. (b) Flow behavior of
different bioinks. (c) Shear moduli of the bioinks in angular frequency sweep mode. G' is the storage modulus, and G" is
the loss modulus. (d) Images of 3D structures printed with different bioinks. SA, sodium alginate; 3D, three-dimensional.

decreased, facilitating extrusion through the nozzle
(Fig. 3b) to form filaments upon the release of shear
stress (Fig. S1d). After deposition on the platform at
room temperature, the printed filaments rapidly con-
verted to a gel state (Fig. 3c) because of the sol—gel
transition of the gelatin component at room tempera-
ture (Duconseille et al., 2015) as well as the superior
storage modulus over the loss modulus of the bioinks
at room temperature (Fig. 4c). The printed filaments
further fused and adhered together, and a 3D capsular
structure was printed layer-by-layer by stacking of the
filaments (Fig. 3¢). During the printing process, differ-
ent formulations of drugs, such as different colored
dyes or the fluorescence tracer DRX, were loaded into
different compartments of the capsular device (Fig. 3d).

3.4 Characterization of the compartmentalized
capsules

The as-printed capsules had a cream color due to
the color of the gelatin component. They exhibited a

uniform cone structure as designed, with a visible printing
path among the different layers (Figs. 5a and 5b), and
the overall sizes approached the designed sizes (Table 2).
After drying, the overall dimensions of the capsule de-
creased, resulting in a solid and compact structure
(Figs. 5c and 5d). Compared to the designed parameters,
the base diameter decreased from 20.00 mm to (14.30+
0.02) mm, and the height decreased from 8.00 mm to
(5.80+£0.02) mm (Table 2), representing a shrinkage
of 28.5% in the base diameter and 27.5% in height.

According to the optical images, the external sur-
face of the capsules showed ridges due to the round
shape of the printed filaments (Fig. 5¢). However,
SEM images revealed that these filaments contacted
firmly and fused together between the printed layers
(Figs. 5e-5h), forming a compact structure without
apparent defects on the external walls or internal divi-
sions (Figs. 5e—5h). Moreover, the porosity of the printed
structures was calculated to be only (0.55+0.17)%
according to cross-sectional SEM images.
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Fig. 5 Morphological characterization of manufactured capsules. (a, b) Front view (a) and top view (b) of as-printed
capsule. (¢, d) Front view (c) and top view (d) of dehydrated capsule. (¢) SEM image of printed capsules. The top-left
insert shows the position of the SEM image. (f—h) Zoom-in regions of the SEM image in (e), consisting of an internal wall (f),
cross-section (g), and external wall (h) of the printed capsule. SEM, scanning electron microscopy.

Table 2 Comparison of designed and measured parameters of printed capsules

External wall thickness (mm)

Group Base diameter (mm)  Height (mm)

Chamber 1 Chamber 2 Chamber 3 Chamber 4
Designed 20.00 8.00 1.15 1.40 1.65 1.90
As-printed 20.60+0.21 8.80+0.02
Dried 14.30+0.02 5.80+0.02 0.92+0.09 1.24+0.14 1.33+0.13 1.46+0.08

Data (except for the designed group) are expressed as mean+standard deviation (n=5).

Non-destructive testing by CT scanning revealed
that the printed capsule enclosed four individual com-
partmentalized chambers as designed. The internal
divisions separated the compartments, and the external
walls enclosed the compartments from the outside
(Figs. 6a and 6b). The external wall thickness of the
four compartments differed, and encapsulated different
sized internal cavities (Figs. 6¢c—6f). The thickness of
the external walls of the four compartments gradually
increased from 0.92 to 1.24, 1.33, and 1.46 mm,
respectively (Table 2); and the thickness of internal
divisions from 1.81 to 2.38, 2.47, and 2.66 mm,
respectively. The compartments with thicker external
walls enclosed a smaller internal volume (Figs. 6e and
6f). Compared to designed parameters, the obtained
structures showed variability and deviation in dimen-
sions, external wall thickness, and internal division
thickness (Table 2), resulting in different internal cavity
volumes (Figs. 6 and S3). This could be attributed to
the precision of the printing (Zhu et al., 2021), super-
position and partial fusion between printed layers (Zhu
et al., 2021), and shrinkage during the dehydration
process. However, the variability of the wall thickness

5mm

5mm

Fig. 6 Characterization of the internal structures of the
printed capsules by CT imaging. (a) 3D reconstruction of
CT images of a capsule. Dark field represents the framework,
and light field represents a cavity in the capsule. (b) Front
view of CT images of capsule. (c—f) Cutaway views of four
compartments of capsules. CT, computed tomography;
3D, three-dimensional.
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was consistent with our structural design (Table 2).
The successive increase of external wall thickness of
the four compartments made sustained drug release
possible through the successive dissolution of the
external walls.

3.5 In vitro swelling

For better visualization of in vitro swelling, we
printed different colored dyes into the four compart-
ments of the capsules. The printed capsular devices
were confirmed as being firmly sealed, as no dye was
detected before the drug release assay (Fig. 7, 0 min).
The morphological changes and opening behavior of
different compartments of the capsules were evaluated
in saline solution at 37 °C, and the degradation process
of the printed capsules was confirmed by observation
of the release of different colored dyes from the
capsules (Fig. 7).

The external wall of the first compartment, which
was the thinnest, started to dissolve at about 90 min,
and had completely dissolved by 120 min, revealing
the encapsulated black dye (Fig. 7). The other com-
partments with thicker external walls concealed the
loaded dyes inside the relevant cavities for longer
time. Leakage of relevant loaded dyes took place suc-
cessively from the second, third, and fourth compart-
ments at about 120, 180, and 210 min, respectively, and
these compartments completely dissolved at about 150,
210, and 220 min, respectively. Therefore, the effect
of the external wall thickness of the capsules on drug
release performance was successfully demonstrated.

When immersed in solution at body temperature
of 37 °C, gelatin dissolves and degrades as a colloidal
solution (Duconseille et al., 2015), starch dissolves

180 min 190 min

210 min

(Elvira et al., 2002), and alginate swells. As a result,
upon incubation in saline at 37 °C, the printed gelatin/
starch/alginate capsules swelled and gradually dissolved,
permitting successive drug release from the capsules.
However, the opening behavior of each compartment
of the capsule was dependent only on the relevant
wall thickness (Fig. 7).

3.6 In vitro drug release

We evaluated the drug release profile of the
printed capsules using a drug tracer of DXR loaded
into the capsule. After immersion in saline, the external
walls swelled (Fig. 7), resulting in relatively permeable
external walls. Therefore, a small amount of loaded
drug slowly permeated through the external walls and
diffused into the saline solution. When the external
walls of the compartments opened with complete
dissolution (Fig.7), the encapsulated drug in each com-
partment was rapidly released, resulting in a burst in
the drug release profiles (Fig. 8).

For capsules with uniform external wall thickness,
the four compartments dissolved or degraded from all
sides of the capsules simultaneously, resulting in a
burst release of encapsulated content from the four
compartments simultaneously, therefore showing a
single concentrated pulse in the drug release profile
(Fig. 8). Moreover, the larger the thickness of the
external walls, the more delayed the commencement
of delivery (Fig. 8), with t,,, of about 193.3 min for
1.15-um-thick capsules, and about 317.5 min for
1.90-um-thick capsules (Table 3). The total drug release
duration of capsules with 1.15-pum-thick and 1.90-pum-
thick walls lasted for about 267.5 min and 335.0 min,
respectively (Table 3).

220 min 370 min

Fig. 7 Images of swelling of printed capsules after incubation in saline for different time points.



in the required environment, a drug can be sustainably
released after swelling and degradation of the capsular
structures, avoiding the “peak and valley” phenomenon,
and keeping the drug concentration within the effec-
tive concentration range for a long time.

This work provided an opportunity for personal-
ized and customized medicine with 3D printing of
biomimetic capsules for patient-oriented needs. Appli-
cation of such 3D-printed capsules may enable per-
sonalized medicine and drug delivery kinetics as per
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Fig. 8 In vitro drug release profiles of the printed capsules.
Black triangles indicate the pulse releases from different
compartments of a capsule with a wall thickness gradient.

Table 3 Summary of in vitro drug release

Capsule t,,, (min) Tyso, 50, (IN)
1.15-pum-thick wall 193.3£5.8 267.5+17.1
Gradient wall thickness 203.8+16.0 410.5+£21.6
1.90-pm-thick wall 317.54£22.2 335.0+7.7

t,,, time to 5% release, which indicated the start of drug release;
tys,,» time to 95% release, which indicated the almost complete drug release;
tyso, 50, time interval to achieve complete release, which defined the
duration of drug release.

For the capsules designed with a wall thickness
gradient, the different wall thickness of the capsules
allowed variation in the time to dissolve, and the
successive opening of the external walls allowed a
sequential burst drug release, as indicated by four
individual pulses at about 360, 420, 500, and 560 min
in the drug release curve, respectively (Fig. 8). With the
same amount of drug loading, the capsular structure
designed with a wall thickness gradient achieved a
slower drug release rate and longer drug release dura-
tion than those with uniform external wall thickness
(Fig. 8 and Table 3), with a total release duration of
about 410 min (Table 3).

In this study, we designed and manufactured a
multiple compartmentalized capsule structure for con-
trolled drug release using FDM 3D printing technique,
and the effect of the bioinspired structure on con-
trolled drug release behavior was successfully demon-
strated. The variations in geometry and wall thickness
were key issues of the resolution achievable for printing
the smallest chambers, and being able to load the
ingredients within. As demonstrated, the microgeometry
of the compartmentalized structures had a significant
effect on the drug release profiles. After being placed

patient requirements and schedules. The modulation
of the wall thickness and the number of compartments
may have a substantial influence in guiding the release
kinetics of drugs using customized capsules, thereby
reducing the number of drug intakes, increasing drug
bioavailability, and initiating a sequential and sustained
release of desired drugs at a desired time interval. The
multiple compartmentalization can also serve to add
to the feature of multiple modal therapy in one shot,
which therefore could greatly improve patient compli-
ance, cost performance, and therapeutic time. Further-
more, the design aspects of the capsule allow for
triggered and digitalized release of the contents of
choice to specific needs of patients. Multiple combi-
national therapies at a customized level are therefore
achievable.

As a further development, the capsular device
can be modulated to achieve personalized medicine
for specific patients. For example, by adjusting the
capsular structure design (including variable sizes,
more compartments, and more precise wall thick-
nesses) or drug loading strategies (such as one single
drug, multiple drug combinations, and different dos-
ages in one or more of the available compartments),
our design has potential to provide more flexible
and personal drug delivery requirements, to improve
personalized and precise medicine. The printed
capsular structures can also be used for the delivery
of pharmaceuticals, biologics, nutraceuticals, min-
erals, or food extracts, individually or in combina-
tion. Moreover, compared to the relatively rapid
degradation/dissolution of biomaterials used in the
present study, other biodegradable materials with a
slower degradation rate, such as poly(lactic acid)
(PLA) (Carlier et al., 2019) and poly(e-caprolactone)
(PCL) (Holldnder et al., 2016), can be fabricated
with a similar design, allowing extended drug release
for weeks or months.
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4 Conclusions

Inspired by natural plant structures, we designed
a multiple compartmentalized capsular structure, and
successfully manufactured capsules using FDM 3D
printing to achieve controlled drug release. Bioinks of
gelatin, starch, and alginate were regulated to ensure
good printability and shape fidelity of the capsular
structures. The rapid prototyping ability of FDM was
highly advantageous in the printing of the capsular
design. Through assembly of four compartments with
different geometries and drug formulations, this capsular
device was able to achieve successive drug release
pulses, and allowed a sustained drug release for a total
duration of 410 min. This bio-designed and manufactured
structure would enable real-time adjustment of the
number of compartments and their wall characteristics,
and meet different patient needs, therefore improving
the extent of personalized medicine of drug therapy.
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